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The slow dynamic behavior of mass transfer in pervaporation has been reported by
different authors. Until now, howeuver, only a little experimental data and no model
capable to describe this phenomenon have been available. A new detailed model for
mass transfer in pervaporation, based on the dual-sorption theory, Maxwell-Stefan diffu-
sion, and the UNIQUAC maodel, is proposed. This model is capable of properly describ-
ing mass transfer at steady state and during transients. Model parameters for two differ-
ent PVA/PAN membranes for ethanol/water separation are given. The model shows
good agreement with both steady state and dynamic experimental data.

Introduction

In the last decades, the search for alternatives to tradi-
tional but energy-intensive separation methods like distilla-
tion has led to processes based on membranes. In particular,
pervaporation processes can be an alternative for separations
that are typically done by distillation. Pervaporation is a
membrane process where the components change their ag-
gregate state from liquid to vapor while permeating. Due to
the needed vacuum equipment it is a costly process with a
high-energy demand compared to other membrane tech-
niques. However, its energy demand is small when compared
to distillation, and in many cases pervaporation is an eco-
nomical alternative (Rautenbach and Albrecht 1985a,b). In
the last decades pervaporation membranes have been devel-
oped for many purposes. Thus, specific membrane types are
available for many applications. Many case studies indicate
that the best application of pervaporation is as part of a hy-
brid process (Moganti et al., 1994; Pettersen and Lien, 1995;
Pressly and Ng, 1998; Bausa and Marquardt, 2000).

Today modeling and numerical simulation of chemical engi-
neering processes is widespread in the process industries. For
many processes models are available through simulators like
ASPEN PLUS, PRO/II, or HYSYS. However, these simula-
tors provide steady-state models only. While steady-state
models can be applied in process design, dynamic models are
needed to investigate aspects of process control, disturbance
rejection, or optimization of process transients (such as startup
optimization). Consequently, dynamic modeling has received
an increasing interest in the last decade (Helget et al., 1994).
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While in the field of distillation, for example, modeling and
simulation are widespread and steady-state and dynamic
models are available on different scales (models for VLE,
mass transfer, tray hydraulics, or whole columns), the de-
tailed modeling of membrane processes has attracted com-
paratively little interest. Often, empiric models are fitted to
experimental data for one special membrane (Vier, 1995).
And even detailed models (Heintz and Stephan, 1994a,b)
cover steady-state conditions only. However, for the inte-
grated design of pervaporation plants, which covers aspects
of feasibility, economics, and control, not only steady-state,
but also dynamic models are needed. In particular pervapo-
ration processes are known to exhibit a very slow dynamic
behavior, and it may take several minutes or hours in order
to reach steady state (Ping et al., 1988). This phenomenon
has been reported by different sources as a problem when
measuring steady-state fluxes. In most cases, only qualitative
information is available. Recently, quantitative dynamic ex-
perimental data have been published by Rautenbach and
Hommerich (1998). These data show that the dominant time
constant of the mass transfer through the membrane has the
same order of magnitude as the dominating time constant of
the membrane separator, when modeled with a steady-state
mass-transfer model (Hommerich et al., 1998). Thus, it is clear
that mass-transfer dynamics will affect the dynamic behavior
of the whole process and must not be neglected.

In this work a detailed, mechanistic, and physically moti-
vated model for the mass transfer through pervaporation
membranes is developed. The model is based on dynamic
balances and a description of diffusional fluxes by the
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Maxwell-Stefan equations (Taylor and Krishna, 1993). In ad-
dition, the dual-sorption theory (Vieth et al., 1975) is used to
describe the slow sorption/swelling behavior of the mem-
brane. These assumptions lead to a system of partial differ-
ential algebraic equations (PDAE). Experimental data from
the literature is used to fit the unknown parameters of the
model. In the section titled ‘“Simulation Results,” simulation
studies are used to show the dynamic behavior of the model.
In addition, the model is compared to experimental steady-
state and dynamic data from the literature.

Model Formulation

The membranes that are considered here are known to ex-
hibit strong swelling when in contact with a swelling agent
like water. Since it is also known that the swelling state has a
strong influence on the diffusion process, it must be consid-
ered when modeling mass transfer across membranes.

Swelling and its impact on the diffusion process have been
addressed by different authors. Eaton et al. (1975) address
equilibrium properties of swollen hydrophilic membranes in
a liquid phase in the presence of salts. Peppas and Moynihan
(1985) develop a theoretical model to describe solute trans-
port through moderately swollen polymer networks. This
model takes the effect of the swelling state at equilibrium on
the diffusional fluxes into account. Devotta et al. (1994) use
in situ NMR measurements of the dynamic swelling—dissolu-
tion process in a rubbery polymer. Based on the microscopic
observations, a mathematical model for the swelling—dissolu-
tion process is developed that treats the swelling process and
the dissolution process as distinct decoupled processes.

In the approach presented here, these ideas are trans-
ferred to the dynamic modeling of mass transfer through
membranes. The dynamic swelling and diffusion process is
modeled with the use of the dual-sorption theory (Vieth et
al., 1975). According to the dual-sorption theory, there are
two different physical mechanism that affect mass transfer:
diffusion and embedding. While the diffusion process is fast,
the embedding process is relatively slow. Both processes are
linked, since the diffusion coefficients depend on the number
of molecules embedded in the polymer structure of the mem-

brane. This phenomena can be explained by the idea of
molecules embedded in the polymer structure that are widen-
ing the interspace between the polymer chains, which facili-
tates the diffusion of the permeating molecules.

If a change occurs in the state on the feed side, the activity
of the feed changes, directly affecting the driving force for
diffusion. This change will result almost immediately in a
change in the fluxes. However, the swelling state is also af-
fected, but will change slowly. Thus, after the fluxes have
changed very fast due to the change in the driving forces, the
swelling state will be nearly the same as before, plus the dif-
fusion coefficients won’t have changed. Now the membrane
begins to change its swelling state slowly, which will affect
the diffusion coefficients and thus the fluxes again. Through
this mechanism the fluxes will change in two steps.

Figure 1 depicts the structure of the presented model based
on the methodology proposed by Marquardt (1995). The
membrane is split up into two modeling components, the ac-
tive layer and the porous supporting layer. The active layer is
represented by two phases that correspond to the two modes
of sorption as proposed by the dual-sorption theory. Addi-
tional modeling components represent the porous supporting
layer, the feed phase, and the permeate phase at the back
side of the membrane. These modeling components are linked
by the boundary conditions and fluxes between them. In the
following, we present models to describe the modeling com-
ponents and their connections.

Active layer

The main idea of the dual-sorption theory is that a perme-
ating molecule can have two different modes: similar to a
molecule dissolved in a fluid, it can be dissolved, or, when the
molecule is “caught” in the polymer structure, it can be em-
bedded. Diffusion occurs only in the dissolved mode. How-
ever, there is an exchange between the two modes. In the
following, the different modes are regarded as different
phases.

These ideas are transferred to the active layer of a perva-
poration membrane (Figure 2). When a mixture of two com-
ponents, for example, ethanol and water, permeates through
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Figure 1. Model structure.
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Figure 2. Dual-sorption model for mass transfer in the
active layer of a pervaporation membrane.

the membrane M, four species must be balanced, as shown in
Table 1.
Balances

The following system of equations is obtained from general
balances, if one-dimensional fluxes are assumed only:

a(w; py) _ _( a(w;n,) +‘9_ji)+ r
ot Jdz

with ie{E,wd,We, M}. (1)

Here r; is the flux of embedding and dissolution, n, is the
total mass flux, j; is the diffusive flux of component i; w; is
the mass fraction of component i; z is the spatial coordinate;
and t is the time. Formulations for the fluxes will be given in
the following.

In the case of pervaporation, not only mass but also heat
has to be transferred across the membrane in order to evapo-
rate the permeating components on the back side of the
membrane. Since a temperature gradient across the mem-
brane is necessary to allow heat transfer, the temperature
cannot be uniform across the membrane. Due to the very
thin active layer (8 =3 um), however, the temperature dif-
ference across the membrane given by Fourier’s law,

AT =6 al ) d 2
Tz Tk @
is extremely small, even for a high heat flux g. Consequently,
in the following the temperature in the active layer is consid-
ered to be constant and equal to the feed and permeate tem-
perature, and no energy balance is needed.

Calculation of fluxes

Embedding/Dissolution Rates. ~ Since ethanol is not embed-
ded and the membrane material is not dissolved, the embed-

Table 1. Different Modes of Permeating Molecules

Dissolved Phase Embedded Phase

Ethanol E —
Water wd e
Membrane — M
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ding /dissolution rates for ethanol and the membrane mate-
rial rg and r,, are zero. For the water component the rates
in both phases are ry,q = — ry,. To model the process of em-
bedding and dissolution, an expression similar to reaction ki-
netics or adsorption modeling is chosen:

Mwe = Kw (awa — @we)- ®3)

At equilibrium, the activities a,,, and a4 are the same and
the rate is zero. Thus, ky, is a completely kinetic parameter
that has no influence at steady state.

Diffusive Fluxes. To model the diffusive fluxes j, the
Maxwell-Stefan equations (Taylor and Krishna, 1993) are ap-
plied. Although they were originally meant for liquid systems,
they are utilized for a solid phase, the active layer of the
membrane, as proposed by Heintz and Stephan (1994a,b).
This utilization can be motivated by the applicability of the
model ideas that lead to the Maxwell-Stefan equations. Based
on the momentum balance, these equations relate the forces
acting on the molecules of each species (the gradient of the
chemical potential) to the friction between this species and
any other species. In our case, one species (the material of
the active layer) is the solid phase, which means the molecules
are fixed in a matrix structure. However, this fact has no in-
fluence on the friction between this species and any other
species permeating through the membrane. Note that similar
assumptions lead to the dusty-gas model (Mason and Mali-
nauskas, 1983) that describes diffusion in porous media and
is typically used in the modeling of gas/solid heterogeneous
catalysis.

The general fluxes are

X; (&#i)tp:_ i Xixk(ui_uk)l

" RT\ gz = B

with B =48 ; and i=1...C. (4)
However, the material in the active layer of the membrane is
a polymer (that is, a mixture of molecules of different chain
length) that has no distinct molecular weight. Thus, the com-
position of the swollen membrane should be described by
mass factions, not mol fractions.

Using mass fractions w;, the Maxwell-Stefan equations be-
come

y &(ﬂi) __ oy i) e
j:le R dz J1,p K=1 B M
(%)
Inserting the definition of the diffusive fluxes
Ji= pi(u;—v) = pW;(u; — v), (6)
the following equations are obtained
iﬂ ﬂ(%) _ e A
i=1 Mj RT\ gz T,p K=1 ptDi,/kMk ,
i=1...C. (7)
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The chemical potential in the membrane phase can be de-
scribed by means of an activity coefficient with reference to
mass fractions:

mi(T, p.w) = o (T, p)+ RT In g

=uoi(T,p)+ RTInw,+ RT Iny{,i=1...C (8)
! al
')’i:W' )

Using this formulation, the lefthand side of Eq. 7 gives

FVQV;(&“')T‘f(Fi-i—VZV), i=1..c,  (10)

where T, denotes the ith row of a matrix I' with the matrix
elements

Wi Iy aIny

Fiyj=——= W
RT Iw, Iw;

(11

and the Kronecker delta §; ; (1 if i=j; 0 if i+ j). Here and
in the following the notation of the dot product is taken from
append. A of Bird et al. (1960).

Since the molecular weight of the polymer is not known,
the term £5_; (w,/M;) = f(w) cannot be computed. To rem-
edy this problem new diffusion coefficients

B/ =D M
i

||M0

W
V (12)

are introduced to rewrite the Maxwell-Stefan equations (Eq.
7) using Eq. 12:

A C w w;
(F ) Y WdiZWhe g o (13)
Jz k=1 PBk

Rearranging Eq. 13 and converting the linear set of equa-
tions into matrix notation gives

[B ]=|T" i 14
o i1=|Tr— (14
Since only differences of velocities are used in Egs. 4, no
absolute velocities can be calculated from this set of equa-
tions. Thus, the scalar equations in Eq. 14 are linearly depen-
dent. In particular, B is singular and cannot be inverted to
calculate the fluxes j as a function of the forces. One of the
equations in Eq. 14 must be replaced by following equation

c
0= ; jir (15)

resulting from summation of Eq. 6.
Then, inversion of Egs. 14 and 15 is feasible and results in

where the matrix D®MS is a function of the modified
Maxwell-Stefan diffusion coefficients B, (cf. Eq. 12), com-
positions w, and temperature T (Taylor and Krishna, 1993).

Supporting layer

The porous supporting layer is a system of capillaries with
a wide range of diameters. Due to this wide range and a lack
of exact measurements, it is difficult to tell whether the flow
in these capillaries is in the Knudsen or convective regime.
For simplicity, the porous supporting layer is modeled as a
system of identical parallel capillaries with a constant diame-
ter. In these capillaries only convective transport is consid-
ered. Since there is no diffusion and the flow is always in the
direction from the back side of the active layer (Figure 2,
connection 11) to the permeate phase (Figure 2, connection
111), the permeate phase composition has no influence on the
active layer (unhindered permeate flux). Assuming a laminar
flow regime in the capillaries gives

d 87RTN°®
o _ 7’—4 (17)
dz pmr

according to the Hagen-Poiseuille law (Bird et al., 1960).

Integration of this equation across the porous layer results
in

1, . 8yRTN®S
E( Pun — plll):T’ (18)
where
. N7 r
Ne=— (19)

is the molar flow in one capillary, 65" is the thickness of the
supporting layer, ¢ is the area fraction of capillaries in the
supporting layer, and n is the viscosity. Now the pressure at
connection Il can be calculated as

16nRTSSEN,
pll=\/plzll+T . (20)

However, values for the parameters (especially ¢, r, 85t n)
are difficult to obtain. Since most of them are not known, the
parameter

16R85MN,

d)rZ (21)

describing the geometric properties of the membrane is in-
troduced. This parameter needs to be determined using a

IW . R .
i=- [ DGMS-—], (16) least-square fit for the experimental mass-transfer data avail-
Jz able. However, since only little experimental data were avail-
AIChE Journal June 2001 Vol. 47, No. 6 1321



able, the parameter
KPd=KnT (22)

is treated as constant and will be fitted to experimental data
in this work.

Boundary conditions

Connection | Between Feed Phase and Active Layer. In this
work, only the phase interface between the liquid phase and
the active layer, but not the liquid phase itself, is addressed.
Thus, concentration polarization is not considered. However,
if an appropriate model is available, it could be used to de-
termine the liquid composition at the interface as a function
of the bulk feed composition and the flux.

At the interface between the liquid-feed phase and the ac-
tive layer of the membrane equilibrium for the permeating
species (E, Wd) is assumed. This results in two boundary
conditions:

ag(We, T) =ag'(w,. T), (23)

ay (We, T) = aya(w,, T). (24)

Connection Il Between Active Layer and Supporting Layer.
At the interface between the active layer and the porous sup-

porting layer equilibrium for both permeating species is as-
sumed:

af'(wy T)=at (v, T, pn), (25)
aa(wy T)=ay (Vi T, Py)- (26)

The model of the porous supporting layer implies unhin-
dered permeate flux. Thus, the vapor composition at inter-
face 11, being in equilibrium with the active layer at z = 4, is
equal to the ratio of the fluxes of the two components. Hence,

Ni
YII,i=W[| (27)
N 28
v (28)

where n; is the true diffusional flux, that is, the diffusional
flux relative to the membrane, which is identical to the de-
sorption rate at interface 11 (cf. Eq. 66). The Maxwell-Stephan
equations to calculate these fluxes are given in the section
titled ““Model Transformation and Solution Method.”

Since the fluxes depend on the gradient of the composition
inside the active layer, this results in a nonlinear boundary
condition of the form F(w, dw/dz)=0.

Connection 111 Between Supporting Layer and Permeate Cell.
At the interface between the porous supporting layer and the
permeate cell, pressure is set to the given permeate pressure:

P = Pp- (29)

Physical properties

Activities in the Membrane Phase. To calculate the matrix
DCMS (cf. Eq. 16), a model for the activity of the components
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in the membrane is needed. In addition, activities are also
needed to describe boundary conditions where equilibrium is
assumed (see the section titled “Boundary Conditions”).

Heintz and Stephan (1994a) use a modified UNIQUAC
model to describe activity coefficients in the membrane phase.
However, in contrast to, for example, two liquid phases being
in equilibrium (LLE case), one component (the material of
the active layer) cannot cross the phase interface. In the LLE
case, a pure component (WJ-' =1, w, ; =0) on one side of the
interface (phase 1) will always be in equilibrium with the same
composition on the other side (phase 11) of the interface: w'
=w'. In contrast to this behavior, a pure component on the
liquid side of the feed-phase/active-layer interface will be in
equilibrium with a composition of the membrane phase,
where wy #0 and w; <1, since the mass fraction of the
membrane material cannot become zero. Liquid/gel systems
have the same property: Even if the liquid is a pure compo-
nent, the mass fraction of the gel matrix will not become zero.
Due to this property, the feed-phase/active-layer system is
much more like a liquid/gel system than a liquid/liquid sys-
tem. Consequently, for a gel phase, activities are modeled in
analogy to the models presented by Maurer and Prausnitz
(1996) and Thiel et al. (1995):

ao aAmbr
Ina =Ina-(T, p, x)+ — . 30
. .(p)RT(W)T 30)

Here, a~(T, p, x) is the activity in the gel phase at the pres-
sure surrounding the gel. This term is calculated with the
assumption that the gel phase behaves like a liquid phase at
the surrounding pressure p. However, due to the elastic
properties of the polymer matrix, the expansion of the gel
leads to a higher pressure inside the gel. This influence is
described by the second term, which corresponds to the elas-
tic properties of the network.
Using mass-based activity coefficients (cf. Eq. 9) yields

~0 0 mbr
Iny, =Iny!“(T, p W)+U—i (31)
Y A RTRT L v

This model is applied to the swelling active layer of the mem-
brane.

Using UNIQUAC to Model the ““Liquid Activities.” Since in
the first term of Eq. 31 the membrane phase is treated like a
liquid, the UNIQUAC model can be used to calculate activ-
ity coefficients v/ (T, p, n,). The classic UNIQUAC model
(Reid et al., 1987) is converted to be used with mass fractions
as follows:

o, z 0, z M
Inyi"‘=InW'+Eqiln—'+Ii—riZ(I>k[ (1—qk/ k)
i k

i b, 2 re/My
1 ¢ C O T
_(1__)}"‘(15 1-In X & i— X ck—Ik
Ik k=1 k=1 Y O,
m'm
m=1
(32)
z=10 (33)
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|i=2(ri_qi)_(ri_l) (34

Ti,j = eu'vj/r (35)
fi
W, —
W JRN—
1My
a0
IMI
0= (37)
Y w RS
o1 My
qi
W —
Mi
Q) = —=—- (38)
Z w Ok
—
k=1 M

Since the PVA polymer chains of the active layer are large,
they have a very high specific molecular size r,,, specific
molecular surface q,,, and molecular weight M,,. However,
in the preceding formulation only r,,/M,,, d,,/My, (which are
independent of the chain length), and 1/r,, (which can be set
to zero for long chains) are needed for all components
[parameters r; and q; are used in Eq. 34 only; since activity
coefficients are not needed for the membrane material (see
the section titled “Boundary Conditions™), Eq. 34 is not used
for the membrane material]. Since the PVA chains can be
seen as being built up from ethanol molecules (Stephan,
1996), data taken from component ethanol are used for
'm/My and gy,/My.

Elastic Properties of the Network. Maurer and Prausnitz
(1996) present different formulations for the second term of
Eq. 31 based on the affine network theory and the phantom
theory (Flory, 1953). In our case, however, these formulations
gave only poor results when fitted to experimental data.

To derive an alternative semiempiric equation for the sec-
ond term in Eq. 31, the polymer network is modeled by an
elastic cube that changes its volume under pressure:

,lji aAmbr Bio
— == QP (PR —1)= KPP (P~ R —1),
RT( A% k ( ) : ( )

(39

where
VO
Y

(0] (40)
is the volume fraction of the polymer, V is the volume of the
swollen polymer, V, is the volume of the polymer at prepara-
tion time in an unswollen and dry state, and K{™" is an em-
piric constant that represents the elastic properties of the
polymer network.

In the case considered, this formulation gave the best re-
sults when fitted to experimental data and is thus used in Eq.
3L

Activities in the Supporting Layer. The activity of the vapor
phase (the activity of a hypothetical liquid phase that would
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be in equilibrium with this vapor phase) is calculated by

pyi

al(y, PYT)=W-

(41

Density. The specific molar volume of a mixture is given
by

C
D= Y x;p2+ DM, (42)
i=1
with
C dlny.
DM=RTin( y') . (43)
i=1 ap T,x

Since, according to Eqgs. 31-39 the activities do not depend
on the system pressure p for a liquid or a gel phase, o™ is
zero. Thus, using mass fractions, the specific volume becomes

C
D= ) w0y, (44)
i=1
and the total density can be calculated by

Pt(W'T)zc;' (45)

> Wiy

i=1

Diffusion Coefficients. It is assumed that the friction be-
tween a dissolved molecule (E or Wd) and any embedded
molecule We or polymer matrix M is the same:

DI\;I,E =ﬂN/e£7 (46)
Dnﬁ,wu Za/v'e,de (47)

Since the molecules cannot move relative to the polymer
structure in the embedded mode, the corresponding diffusion
coefficient is zero:

Bywe=0. (48)

To described the influence of the swelling state on the dif-
fusive fluxes in the dissolved mode, the diffusion coefficients
are calculated as functions of the number of molecules of
water embedded in the polymer structure (w,.). In addition,
an Arrhenius formulation is used to describe the temperature
dependence of the diffusion coefficients (Reid et al., 1987):

1 1
B g =ﬂv%,E exp [KV'S(QTE(T__?)} (49)
0
’ 0 Arr 1 1
By e =Bne(1+ Kewy,) exp [ Ky't T T (50)
0

1 1
By wa = Blw a(1+ Ky Wyy) exp [Kﬁr\fvu(-r_ - ?)} (51)
0
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Figure 3. Coordinate transformation.

Model Transformation and Solution Method

Since the thickness of the active layer changes with time
through the dissolution and embedding of molecules, the cal-
culation domain also changes. This leads to a moving bound-
ary problem that is difficult to solve.

To remedy this problem, a transformation of the coordi-
nate z similar to the transformation proposed by Wu and
Peppas (1993) is used. Coming from a “dry” and unswollen
membrane, a dimensionless length with respect to its thick-
ness is defined. Now, as depicted in Figure 3, each position
on the swollen membrane can be related to the correspond-
ing position on the unswollen membrane. This position Z on
the unswollen membrane is used as a transformed coordinate
that will always be in the interval [0,1]. Note that the trans-
formed coordinate Z is not simply a specific length, that is,
z/6(1). Such a normalization would render the system of
equations very difficult to solve. The transformation used
leads to a relatively simple structure of equations that has a
completely diffusive character, which corresponds to the
quality of the physical problem.

For the mathematical formulation, the transformed density
p; is introduced in addition to the transformed coordinate Z.
Obviously, these quantities must be related by the condition
pi dZ= p; dz, since the amount of matter in a differential
volume element must be independent of the coordinates used.
Continuity for component M must also hold in the trans-
formed coordinates. Hence

T 9(Puly)

Jat JZ (52)

Since the velocity of the membrane material U,, in the trans-

formed coordinates is zero by definition, p,, does not change

with time. In addition, the density of the unswollen mem-

brane at some time t; is uniform, and thus p,, is a constant.

In order to apply the coordinate transformation to the
whole set of equations, the following conditions are used:

pi dz=p; dz, (53)

pm = const. (54)
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It follows from Eq. 53 for the membrane component that

E=ﬁ_’\": Py (55)
92 pm Wup

Equation 53 holds for each component, and also for the total
density. Using Eq. 55 yields

_ Jz P P
Pi=pPi s =Wip—— = Wj—, (56)
9z Wi Pt Wi
Jz bvm  Pwm
5 =p— = =M 57
PP T Py T (57)

Using Egs. 56, 57 the mass fraction of component i can be
shown to be the same in both the transformed and untrans-
formed coordinates:

Pwm
— i
pi W,
W= — = - =W (58)
P P
Wi

The embedding rate in a physical element must be inde-
pendent from the coordinate system used:

F, dz=r; dz. (59)
This results in
9z P
f=f—=r——. (60)
dz W Py

The transformation of the velocities is somehow more com-
plicated. Integration of Eq. 53 for component M leads to

1 z
2(6:2) == [ p(t.¢) de. (61)
M 0o

The transformed velocity T; of a particle at position Z;[t,z;(t)]
can now be calculated from Eq. 61:

Zi(t)

dz;[ t,z; d
UFWZE ﬁ_ j pm(t.{) dZ |, (62)
M 0

which, by means of Leibnitz rule (Bird et al., 1960), results in

U= = [/Zimdz + PM(t:Zi)Ui(t’Zi)}- (63)
0

Py at
After inserting Eq. 52, the integral can be solved to give
1
u;= I_J_M{ —[ pm(t.z)upm(t,2) = pu(t,0)upy(t,0)]
+pu(tz)ui(t,z)}. (64)

AIChE Journal



Since the coordinate system is fixed at z =0 (beginning of
the active layer), the velocity of the membrane u,,(t,0) is al-
ways zero. Thus,

g, =5i[— o (6.2 g (1.2) + pra (1 2)0(1,2)]
— (U= up) 2 (65)
Pm

Consequently the fluxes are given as

o Pm W Pt
N =W pU; = W;— (U — Uy)
W

=W; p(U; — Uy). (66)

The fluxes n; are calculated from the Maxwell-Stefan equa-
tion (cf. Eq. 13):

aw C w.n —wh
(Fi._)z_ y BhW s e (67
9z —1 pBk

Converting to matrix notation yields

_i[B.ﬁ]z [Fa_w] (68)

Pt dz

Note that matrices B and I" are the same as in Egs. 14. As
mentioned earlier for the fluxes j, this set of equations is
also linearly dependent. Using the defining Eq. 66 for the
flux n,,, the following equation replaces the last row of Eq.
68

iy =Wy p(Uy — Upy) =0 (69)
(there is no flux of the membrane material in the trans-

formed coordinates). Inverting this linear set of equations
gives

Ipy Wy
Wy — + p—2 =0, 74
Mo Py ot (74)
0=wy pt = pum- (75)

Introducing the vector of unknowns u = (Wg, Wyyg, Wye, Wy s
p)", this system of equations can be rewritten in general form:

[B(z,t,u)%} - %[D(Z,t,u)-%] =F(Z,t,u). (76)

Systems of this kind can be directly solved by KARDOS
(Lang, 1996), an adaptive PDE solver.

Fitting of Model Parameters

The activity model (Egs. 31-39) has five unary parameters
for each component (r,/M., q,/M;, q;,/M;, v°, and K™") and
one binary parameter for each pair of components (u; ;).
While the unary parameters r,/M;, q;/M;, q,/M;, and v? can
be taken from the literature, the parameter K{“br and the
binary parameters u;; (16 parameters in total) are deter-
mined by fitting the model to experimental sorption data for
PVA /ethanol /water taken from Heintz and Stephan (1994a).
Figure 4 shows that reasonable agreement is obtained, espe-
cially in the region with Wk ..o > 0.7, which is most signifi-
cant for mass transfer. The resulting parameters can be found
in Tables Al and A2 in the Appendix.

The parameters of the transport model Eqgs. 71-75, 70,
49-51 (ﬂNOd,E, DMO,Ev DMO,de Ke, Kw, Kv/\k/rrjr,Er KIG,FIFE! KG,'v'vdy
and ky,) are now fitted to experimental mass-transfer data.
In the first step, experimental mass-transfer data for the
membrane Mo1140 (GFT, Neunkirchen, Germany), and taken
from Franke (1990) are used. The parameters obtained from
the fit can be found in Table A4 in the Appendix. Experi-
mental and simulation data, which exhibit excellent agree-

09+
ethanol calc.
= N GMS Iw Pt 5ems Iw ° thanol
n=—|[D .— |=—=—|D — (70) 08 | ethanol exp.
9z by 97 water calc.
077 & water exp.
Note that rows 3 (We) and 4 (M) of matrix D®M$ contain g 061
- - - - - o
zeros only, since there is no diffusional flux of water in the g 05}
embedded mode (We) and of the membrane matrix (M). E 04 L
Now, we have formulations to calculate all transformed ’
variables from the physical variables. In the next step, bal- 0.3 ¢
ances are stated in transformed variables and the formula- 02+
tions derived earlier are inserted 01l
_ — 0 . . . . . . . . .
dpy _ IWg INg 0 01 02 03 04 05 06 07 08 09 1
We— +p— ——— =0, (71) L
at at Jz Wethanol
w 9py Lo IWwg Mg _ Ek (Bs — ae), (72) Figure 4. Sorption equilibrium between active layer of
REIFTERONPT! 9z p, WATwWd Fwels the membrane (PVA) and liquid feed phase at
t =59.85°C.
al_’t _ (?WWe l_)t The amount of water adsorbed in both phases is wy,: Wy, =
WWeE—F Pr It = —Kw (awg — awe). (73) Wyyg + Wye Experimental data are taken from \fl\{g. 2 of
Py Heintz and Stephan (1994a).
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Figure 5. Membrane flux and permeate composition for
the membrane Mo01140.

Experimental data (markers) and simulation results (lines)
for steady state. O — pp = 0.02 bar, t=90°C; O--pp=0.1
bar, t=90°C; A ---pp=0.02 bar, t=70°C; C—--pp=0.1
bar, t = 70°C.

ment, are shown in Figure 5. However, since only steady-state
data are available for this membrane, the parameter k,,
which describes the kinetics of the embedding and dissolu-
tion process, could not be determined.

To fit parameters for the membrane PERVAP 1001 (Sulzer
Chemtech GmbH, Winterthur, Switzerland) with the system
ethanol /water experimental data from Hommerich (personal
communication, 1998) and Rautenbach and Hommerich
(1998) are used. In the first step, the steady-state parameters
(all parameters except k,, ) are fitted to the steady-state val-
ues of the experiments. However, these data show much
higher experimental noise, as can be seen in Figures 6 and 7
and in the work of Rautenbach and Hommerich (1998). Thus,
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Figure 6. Membrane flux and permeate composition for
the membrane PERVAP 1001 at p, = 0.035 bar
and t = 80°C.

Experimental data (markers) and simulation results (lines)
for steady state.

there is some deviation between experimental and simulation
data at steady state, especially in the fluxes.

In the next step, the kinetic parameter k,, is fitted to dy-
namic experimental data reported by the authors. The result-
ing parameters are listed in Table A4 in the Appendix.

Simulation Results

To illustrate the dynamic behavior of the model, simula-
tions for a large step change of the feed composition from
We y = 0.006 to we,, = 0.3 are shown in Figures 8, 9, and 10.

Figure 8 shows the evolution of the thickness of the active
layer on the left as a function of time. The lines correspond
to virtual marks on the active layer that shift as a result of
swelling. The position z=0 is the feed side, where the
swelling first occurs and is strongest. At t =0 the feed com-
position changes, which results in a small but fast change in
the thickness of the active layer after about 1 s.

After some minutes the process of embedding results in a
higher mass fraction of water in the embedded mode. This

AIChE Journal
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Figure 7. Membrane flux and permeate composition for
the membrane PERVAP 1001 at p, = 0.035 bar
and t = 90°C.

Experimental data (markers) and simulation results (lines)
for steady state.

results in higher diffusion coefficients and fluxes, resulting in
a second change in thickness and composition of the active
layer. The final steady state is reached after some hours.

On the top of Figure 8, the membrane flux can be seen.
The flux of water also increases after about 1 s, and increases
again sharply after some minutes.

Figures 9 and 10 show the mass fraction of water in both
the dissolved and embedded modes inside the active layer of
the membrane. While w,,, has reached a first quasi-sta-
tionary profile after about 1 s, wy,, has not changed at all at
this time, due to the slow embedding process. This shows that
the time constant of the diffusion process alone, based on
membrane thickness and diffusion coefficients, is very small.
The swelling process is the time-determining step.

Through the coupling of embedding and diffusion, a two-
step adaption to the changed feed conditions is described,
which has been observed by Ping et al. (1988): when process
conditions are changed, the diffusion process and thus the
mass transfer are affected very quickly, due to the small time

AIChE Journal

3.5t L
g 3 _~ 1
= /
2.5
N
2 —‘
1.5T — .
‘ — ]
0.5
0 = 7 7 0 = 4
10 10 10~ 10 10 10
t [h]
3
& 251 JUPER——
g 7
5SS ethanol /
220 | e - water !
= ji
1.5} /
I
7
’
1} e
', ------------- -
/
0.5 ,"
i
/
0 ===t . :
10 107 1072 10° 107 10*
¢t [h]

Figure 8. (Top) Change of the thickness of the active
layer and (bottom) of the fluxes at z = §(t).

The composition of the feed is changed at t=0 from wgy,
=0.006 to wgy, = 0.3, pp = 0.03 bar, tr =90°C. Note that a
logarithmic scale is used for the time axis.

constant of the diffusion process. This leads to a first plateau
in the flux vs. time diagram. The embedding process is much
slower and affects mass transfer much later, however, result-
ing in a second plateau in the fluxes after some time.

A similar two-step adaption to changed conditions has been
reported for swelling—dissolution in rubbery polymers using
in situ NMR measurements (Devotta et al., 1994; Devotta et
al., 1995a), and adsorption—diffusion in polymer solutions
(Devotta et al., 1995b). It should be noted, however, that the
physical phenomena causing the two-stage adaptation of the
flux time history are markedly different from those consid-
ered in this article. In adsorption, fast formation of a con-
densed polymer film occurs quickly, which subsequently hin-
ders transport into the pores, and thus leads to a plateau and
a reduced increase of the flux. In dissolution, a polymer rich
boundary layer forms rapidly, which again acts as a diffusion
barrier and, after passing a plateau zone, results in reduced
flux gradients. Instead, the two-stage adaptation of the mem-
brane considered in this contribution is due to swelling and
its implication on the diffusion of the dissolved monomer
across the membrane film.

The dominant time constant of the mass-transfer model
depends mainly on the kinetic parameter k,,. By tuning this
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Figure 9. Mass fraction of water in the dissolved mode, wy,4(Z,t).

parameter, the dynamic behavior of the model can be fitted
to experimental data in a wide range of time constants. As
can be seen in Figure 11, a high value of k,, leads to a fast
swelling process and thus to a fast change in the fluxes. With
ky =100 kg/(m?-s), the dynamic behavior is mainly imposed
by the fast diffusion process. When k,, is decreased, the
swelling process gets slower, while the first step in the change
of fluxes is not affected.

In Figure 12 experimental data taken from Rautenbach and
Hommerich (1998) and simulation results for a smaller step
change in the feed composition are shown. As discussed in
the section titled ““Fitting of Model Parameters,” there is some
deviation between experimental and simulation steady-state
data for this membrane type (PERVAP 1001). Thus, the fluxes
at steady state have a large deviation, especially before the
first step change.
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Figure 10. Mass fraction of water in the embedded mode, wy,(Z,t).
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Figure 11. Dynamic total membrane flux for a variation
of the kinetic parameter ky,.

However, the dynamic behavior of experimental and simu-
lation data shows reasonable agreement. As illustrated in the
last example, the first response of the membrane is very fast.
In the simulation, the fluxes change with hardly any delay.
Since in the experiment the first measurement is made 20
min after the change in the feed conditions, the observed
gradient is smaller. After this first step, the fluxes take a
longer time to reach steady state. At t=180 min the feed
composition switches back to the value before the first step.
Again, the first response of the fluxes is very fast, while it
takes a longer time to reach the steady state.

Figure 13 shows the dynamic response to the step change
in feed composition for different step sizes. Figure 14 shows
the dynamic response of the mass transfer for fast changes in
the permeate pressure. When the permeate pressure is de-
creased, the concentration of water in the dissolved mode at
interface Il decreases due to its smaller partial pressure in
the permeate. This directly results in higher driving forces
and fluxes. However, the smaller concentration of water in
the dissolved mode leads, after some time, to a smaller con-
centration of water in the embedded mode. Since the diffu-
sion coefficients increase with the mass fraction of water in
the embedded mode, this results in a decrease in the fluxes
after some time.

The reaction of mass transfer to a change in the feed tem-
perature is shown in Figure 15. When the temperature is in-
creased, the result is a higher vapor pressure at interface II,
and thus in a smaller *vapor activity” of both components
(see Eq. 41). This results in higher driving forces and fluxes.
Since the diffusion coefficients also increase with higher tem-
perature (see Eqgs. 49-51), the fluxes increase even more. Both
effects are fast and result in a step change in the fluxes with
nearly no time delay. Since the embedding/dissolution equi-
librium is influenced weakly by temperature, the amount of
water in the embedded mode remains nearly constant, and
there is no slow adaptation of the flux, as in the previous
cases.

Conclusions

Due to many publications, the slow adaption of mass-trans-
fer rates in pervaporation to changing process conditions is
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Membrane flux for a change of feed composition from
Wew =0.12 to wpy, =0.20 at t=0 (pp =0.03 bar, tr=
90°C, PERVAP 1001).
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Figure 13. Membrane flux for a change of feed compo-
sition from (a) w;,, =0.12 to w; ,, = 0.04, (b)
Wey = 0.08, () wg,, =0.16, (d) wg,, =0.20,
() wey =0.24, and (f) wp,, =0.28 at t=0
(pp =0.03 bar, t; =90°C, PERVAP 1001).
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Figure 14. Membrane flux for a change of permeate
pressure from (a) pp = 0.1 bar to pp =0.025
bar, (b) pp = 0.05 bar, (c) pp =0.075 bar, (d)
pp =0.125 bar, (e) pp =0.15 bar, and (f) pp
=0.175 bar at t=0 (wg,, =0.05, ty =90°C,
PERVAP 1001).

known. Until now this phenomenon has attracted little atten-
tion, and mostly qualitative experimental data are available.
However, the time constants that have been reported have
the same order of magnitude as the time constants of a per-
vaporation plant. Thus, the dynamic behavior of mass trans-
fer may influence the whole process and should not be ne-
glected when modeling pervaporation processes.

While mass-transfer models in the literature are not able
to describe time constants of several minutes or hours, this
article proposes a new mass-transfer model for pervaporation
membranes. This model is based on the dual-sorption theory
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Figure 15. Membrane flux for a change of feed temper-
ature from (a) tx = 80°C to t =100°C, (b) tp
=90°C, (c) tr =70°C, and (d) t- =60°C at t
=0 (wgy =0.05 pp=0.03 bar, PERVAP
1001).
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and Maxwell-Stefan fluxes. Through the tuning of the kinetic
constant of the embedding process it is possible to describe
either a very slow or a very fast dynamic behavior. Model
parameters are fitted to both steady-state and dynamic exper-
imental data. While it shows excellent agreement for the
steady-state case, the dynamic behavior of mass transfer is
also described. However, more and accurate dynamic data
are needed to determine reliable values for all model param-
eters and to validate its applicability. After this step, in order
to evaluate problems connected with dynamics and control, it
may be integrated in dynamic plant models for pervaporation
units of hybrid processes.

The simulation studies with different step changes in Fig-
ures 13-15 show that the stationary gain does not depend on
the step size, at least for small steps. It might thus be possi-
ble to identify simple linear models that can describe the mass
transfer at some operating range. The high complexity of the
model proposed in this article will result in a large-scale sim-
ulation problem when a whole pervaporation plant is ad-
dressed. On the other hand, simple linear models will lead to
much smaller systems of equations that are much easier to
handle.
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Notation

Symbols

a; =activity of component i
B = matrix function of inverted binary diffusion coefficients, s/m
AMP" =elastic energy of the network, J/kmol
C =number of components
B;= MzaxweII-Stephan diffusion coefficient with respect to moles,
m</s
B;; =Maxwell-Stephan diffusion coefficient with respect to
masses, m?/s
D,v? =c02nstant for concentration-dependent diffusion coefficients,
m</s
DCMS —matrix of Fick diffusion coefficients based on general
Maxwell-Stefan equations in mass average velocity refer-
ence frame, m?/s
DC®MS =matrix of Fick diffusion coefficients based on general
Maxwell-Stefan equations relative to the membrane (trans-
formed coordinates), m%/s
ji =mass diffusion flux of component i relative to the mass av-
erage velocity, kg/Am?2-s)
k = heat conductivity, W/Am?-s-K)
ky =constant for embedding kinetic of water, kg/Am?-s)
K, =coznstant for concentration-dependent diffusion coefficients,
m</s
K{A'" = Arrhenius constant for diffusion coefficient, m%/s
K™’ =elastic constant of the network
K P4 =pressure-drop constant
m; =mass of component i, kg
n; =mass flux of component i referred to a stationary coordi-
nate reference frame, kg/(m?-s)
n, =mixture total mass flux referred to a stationary coordinate
reference frame, kg/(m?-s)
N; =molar flux of component i referred to a stationary coordi-
nate reference frame, kmol/(m?s)
N; =mixture total molar flux referred to a stationary coordinate
reference frame, kmol/(m?-s)
N ¢ =molar flow through one capillary, kmol/s
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N, =mass diffusion flux of component i relative to the mem-
brane, kg/Am?s)

p =pressure, N/m?
p? =vapor pressure of component i, N/m?

r =pore radius, m

r; =rate of embedding of component i into the polymer struc-

ture, kg/Am®s)

R =gas constant, JAkmol-K)

t=time, s

t =temperature, °C

T =temperature, K

u; =velocity of species i, m/s

v =mass average velocity, m/s

7 = specific volume of mixture, m%/kg
70 = specific volume of component i, m¥/kg

o =specific molar volume of mixture, m/kmol
b0 =specific molar volume of component i, m%/kmol
w; =mass fraction, kg/kg

x; =mol fraction, kmol/kmol

z =coordinate, m

Z =transformed coordinate

=)

Greek letters

8 =thickness of the active layer, m
9; ; = Kronecker delta
8, =thickness of the active layer of the dry membrane, m
&St =thickness of the supporting layer, m
v; =activity coefficient of component i
v{ =activity coefficient of component i with respect to mass
fractions (y] = a;/w;)
I' =matrix of thermodynamic factors for Maxwell-Stefan fluxes
1 =viscosity, N s/m?
¢ =area fraction of capillaries in the porous supporting layer
& =volume coefficient
p; =mass density of component i, kg/m?®
p; =transformed mass density of component i, kg/m?
p, =Mixture mass density, kg/m?®

p, =transformed mixture mass density, kg/m?®

Subscripts
E =ethanol
i=component i

| =connection feed/active layer
Il =connection active layer/supporting layer
111 =connection supporting layer/permeate
M =membrane
t =total
Wd =water (dissolved mode)
We =water (embedded mode)

Superscripts

0 =pure component
¢ = capillary

F =feed phase

L =liquid phase
M =membrane phase
P =permeate phase
V =vapor phase

Literature Cited

Bausa, J., and W. Marquardt, “Shortcut Design Methods for Hybrid
Membrane/Distillation Processes for the Separation of Nonideal
Multicomponent Mixtures,” Ind. Eng. Chem. Res., 39(6), 1658
(2000).

Bird, R. B., W. E. Stewart, and E. N. Lightfoot, Transport Phenom-
ena, Wiley, New York (1960).

Devotta, 1., M. V. Badiger, P. R. Rajamohanan, S. Ganapathy, and
R. A. Mashelkar, “Unusual Retardation and Enhancement in
Polymer Dissolution: Role of Disengagement Dynamics,” Chem.
Eng. Sci., 50(16), 2557 (1995a).

AIChE Journal

Devotta, I., D. D. Ravetkar, V. D. Ambeskar, and R. A. Mashelkar,
“A New Phenomenological Model for Adsorption-Diffusion in
Polymer Solutions: Role of Disengagement Dynamics,” Chem. Eng.
Sci., 50(7), 1129 (1995b).

Devotta, I., V. Premnath, M. V. Badiger, P. R. Rajamohanan, S.
Ganapathy, and R. A. Mashelkar, “On the Dynamics of Mobiliza-
tion in Swelling-Dissolving Polymeric Systems,” Macromol., 24, 532
(1994).

Eaton, R. F., R. J. Roe, G. L. Wilkes, and A. Tobolsky, “Thermody-
namics of Hydrophilic Polymer Membranes: The Degree of
Swelling and Salt Partition Coefficient,” Proc. Coatings and Plastics
Meeting, Vol. 35, Amer. Chem. Soc., p. 503 (1975).

Flory, J. P., Principles of Polymer Chemistry, Cornell Univ. Press,
Ithaca, New York (1953).

Franke, M., Auslegung und Optimierung von Pervaporationsanlagen zur
Entwasserung von Losungsmitteln und Lasungsmittelgemischen, PhD
Thesis, Aachen Univ. of Technology, Aachen, Germany (1990).

Heintz, A., and W. Stephan, “A Generalized Solution—-Diffusion
Model of the Pervaporation Process Through Composite Mem-
branes—Part I: Prediction of Mixture Solubilities in the Dense
Active Layer Using the UNIQUAC Model,” J. Memb. Sci., 89, 143
(1994a).

Heintz, A., and W. Stephan, “A Generalized Solution-Diffusion
Model of the Pervaporation Process Through Composite Mem-
branes—Part Il: Concentration Polarization, Coupled Diffusion
and the Influence of the Porous Support Layer,” J. Memb. Sci., 89,
153 (1994b).

Helget, A., M. Groebel, and E. D. Gilles, “Dynamic Simulation for
Plant and Control System Design,” Proc. PSE 94, Seoul, Korea, p.
1111 (1994).

Hommerich, U., R. Rautenbach, J. Bausa, and W. Marquardt,
“Modellierung der Pervaporation als Grundlage eines modell-
gestuitzten Entwurfs hybrider Trennprozesse am Beispiel der
MTBE-Produktion,” Tech. Rep., LPT-pro-1998-04, RWTH Aachen,
Germany (1998); URL: http: //www.Ifpt.rwth-aachen.de.

Lang, J., KARDOS— Kaskade Reaction Diffusion System, Konrad-
Zuse-Zentrum fur Informationstechnik, Berlin (1996).

Marquardt, W., “Towards a Process Modeling Methodology,” Meth-
ods of Model-Based Control, R. Berber, ed., NATO-ASI Ser. E,
Applied Sciences, Vol. 293, Kluwer, Dordrecht, p. 3 (1995).

Mason, E. A, and A. P. Malinauskas, Gas Transport in Porous Media:
The Dusty Gas Model, Elsevier, Amsterdam (1983).

Maurer, G., and J. Prausnitz, “Thermodynamics of Phase Equilib-
rium for Systems Containing Gels,” Fluid Phase Equil., 115, 113
(1996).

Moganti, S., R. D. Noble, and C. A. Koval, “Analysis of a Mem-
brane/Distillation Column Hybrid Process,” J. Memb. Sci., 93, 31
(1994).

Peppas, N. A., and H. J. Moynihan, “Solute Diffusion in Swollen
Membranes. 1V. Theories for Moderately Swollen Networks,” J.
Appl. Poly. Sci., 30, 2589 (1985).

Pettersen, T., and K. M. Lien, “Design of Hybrid Distillation and
Vapor Permeation Processes,” J. Memb. Sci., 99, 21 (1995).

Ping, Z., Q. Nguyen, R. Clement, and J. Neel, “Time-Dependent
Phenomena in Pervaporation: Influence of the Crystallinity of
Dense Poly(vinyl alcohol) Membranes on Their Pervaporation Per-
formance,” Proc. Int. Conf. Pervaporation Processes in the Chem.
Ind., R. Bakish, ed., Nancy, p. 231 (1988).

Pressly, T. G.,, and K. M. Ng, “A Break-Even Analysis of
Distillation-Membrane Hybrids,” AIChE J., 44, 93 (1998).

Rautenbach, R., and R. Albrecht, “The Separation Potential of Per-
vaporation: 1. Discussion of Transport Equations and Comparison
with Reverse Osmosis,” J. Memb. Sci., 25, 1 (1985a).

Rautenbach, R., and R. Albrecht, “The Separation Potential of Per-
vaporation. Part 2: Process Design and Economics,” J. Memb. Sci.,
25, 25 (1985h).

Rautenbach, R., and U. Hommerich, “Study of Dynamic Mass-
Transfer Effects in Pervaporation,” AIChE J., 44, 1210 (1998).

Reid, R. C., J. M. Prausnitz, and B. E. Poling, The Properties of Gases
& Liquids, 4th ed., McGraw-Hill, New York (1987).

Stephan, W., Entwicklung eines Modells zum Stofftransport durch
porenfreie Polymermembranen und Durchfiihrung von Pervaporations-
experimenten, PhD Thesis, Univ. of Heidelberg, Heidelberg, Ger-
many (1996).

June 2001 Vol. 47, No. 6 1331



Table Al. Model Parameters for Describing Activity Coefficients Inside Active Layer of Membrane

ri/M; (kmol/kg) ;/M; (kmol/kg) 4;/M; (kmol/kg) 57 (m¥%kg) K{mer
E 45702102 4.2804x 102 4.2804 %102 1.3445x 1073 36
wd 5.1054 X 1072 7.7691x 1072 7.7691 %102 1.0427x 1073 3.6
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M 4.5702x 1072 4.2804 %102 4.2804 %102 1.3445x 1073 36
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Appendix: Model Parameters
Model parameters are shown in Tables A1-A4.

Table A2. Binary UNIQUAC Parameters u; ; for Describing

Activity Coefficients Inside Active Layer of Membrane

Table A3. Model Parameters for Simulation of a M01140

Membrane
ij B (m%%5) K; (m%%) KA (K)
wd, E 4.4643x10° — 5160.5
M, E 3.9017x 10713 270.0641 8839.9
M, Wd 4.2668x 101 15.7086 6011.3

K P9 =35152x107 (m?-bar?-s)/kmol
T,=363.15K

Ui E Wd We M
E — 4.0943x10%  3.2724x10% —1.7558x 10!
wd —2.0088x10° — —25179%x10° —3.1353x10°
We —9.3783x10% 5.4427x 102 — —3.4301%x 10°
M  —3.6401x10%2 52719x10'  1.4712x10* —

Note: The kinetic parameter k,, could not be determined due to the lack
of dynamic experimental data.

Table A4. Model Parameters for Simulation of PERVAP 1001

Membrane
ij By (m%s) K; (m?%) KA™ (K)
wd, E 4242610~ 1 — 22041.4
M, E 9.5246x 10713 33.0635 2994.8
M,wd 2.1786x 10711 52.2465 1381.1

K P9=2.7160% 10 (m?-bar?2-s)/kmol
ky = 0.1 (kg-m®)/s
T, =363.15K
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