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Abstract

A mathematical model is derived to simulate the performance of spiral wound membrane modules for the pervaporative
separation of binary liquid mixtures. Permeation through the polymer membrane is described by a detailed solution—diffusion
model. Flory—Huggins theory is used to predict solubility of the penetrants, while the composition and temperature dependence
of the diffusion coefficients are described by phenomenological relations. Unknown parameters of the solution—diffusion model
are determined from sorption and flux data using nonlinear least-squares estimation. Standard correlations are used to estimate
the mass transfer resistance due to the liquid boundary layer on the feed side of the module. The solution—diffusion model
is coupled to differential mass, momentum and energy balances on the feed and permeate sides of the module to predict
separation performance. The resulting model is two-dimensional as the feed-side and permeate-side stream properties vary
in both the feed and permeate flow directions. Required input data to the model includes the feed flow rate, composition
and temperature, the outlet permeate pressure, the membrane properties and the module dimensions. A numerical solution
technique based on the use of the shooting method in the permeate flow direction and numerical integration in the feed flow
direction is proposed. The model yields predictions of the feed-side and permeate-side stream properties as a function of
both spatial coordinates. The separation of styrene and ethylbenzene with a polyurethane membrane is used to illustrate the
modeling approach. A single module and a 10-module system with interstage heating are simulated to demonstrate potential
uses of the pervaporation model. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction forced to avoid polymerization and thermal cracking
of the styrene. As a result, the ethylbenzene conver-

The separation of styrene/ethylbenzene mixtures sion is approximately 75% and the reactor effluent
is a problem of considerable industrial importance. contains a significant amount of ethylbenzene in ad-
Styrene is an important petrochemical product and is dition to the styrene product. The effluent stream is
used extensively in the manufacturing of plastic ma- separated to produce ethylbenzene for recycle to the
terials. The dehydrogenation of ethylbenzene is the reactor and to remove undesirable reaction byprod-
dominant technology for styrene production [24]. An ucts. The styrene/ethylbenzene separation currently

upper limit on the reaction temperature must be en- is performed via conventional distillation [24]. Be-
cause the boiling points of styrene and ethylbenzene

mondmg author. Tels 1-225-578-3690: are very similar_, a distillation Column with as many
fax: +1-225-388-1476. as 100 theoretical stages and a high reflux ratio is
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Sh

activity

solution model parameters
constant in the Margules equation
diffusion coefficient model parameters
solution model parameters

mass concentration (g/éhn

heat capacity at constant pressure
(J/gK)
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diffusion coefficient (cri/s)

diffusion coefficient at infinite dilution
(cré/s)

diffusion coefficient of liquid
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Fanning friction factor

mass flow rate (g/s)

excess Gibbs free energy (J/mol)
Gibbs free energy of mixing (J/mol)
membrane element height (cm)
mass flux (g/cris)

molar flux (mol/cn? s)

flux at zero permeate pressure
(g/cn? s)

mass transfer coefficient (s/cm)
membrane thickness.()
membrane element length (cm)
permeate-side molar flux (mol/@s)
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molecular weight between two
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membrane (g/mol)

mole fraction, feed-side molar flux
(mol/cn? s), number of grid points
permeate-side pressure (Pa)
permeate-side pressure at the
collection tube (Pa)

saturation vapor pressure (Pa)
feed-side volumetric flow rate (Cis)
gas constant (J/mol K)

Reynolds number

solubility of pure component in the
polymer membrane (g/ciof polymer)
Schmidt number

local Sherwood number

Sh

Ay
Z

average Sherwood number
feed-side temperature (K)
permeate-side velocity (cm/s), volum
fraction in the polymer membrane on
a polymer free basis

feed-side velocity (cm/s)

molar volume (cri/mol), specific
volume (cn¥/g)

quadrature weight

membrane element width (cm)
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mole fraction in vapor mixture,
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membrane leaf width variable (cm)

Greek letters
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B update constant for shooting
calculations

X Flory—Huggins interaction paramete

€ tolerance for shooting calculations

1) volume fraction in membrane

@0 volume fraction at membrane surfac

y activity coefficient
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A latent heat of vaporization (J/g)
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0 unknown parameters vector
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v volume fraction in liquid mixture

Subscripts
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I liquid property
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on x <
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volume ratios achievable. Commercial spiral wound
1 liquid component in binary and modules have been developed for some solvent de-
ternary mixtures hydration applications [9,22], but to our knowledge
2 polymer in binary mixture and liquid spiral wound modules for bulk separation of hydrocar-
component in ternary mixture bons are not available. The polyurethane membrane
3 polymer in ternary mixture investigated in [4,5] appears to have the necessary
_ material properties to construct a spiral wound mod-
Superscripts ule. In this paper, the spiral wound configuration is
b binary property of the ternary mixture assumed for derivation of the pervaporation model.
bi binary property between liquid componefit  |ndeed, it is likely that such a module configuration
i and the polymer in the ternary mixture would be required for styrene/ethylbenzene separa-
L liquid property tions due to the large flow rates involved.
P polymer property Transport models of pervaporation modules have
sat  property of the saturated vapor been proposed by several investigators. Rautenbach
vapor property and Albrecht [20,21] derive transport equations for a
*  average property, dimensionless variable hollow fiber module to study the pervaporative sepa-

ration of benzene and cyclohexane. The permeation
behavior is described by a solution—diffusion model
99.9%. The distillation process is very capital and similar to that presented in Section 2.1. However, the
energy intensive, so there is considerable motivation other transport equations are inappropriate for spiral
to develop simpler and more cost effective separation wound modules where the feed-side and permeate-side
technologies. flow directions are perpendicular and the problem is
Pervaporation has been proposed as an eco-two-dimensional. Hickey and Gooding [13] develop a
nomically viable technology for the separation of transport model to evaluate the performance of spiral
azeotropic and close-boiling mixture that pose diffi- wound modules for pervaporative removal of volatile
culties for conventional distillation [11]. It has been organic compounds (VOCs) from water. Because
estimated that the development of a high performance VOCs typically are present in small concentrations,
styrene/ethylbenzene pervaporation membrane coulda very simple flux model based on Raoult’s law for
produce energy savings as large as 84% comparedwater and Henry's law for the VOCs is proposed.
to distillation [14]. A poly(hexamethylene sebacate) These assumptions are invalid for bulk hydrocarbon
(PHS)-based polyurethane membrane for pervapo- separations where both components are present in ap-
rative separation of styrene/ethylbenzene mixtures preciable amounts and the mass transfer coefficients
has been synthesized and analyzed by the first au-are concentration and temperature-dependent. The
thor [4,5]. While the polyurethane membrane cannot model in [13] consists of permeate-side mass and mo-
be characterized as a high performance material mentum balances as well as a feed-side VOC balance.
according to the specifications in [14], the styrene The momentum balance is crucial because permeate
permselectivity is sufficient for bulk separation. Con- pressure buildup has a strong effect on the mass trans-
sequently, the membrane could be used to develop afer driving force. By introducing several simplifying
hybrid pervaporation—distillation process that offers assumptions, the transport equations are reduced to a
the potential for lower capitals costs and better energy set of nonlinear ordinary differential equations with
efficiency than conventional distillation. mixed boundary conditions. However, the assump-
To realize such a hybrid process, it is necessary to tions of constant feed-side flow rate and isothermal
construct a membrane module that provides adequateoperation are invalid for hydrocarbon separations.
flux of the styrene enriched permeate stream. Many In this paper, a transport model for spiral wound
industrial pervaporation units consist of stainless pervaporation modules is derived by coupling a de-
steel plate and frame modules [9]. This configuration tailed solution—diffusion model to differential mass,
is relatively expensive compared to other types of momentum and energy balances on the feed and per-
membrane modules due to the low separation area tomeate sides of the module. We believe this is the
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most detailed pervaporation model available in the 2.1. Solution model

open literature for describing bulk separation of bi-

nary mixtures with solution—diffusion membranes. 2.1.1. Theory

The model consists of coupled nonlinear ordinary  The component volume fractions sorbed into the

differential equations with two spatial coordinates membrane are predicted from thermodynamic proper-

and mixed boundary conditions. Efficient and reliable ties of the liquid—polymer mixture. The solution model

model solution is a non-trivial problem that motivates is based on Flory—Huggins theory [12] and utilizes the

the development of specialized numerical techniques interaction parameter equations proposed by Mulder

that exploit the unique structure of the model. et al. [16]. When a polymer film is exposed to a pure
The remainder of the paper is organized as follows. liquid, Flory—Huggins theory yields the following re-

In Section 2, the solution—diffusion model is described |ation for the pure component activity:

and a nonlinear least-squares estimation technique for V.

determining the model parameters from sorption and |na" = In(1 — ¢») + (1 - _1> b2+ xp3 1)

flux data is presented. The solution—diffusion model V2

is evaluated for the separation of styrene and ethyl- where ¢, is the volume fraction of the polyme
benzene with a polyurethane membrane. Differential 5nq v, the molar volumes of the liquid and poly-
mass, momentum and energy balances for the feed andyer, respectively, ang is the Flory—Huggins inter-
permeate sides of the module are derived in Section action parameter. The Gibbs free energy of mixing
3. An iterative algorithm to solve the resulting nonlin- - A . of a ternary system comprised of a binary lig-

ear differential equation model based on the use of the \;id mixture and a polymer membrane can be expressed
shooting method in the permeate flow direction and gg

numerical integration in the feed flow direction is pro-
posed. In Section 4, th(_a pervaporative sgparation of AGmix —n1In 1+ n2Indp + n3Inds + x1m162
styrene/ethylbenzene mixtures is used to illustrate the RT

modeling approach. A 10-module system with inter- +x13n1¢3 + x2312¢3 ()
stage heating is simulated to demonstrate the potential
for hybrid pervaporation—distillation process develop-
ment.

where the subscripts 1 and 2 denote the liquid com-
ponents and the subscript 3 denotes the polymer,
and¢; the mole fraction and volume fraction, respec-
tively, of componenti, xj the interaction parameter
between componenisand j, T the temperature, and

2. Solution—diffusion model R is the gas constant. The volume fractigris defined

The solution—diffusion model is the accepted
mechanism for describing permeation in polymer 6 = n; Vi
membranes [15,25]. According to this mechanism, ~' Z?_lni‘/i
pervaporation involves the following three steps: (i)
the liquid species are dissolved into the membrane As discussed below, the interaction paramejgrare
surface; (i) the species diffuse through the membrane; allowed to be concentration-dependent.
(iii) the species desorb from the downstream mem-  The interaction parametexi> between the two
brane surface in the vapor phase. The solution and dif- liquid components can be calculated using excess
fusion models used in this paper are presented in Sec-functions. The following equation holds for binary
tions 2.1 and 2.2, respectively. Also discussed in these Mixtures [18]:
subsections is the estimation of the solution—diffusion AG mix GE
model parameters from sorption and flux data. A RT =x1lnxy+x2Inx2 + RT 3)
simple correlation model for capturing the effect of
the feed-side liquid boundary layer resistance on the where GE is the excess Gibbs free energy, and
overall mass transfer coefficient is described in is the mole fraction of component in the liquid
Section 2.3. phase. The free energy of mixing of the binary
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mixture can be calculated using Flory—Huggins theory where the superscript ‘b’ denotes a binary property of

[12]:
AGmix
RT

=x1In¥1 +x2InYy
V2
+x12¥1¥2 | X1+ x2—
Vi

where ¥; is the volume fraction of componeitin
the liquid phase:

Vixi
1= < >
Vix1 + Voxo

_ Voxo
2= Vix1 + Voxo
The excess Gibbs free energy can be expressed as
GE

— =x1Inyt +xainyt
RT 1Ny 21Ny,

whereyt = al/x; is the activity coefficient of com-
ponenti in the liquid phase, anetl.L is the activity
of component in the liquid phase. The liquid phase
activities are estimated from vapor-liquid equilibrium
data using the two-suffix Margules equation [18]:

RTInyf =A%,  RTIny, =A¢ (5)
The Margules constantA is determined from

vapor-liquid equilibrium data using the following
equation:

(4)

2
Psat: in V,-L Pisat
i—1
A A
= lefatexp[R—Txg] + szzsatEXp[R—TXf} (6)

wherePSs the vapor pressure of the binary mixture,

and Pfa‘ is the temperature-dependent vapor pressure

of pure component. The following equation for12
is readily derived by combining Egs. (3)—(5):

1 X1 X2 Axgxo
In{ — In{ —
x1¥ [xl (‘1’1> 2 (Wz) - ]

RT
)
The interaction parametepg s and x23 between the
liquid components and the polymer in the ternary
mixture can be determined from solubilities of the
pure liquids in the polymer. From Eq. (1) it follows
that the activity of pure componentn the polymer is

X12 =

InaP = In(1—¢2)+ (1 = %) ¢35 + x3(#5)? (8)

the ternary mixture, and the superscript ‘benotes a
binary property between liquid componenand the
polymer in the ternary mixture. Equilibrium between
the polymer phase and the pure liquid phase requires
that

aipzall-‘zl

The following equation for the binary interaction
parameterxl.b3 is obtained from Eq. (8):

N —¢2) — (A (Vi/ V) 93
(¢5)?

©)

b _
Xi3 =

The polymer volume fractiomgi for a binary mixture
of polymer and liquid componeritis calculated as

o — 1
(8P +1

WhereS}’ is the solubility of pure componentin the
polymer, andp; is the density of componerit Typ-
ically the ternary interaction parameteyss depend
on the component concentrations in the polymer.
They are calculated from the binary interaction pa-
rameterxl.b3 using the empirical relation proposed in
[16]:

x13 = X253 + awu3 + agup + as(¢z — ¢5b) (10)

x23 = X554 b1u? + bouy + b3(pz — ¢p52) (11)

whereu; is the volume fraction of componentn the
polymer on a polymer free basis:

_ ob
h1+ @2

uj

As discussed below, the constant parametgemndb ;
can be estimated from solubility data for the ternary
mixture.

The relation (1) can be extended to the ternary sys-
tem that results when a polymer is exposed to a binary
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liquid mixture [17]:

P V1 1
Inay =INg1 + 2+ ¢3 —2— — p3—
Va2 V3
+x12¢02(¢2 + ¢3) + x13P3(P2 + P3)
V. d
—X23¢2¢3—1 — uiu 2<152le
V2 duo
9x13 20x13
u1u2¢3 P15 23
V1 2 8)(23 20%23
+ Vs ¢ ¢3 e
V. 2 1
+o 2 (1 ) <¢1/3 —¢3> (12)
C
V: V-
Ina2P=In¢2+¢1+¢3—¢1—2 — 32
Vi V3

y
+xlz¢1—2<¢1 + ¢3) + xo303(d1 + ¢3)

V2 dx12
—X13¢1¢3— - = %¢ 5
uz
\ 3 3)(13 20X13
+—=u 195~
V1 1(]> & 093
9x23
— —_— 2_
u1u2¢3 D203 o3
V203 2Mc

(1 ) <¢1/3 - %m) (13)

whereps is the density of the polymeM3 the molec-
ular weight of the polymer, and. is the molecular
weight between two crosslinks of the polymer. For the

Mc

PHS-based polyurethane membrane discussed previ-

ously, M. is taken as the molecular weight of PHS
and M3 is assumed to be very large comparedg
Equilibrium between the polymer phase and the bi-
nary liquid phase requires that

L_ P L_ P
a, =dag, a; =4az

(14)

As shown below, Egs. (12)—(14) allow the volume
fractions¢; to be computed.

2.1.2. Estimation of the solution model parameters
Solubilities of the two liquid components in the
polymer are obtained by solving Egs. (12) and (13) for
the volume fractiong1 and¢,. These two nonlinear

algebraic equations can be represented as

f1(@l, 1. 92, b3, x12, x13, X239) = (15)
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f2(a, 1, ¢2, 3, x12. X213, X23) = O (16)
Clearly the volumes fractions must sum to unity:
Pr1+d2+¢3=1 (17)

The activitieSa}D are determined from Egs. (5) and
(14) as follows:

af =at =xyf =x; exp(R—é)
A
ab =abs = xayf = x2 exp(R—)_I(%_>

The interaction parametef;2 is determined from
Eq. (7), while the interaction parameteyss and x23
are computed from Egs. (9)—(11). The five nonlin-
ear algebraic equations (10)-(13) and (17), are solved
simultaneously to yield the volume fractiogg and
¢2. We use the MATLAB nonlinear equation solver
f sol ve for this purpose.

To determine solubilities of the two components
in the polymer, it is necessary to obtain the required
physical property data and to estimate the unknown
parameters of the solution model. The unknown pa-
rameters are the Margules constan) @nd the six
constantsd1, a2, as, b1, b2, b3) associated with the
ternary interaction parameters. The Margules parame-
ter is estimated from the nonlinear algebraic equation
(6) using vapor-liquid equilibrium data for the binary
liquid mixture. This equation can be represented as

f3(T, P,x1,x2,A) =0 (18)

Given vapor-liquid equilibrium data over a range of
liquid compositions, the constadt is determined by
solving the following nonlinear optimization problem:

N
i 2
4 Z[f3(Tjs P]s X1,j,X2,j» A)]
=1
0< A < Au

subjectto

(19)

where N is the number of data point®;, T, x1,;
andxz, ; the experimental values of the pressure, tem-
perature, component 1 mole fraction, and component
2 mole fraction, respectively, for thgth data point,
and A, is an upper bound on the estimate of A. This
problem is solved using the MATLAB nonlinear con-
strained optimization routinkri ncon.
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Estimates of the six constants associated with the used to formulate the nonlinear least-squares estima-
ternary interaction parameters are generated similarly. tion problem is obtained by combining Egs. (20) and
The nonlinear algebraic equations (10) and (11) can (21) with Egs. (15)-(17). The decision variables in the

be represented as

1
fa(xas, ng, ¢§ ,u2, ¢3,a1,a2,a3) =0

f5(x23, ng, ¢k3)2, u1, ¢3, b1, b, b3) =0

Assume the availability of solubility data in mass of
component sorbed per unit mass of polymer for the
ternary mixture over a range of liquid compositions.
Given the densities of the liquid components and the
polymer, the binary solubility of componentn mass

of componenti sorbed per unit volume of polymer
(S}’) and the ternary solubility of componehin vol-
ume of component sorbed per unit volume of poly-
mer (S;) are readily computed. The binary polymer
volume fraction&pgi and binary interaction parame-
tersxl% are calculated from the binary solubilities. The
ternary solubilities are used to compute the ternary
volume fractionsg;. The set of algebraic equations

(20)
(21)

optimization are the unknown constaats ap, az, b1,
by, andb3. The optimization problem is solved using
the MATLAB routinef m ncon.

2.1.3. Styrene/ethylbenzene pervaporation membrane
In previous research by the first author [4,5], PHS
was used to synthesize a styrene selective pervapora-
tion membrane for styrene/ethylbenzene separations.

A polyurethane membrane of thickness 5@ was
prepared by crosslinking PHS with multifunctional
polyisocyanate. The permeation properties of the
polyurethane membrane were investigated via sorp-
tion and flux experiments. Fig. 1 shows the styrene
and ethylbenzene uptakes in the membrane as a func-
tion of the feed styrene concentration. The styrene
uptake increases with increasing feed styrene con-
centration, while the ethylbenzene uptake exhibits a
maximum due to the effects of membrane swelling.
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O Ethylbenzene

— 0.25F i
[0
£
>
o
Q
<3

> 0.2 o B
[0
C
®
2

L O _

g 015

£
2
)

S o04fF g

[m]
[m]
0.05} 1
m
m Il 1 L Il )
0 0.2 0.4 0.6 0.8 1

Styrene conc. in feed [ mole fraction |

Fig. 1. Effect of feed concentration on styrene and ethylbenzene uptake in the polyurethane membrane.
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Table 1

Pure component physical property data

Property Styrene Ethylbenzene Polyurethane membrane
Molar volume (cni/mol) 115.0 122.4 -

Density (g/cni) 0.9060 0.8670 0.96

Liquid viscosity (cP) 0.725 0.6428 -

Heat capacity (J/gK) 1.6907 1.752 -

Heat of vaporization (J/g) 421.7 335.0 -

Solubility (9/g polymer) 0.307 0.014 -

Clearly the sorption mechanism favors styrene per- x23=3.297+ 13.537uf —11157u1
meation.

The sorption data in Fig. 1 allow determination +8.694(¢s —0.989
of the solution model parameters using the nonlin- The predicted volume fractions obtained with the es-
ear estimation technique described above. Pure com-timated parameters are shown in Fig. 2. The model
ponent physical property data are listed in Table 1. provides very accurate predictions of this admittedly
The Margules constant is determined by solving  limited data set. Note that, the model captures the
the nonlinear optimization problem (19). The neces- maximum in the ethylbenzene volume fraction. We
sary vapor-liquid equilibrium data is shown in Table 2 have found that this effect cannot be captured with
along with the Antoine equations used to compute the interaction parameter equations simpler than those in
pure component vapor pressures [6]. The estimate ob-Eqgs. (10) and (11).
tained isA = 1639 Pa/mol K.

The constants; andb; are estimated from the data  2.2. Diffusion model
in Fig. 1 expressed as mass of componesbrbed
per unit mass of polymer. From these estimates the 2 2 1. Theory

volume fractionsg; of the ternary mixture are com- The component volume fractions obtained from the
puted. Because there are only six data points available sp|ytion model are used to calculate component fluxes
to estimate the six unknown parameters, there are noynder the idealized conditions that the feed-side com-
degrees of freedom for optimization. In this case, the position and temperature are constant and the perme-
parameter estimation problem is reduced to solving a ate side of the membrane is maintained at vacuum.
set of coupled nonlinear algebraic equations. The re- As shown in Section 2.3, these idealized fluxes can
Sulting eXpreSSionS for the ternary interaction param- be used to Compute membrane mass transfer Coefﬁ_
eters are as follows: cients that allow the calculation of component fluxes
under the varying feed and permeate stream conditions

2
x13=1.142—8.951uj + 5.86Gu2 encountered in a spiral wound pervaporation module.

—5.652(¢p3 — 0.754) The diffusion model is based on the six parameter
Table 2
Vapor-liquid equilibrium data for styrene/ethylbenzene mixtures at atmospheric pressargyiene; 2= ethylbenzené)
Temperature°C)
25.88 26.92 27.73 28.27 29.15 30.60 31.68 32.40
X2 1.0 0.777 0.6505 0.575 0.433 0.222 0.0825 0.000
y2 1.0 0.835 0.732 0.6625 0.535 0.310 0.128 0.000

aVapor pressure equations aremn Hg = 10 ex[7.2788—-(16496/(230+7°C))) andP53 = 10 ex(6.95366-(1421914/(212931+
T°0))).
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Fig. 2. Comparison of experimental and predicted solubilities of styrene and ethylbenzene in the polyurethane membrane.

diffusion coefficient equations for binary liquid mix-
tures proposed by Brun et al. [3]. Under the assump-
tion of moderate membrane swelling, diffusion of a
pure liquid in a polymer membrane can be described
by the following form of Fick’s law:

D dc

1—-¢ dz (22)

where J is the mass fluxz the direction of the flux,
C the mass concentration of the diffusing specigs,
the volume fraction of the species in the membrane,
and D is the diffusion coefficient. For binary liquid
mixtures, Eq. (22) holds for each componeént

D; d¢;

T 1o¢ dz (e3)

The diffusion coefficientD; may depend on the con-
centration of each component in the mixture. To ac-
count for this possibility, the identity"; = p;¢; is
used to rewrite Eq. (23) as

pi D;
JidZZ_ll i

do; (24)

1

wherep; is the density of component At z = 0 the
volume fractionp; is equal to the sorption value, which

is denoted here ag?. The volume fraction on the
permeate side of the membrane is approximately zero
if the permeate pressure is maintained near vacuum.
Under the assumption tha&y; is constant, integration

of Eq. (24) fromz = 0 toz = [ yields

J¥l = p;Di In(1— ¢?)

where!/ is the membrane thickness, add denotes

the component flux obtained with a permeate vac-
uum. This equation suggests that a plot/gf versus
In(1— qb?) should produce a straight line. If the rela-
tionship is significantly nonlinear, thdb; is a function

of the component concentrations in the membrane.
In this case, the functional form of the concentration
dependence can be deduced from the shape of the
curve [7].
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Fig. 3. Effect of feed concentration on flux and selectivity of the polyurethane membrane.

The procedure is illustrated for a polyurethane whereD? are diffusion coefficients at infinite dilution,
membrane of thickness %0n. Component fluxes  and theAj are constant parameters. As shown below,
J* are obtained from the flux and selectivity data these six parameters can be estimated from sorption
[4] shown in Fig. 3. Note that the styrene selectivity and flux data.
decreases rapidly as the feed styrene concentration is
increased due to a loss of sorption selectivity. This 2.2.2. Estimation of the diffusion model parameters
indicates that the polyurethane membrane is most The equations used to compute the component
appropriate for bulk separation of styrene and ethyl- fluxes are obtained by combining Egs. (25) and (26)
benzene. Fig. 4 suggests that the styrene diffusion co-with Eq. (24):
efficient has an exponential concentration dependence.

An appropriate functional form for the concentration 7, g, — —p%, exp(A1dr + A1262) b1
dependence of the ethylbenzene diffusion coefficient 1-¢1
is less clear. Based on the styrene behavior, we utilize exXP(Ag1da + Azaa) |

the six parameter diffusion coefficient model proposed J,dz = —DJp, b0
by Brun et al. [3] for both components. The diffusion 1-¢2
coefficients are assumed to depend exponentially onage equations are integrated froms 0 whereg; —
the concentration of each component: #°10 z = I whereg; = 0:
D1 = DI expAnCL + A12C2) (29) DYo1 [Oexp(A111 + A2p2)

Ji=— / dpr  (27)
Dy = D3 exp(A21C1 + A22C2) (26) LS (1=¢1)
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Fig. 4. Concentration dependence of the styrene and ethylbenzene diffusion coefficients.
I Dng/O exp(A21¢1 + A22¢2) do 28) from the volume fraction$? supplied by the solution
2 == 2
I Jgo 11— ¢2) model.

Approximation of the integrals using Gaussian quadra-
ture [10] yields

D% X exp(A11¢1,x + A12¢2.%)
Jra 2L : : 29
LT agy @
k=1 :
T Dgpzﬁexp(f\zlm,k + A2op2n) (30)
2 I = 1= 2.0

where M is the number of quadrature pointsy
the quadrature weight at the quadrature pégjintthe
quadrature pointg; € [0, 1] are obtained as roots of
the appropriate Jacobi polynomial, and

1k =1-E0¢Y,  dok = (1—E)0S

Given the diffusion model parameters, the equations
above allow the component fluxgg to be computed

Parameters of the diffusion coefficient model
are estimated from sorption and flux data. Given
a set of N data points {Jl ,J2 ,¢1 ,¢2 1
the nonlinear algebraic equatlons (29) and (30)
are rewritten for each data point to yieldN2
equations in the six unknown parametefs
[DYDJA11A12421422]T. The parameters are deter-
mined by solving the nonlinear least-squares estima-
tion problem:

N
: * 71T 7% Tk
nynZ[Jj — I -7
j=1
where J¥ (V595 1" and J* [J* 12 17

are experlmental and predlcted vaIues respec—
tively, of the component fluxes. The minimiza-
tion is performed subject to nonlinear equality
constraints derived from the N2 component flux
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equations. We use the MATLAB routinenm ncon Table 3
to solve the constrained nonlinear optimization prob- Diffusion coefficient model parameters
lem. Component DO (m?/s) Aii Ajj
. Styrene 878 x 10712 19.9 —0.06
2.2.3. Styrene/ethylbenzene pervaporation membranegyyipenzene 43 x 10-12 58.5 _13.7

The diffusion model is used to predict the styrene
and ethylbenzene fluxes of a polyurethane membrane
of 50pm thickness. The diffusion model parameters styrene diffusion coefficient is virtually unaffected by
are estimated from the sorption and flux data in Figs. 1 the ethylbenzene concentration. As a result of this be-
and 3, respectively. There are a total of 10 data points havior, sorption rather than diffusion is the primary
(styrene and ethylbenzene data for five styrene feed mechanism that controls the styrene permselectivity
concentrations) available to estimate the six unknown of the polyurethane membrane [4].
parameters. The estimated parameter values are listed |n Fig. 5, component flux data are compared to cal-
in Table 3. Styrene has a slightly higher diffusion co- culated fluxes derived from the estimated parameters
efficient at infinite dilution than does ethylbenzene. in Table 3. The diffusion model provides accurate pre-
On the other hand, the ethylbenzene diffusion coef- dictions of both fluxes given the diffusion coefficient
ficient increases more rapidly with increasing ethyl- form used for ethylbenzene and the limited number
benzene concentration than does the styrene diffusionof data points available. Note that the model is able
coefficient with increasing styrene concentration. The to predict the maximum in the ethylbenzene flux. We
ethylbenzene diffusion coefficient is significantly re- have found that this effect cannot be captured if the
duced by increasing styrene concentration, while the coupling terms 41», A»1) are zero.
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Fig. 5. Comparison of experimental and predicted component fluxes in the polyurethane membrane.
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2.3. Overall mass transfer coefficient i. This relation suggests that a plot of J/A(T") ver-
sus(1/T) — (1/Tp) should yield a straight line with

In addition to the polymer solution—diffusion prop- slope—(E;/R). Fig. 6 illustrates the procedure for a
erties, the permselectivity of a pervaporation mem- polyurethane membrane of thickness g0. The re-
brane can be affected strongly by boundary layer quired temperature-dependent flux data are obtained
resistances. It is generally accepted that the massfrom [4] for a feed styrene mole fractiary = 0.5.
transfer resistance on the permeate side is negligible The reference temperature is chosenTgs= 25°C.
because the permeate stream is in the vapor phaseBoth styrene and ethylbenzene exhibit an exponential
By contrast, the feed-side liquid boundary layer re- dependence on temperature. The estimated activa-
sistance can dominate the membrane resistance fortion energies listed in Table 4 demonstrate that the
low Reynolds number flows [19]. Using a simple ethylbenzene flux is more strongly affected by tem-
resistance-in-series model [13], the overall mass perature than is the styrene flux. The membrane mass

transfer coefficients are calculated as transfer coefficient is calculated from the temperature
1 1 1 corrected idealized flux as follows:

W kil 31 *
ti mi I _ JH(T) (35)

wherek;; is the overall mass transfer coefficient of m Xi Pl-Sat
component, ky; the membrane mass transfer coef-
ficient of component, andk is the mass transfer
coefficient associated with the liquid boundary layer.
The membrane mass transfer coefficient is com-
puted as follows. Under the assumptions of negligible
boundary layer resistance and ideal liquid and vapor e local value for laminar flow:
behaviorkny; is related to the component fluk as 7
X
Ji = ki (xi PS%— 3, P) (32) Sh= D'—I — 0.33Re/25d/3
12

It is important to emphasize that Eq. (35) is used only
for calculation ofky,;.

The liquid boundary layer resistance is estimated
from the following empirical relations [1]:

whereky; is expressed in units of s/m; andy; the

o - . average value for laminar flow:
liquid and vapor compositions, respectively, of compo- * 9

nenti, P the permeate pressure aﬁlaat is the satura- AL 5
tion pressure of componenat temperaturd. Recall Sh=—= 0.66Rei/ Sc/3
that the component flu¥;* in the solution—diffusion Dy,

model is computed assuming the permeate side of the
membrane is maintained at vacuum. This leads to the ;

. Lo . : i
following simplification of Eq. (32) She |_Ix  0.029R&/5sd/3
J¥ = kix; P (33) Dy,

1

e local value for turbulent flow:

The idealized component flux* is computed at a  ® average value for turbulent flow:
fixed reference temperaturg. The following phe- N
nomenological relation [20] is used to account for g — kL = 0.0365?9‘&/5801/3
temperature variations encountered in a spiral wound D|12
pervaporation module:

E /1 1 whereShandSh_are the local and average Sherwood
JH(T) = Ji (To) exp[—fl (; - 7)] (34) numbers, respectively; andk; the local and average

0 liquid boundary layer mass transfer coefficients, re-

whereJ*(Tp) is the idealized flux of componenthat spectively, expressed in units of més,the distance
is obtained from the solution—diffusion modef;(7') from the module entrance, the length of the mod-
the temperature corrected idealized flux of compo- ule, andD'12 is the diffusion coefficient of the two
nenti, and E; is the activation energy of component liquid phase components calculated using the method
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Fig. 6. Temperature dependence of the styrene and ethylbenzene fluxes.
Table 4 subsequent simulation results. Note that the local and
Model parameters for temperature-dependent flux average mass transfer coefficients are different even at
Component E (J/mol) Jo (kg/m? h) x=0L.
Styrene 343 % 10° 17 286 The overall mass transfer coefficient is used to cal-

Ethylbenzene 286 x 10° 7147 culate component fluxes for operating conditions en-
countered in an actual spiral wound pervaporation
module with non-zero permeate pressure and liquid
boundary layer resistance. The component flux equa-
tion is a straightforward generalization of Eq. (32):

Ji = ki (x; PP — y; P) (36)

in [23]. The Reynolds numbeilRe andRq. and the
Schmidt numbe6care defined as
Xvp| Lvpol M

Re= o Re = o Sc= DL whereky; is expressed in units of s/m. It is important
to emphasize that the component fluxes vary with both

wherev is the feed-side liquid stream velocity, and the feed-side and permeate-side stream conditions.

w) and p; are the viscosity and density, respectively,

of the liquid. Because the feed-side properties vary in

the x-direction, the local mass transfer coefficidnt 3. Spiral wound pervaporation model

is used to calculate the overall mass transfer coeffi-

cient k. The average mass transfer coefficiénis To predict the separation performance of a spiral

introduced simply for convenience in presenting the wound pervaporation module, the solution—diffusion
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model must be combined with mass, momentum and the x-direction while the bulk permeate flow is the
energy balances that govern the module transport y-direction. Permeation through the membrane takes
behavior. The component fluxes produced by the place in thez-direction. The mass transfer driving
solution—diffusion model vary with the feed-side and force is reduced along the-direction as the feed
permeate-side stream conditions. Therefore, trans-becomes depleted in the more permeable component,
port equations must be derived for both the feed while it is increased along the-direction as the per-
and permeate sides of the module. For bulk hydro- meate pressure decreases. Because there is momentum
carbon separations, the proposed model will yield transport in thez-direction due to flux through the
more accurate predictions than the simpler pervapo- membrane, the feed-side and permeate-side stream
ration model in [13], that is based on a constant mass properties can be viewed as varying with respect to
transfer coefficient and includes only permeate-side all three spatial coordinates. This would yield a very
balances. The feed-side and permeate-side transporcomplex modeling problem and the resulting partial
equations are derived in Section 3.1. The resulting differential equation model would not be amenable to
model consists of a coupled set of nonlinear ordinary numerical solution.

differential equations with two spatial coordinates and  In this paper, the module transport equations are
mixed boundary conditions. A numerical procedure derived under the following simplifying assumptions:
for solving the pervaporation model is presented in

Section 3.2. 1. Feed-side variations in thedirection are small.
2. Permeate-side variations in thedirection are
3.1. Module transport equations small.

3. Feed-side and permeate-side variables can be aver-
Fig. 7 depicts permeation of a binary mixture aged with respect to thedirection.
through an extended membrane leaf of a spiral wound 4. Feed-side and permeate-side diffusion are negligi-
pervaporation module. The bulk feed flow is in ble compared to convection.
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Fig. 7. Extended membrane leaf of a spiral wound pervaporation module.
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5. The feed liquid is an ideal solution.
6. The permeate vapor is an ideal gas.

The first two assumptions imply that feed-side and
permeate-side variables vary primarily in the direc-
tion of bulk feed and permeate flow, respectively.
This is a reasonable simplification for momentum

related variables such as velocity. These assumptions

may appear to be questionable for the feed and per-
meate concentrations since the driving force for mass
transfer varies with respect to both flow directions.
This effect is captured in the transport model by al-
lowing the component fluxes to vary with respect to
both x and y. Therefore, the feed-side concentration
and permeate-side concentration depend indirectly
on the y-direction andx-direction, respectively, due
to their coupling through the component fluxes. It is
worth noting that these assumptions also are invoked
by Hickey and Gooding [13] in their spiral wound
pervaporation model for removal of volatile organic
compounds from water. The third assumption is com-
monly used in transport models where the description
of such spatial variations is considered unnecessary.
The fourth assumption is reasonable for convection
dominated flows that are expected in bulk hydrocar-
bon separations. The validity of the fifth assumption
is dependent on the particular components in the bi-
nary mixture. It is a reasonable simplification for the
styrene/ethylbenzene mixtures considered in this pa-
per [6]. The sixth assumption is reasonable due to the
low pressures and moderate temperatures typically
present on the permeate side of the module.

3.1.1. Feed-side balances

First, the feed-side momentum balance is derived.
To generate a suitable differential equation for the
feed-side velocity, it is necessary to determine the
feed-side pressure drop that results from flux across
the membrane. Because permeation occurs in the
z-direction, thex-component of the velocity, varies
with z and thez-component of the velocity, is
non-zero. Howevery, < vy, since, the permeation
flux typically is much smaller than the convective
flux. Also note that feed-side flow takes place in a
narrow channel, since the module lengthis much
greater than the width’. These conditions allow the
use of the lubrication approximation under which the
feed-side momentum balance is reduced to [8]
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3%v, 1dP
3z2  q dx

where the feed-side pressufeis independent of

and the liquid viscositys| is assumed to be constant.

When combined with a feed-side mass balance and
appropriate boundary conditions on the velocity, this
equation allows the calculation of both (x, z) and
P(x). As shown in Appendix A, the following equa-
tions for the pressure and theaveraged velocity (x)

are obtained by neglecting frictional effects:

37)

dapr 12u1v
= 38
dx w2 (38)
dv 27 M, (39)
dx ppW

where/J is the total molar flux through the membrane,
and W is the width of the membrane element. The
molecular weightMy, and densityop of the local per-
meate are computed from the component molar fluxes
J1 and Jo:

M1J1 + MoJ-
Mp = My + M)z (40)
J1+ J2
MyJ1 4 MaJo
Pp = (41)

(M1J1/p1) + (M2J2/p2)

where M1 and M, are the component molecular
weights, ando; and p, are the pure component den-
sities. The molar fluxes are related to the mass fluxes
introduced in the solution—diffusion model as

_ J1 _ Jo
T My My
J2

1

2
J=di+h=ty
=1 2—Ml M,

A feed-side mass balance on componemver the
differential elementAx and Ay yields

W Ay(nix|x — nixlx+ax) — ZAXA)’ jz =0

(42)

whereniy is the feed-side component molar flux. Di-
viding by AxAy and taking the limit asAx — 0
yields

onix

-Ww —-2J;=0 (43)
0x

The convective flux can be expressed as

Nix = Xily = X;P|V (44)
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wheren, is the total feed-side molar flux, angdis the
feed-side component mole fraction. The liquid molar
density g can be expressed as

Pl
M
_ (Myx1+ Max2)/(Mix1/p1) + (Max2/p2))
- Mix1 + Moxo
1

" (Max1/p1) + (Max2/p2)
wherep is the liquid mass density, ard, is the liquid

molecular weight. Substitution of Eqgs. (44) and (45)
into Eq. (43) yields

ol

(45)

Xi %
(Mix;/pi) + (M;(1—x;)/p;) dx
R v a
pj [(Mixi/pi) + (M;(1—x;)/p;)]? dx
2J;
-2 (46)

The feed-side differential energy balance is written as

W AY[pChu(T = To)lx — pICpo(T — To) x4 ax]

+2AxAy J[A+ CH(T — T)] =0 (47)
whereT is the feed-side temperaturéIL, and A the
heat capacity and latent heat of vaporization, respec-
tively, of the liquid mixture,Ty the reference temper-
ature, and the mass flukis related to the molar flux

J as in Eq. (42). This equation is derived by equating
the energy removed from the feed stream to the en-
ergy required to vaporize the permeate which fluxes

133

where ¢b;/dx; can be evaluated from Eq. (45). The dif-
ferential equations (39), (46) and (48) for the feed-side
velocity, composition and temperature are subject to
the following boundary conditions:

v(0) = v, x;(0) = x¢, T =T

wherex = 0 denotes the location where feed is intro-
duced to the module, and, xf and 7 are the veloc-
ity, composition and temperature, respectively, of the
feed stream.

3.1.2. Permeate-side balances
A permeate-side mass balance on componewer
the differential elementx and Ay is written as

W Ax (miyly — miyly+ay) +2AxAy J; =0

wheremiy is the permeate-side component molar flux.
Dividing by AxAy and taking the limit asAy — 0
yields

dm; .
WY 4 2], = (49)
dy
The convective flux can be expressed as
miy = yimy =Yi P (50)

wherem, is the total permeate-side molar flux,the
permeate-side component mole fraction, and the
permeate-side velocity. The vapor molar dengityis
calculated assuming ideal gas behavior:

P

= — 51
Pv RTp (51)

where P and T are the permeate-side pressure and

through the membrane. The heat capacity and heat oftemperature, respectively. Substitution of Egs. (50)

vaporization are assumed to be constant for simplic-
ity. Dividing Eq. (47) by AxAy and taking the limit
asAx — 0 yields
2J[1 + CH(T — To)]

e

d T —Toy)] =
E[PIU( - Tyl =

Expansion of the derivative yields

dr

dx,-
—— + o (T —To) g
X

dx
2J[x 4 C5(T — To)]
= WG,

do dv
v(T—To)d—f; & T

(48)

and (51) into Eq. (49) yields

Pudy,- N Pdu N dP  2JRT
— i iU—— = ——
dy Y dy Y dy w

A permeate-side differential mass balance is written as

(52)

W Ax(pyitly = pyuly+ay) +2AxAy TMy = 0

where the vapor molecular weight, and vapor mass
densitypy are calculated as

My = M1y1 + May2 (53)
= pyMy = P M (54)
Pv = pvMy = RT, v
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Dividing by AxAy and taking the limit asAy — 0 subject to the following boundary conditions:
yields

= Ji(0)
_d(,ovu) n 2MyJ _0 (55) yi(0) = % u(0) =0, P(H)=P
dy w
Substitution of Egs. (53) and (54) into Eq. (55) and Wherey = 0 andy = H denote the location of
expansion of the derivative produces the closed end and collection tube, respectively, on
the permeate side of the module, afg denotes
PUM; — M) +PMVd +uMVdP the permeate pressure in the collection tube. The
dy dy boundary condition for the composition is determined
- by the ratio of local molar fluxes because there is
- ZMV_JRT (56) no bulk permeate stream at the closed end of the
w module.
The permeate-side momentum balance can be written
as [2] 3.2. Model solution
2
dlpvu™) diy d—P = (57) The pervaporation model consists of the six non-
dy dy ~ dy linear ordinary differential equations (39), (46), (48),
where the tensotyy depends on the Fanning friction (52), (56) and (59) with two spatial coordinates
factor f as and mixed boundary conditions. In this section, we
q i present a numerical solution procedure that yields
Ity _ pvi” (58) predictions of the feed-side velocity, composition
dy 4 and temperature and the permeate-side composition,
The friction factor is computed as [2] velocity and pressure as a function of the feed and

permeate flow directions. First, the model is sim-

f= A Re— Wovu plified such that each differential equation contains

Re'’ Mv a single derivative. Straightforward but laborious

whereA is a constant that depends on the module ge- 2l9€braic manipulations yield the following model
ometry, anduy is the viscosity of the vapor. In the sub- equations:

sequent simulations, the parameters are chosen-as - -
1 andA = 24. Substitution of Egs. (53), (54) and (58) i _ PiVi(2J Mpxi — 2J;Vipp)

into Eq. (57) and expansion of the derivatives produces dx M jvWpp
(M; — M;)PR y’+2 PM,— dv _ _2/Mp
dx W,Op
dP  2PMyu?
+(Myu? + RTp)— + 2 o0 (59) ar _ _ 2Mp
w dx 0l vWC'p

The differential equations (52) (56) and (59) for the - .
permeate-side composition, velocity and pressure are @i _ 2JiRTpMy — 2J/RTpMpy;

dy WPUM

du  2RTp(RTyJiMy — RTpJ;M; — RTpJ yi My — Ju?MpM ;y;) — 2PMyu3ty; M
dy WPy M (Myu? — RTy)

dP  2RTou(MyJ Mpy; — MJJ; + M;J Mpy; + M; J;My) + 2PMyu?fy; M
dy Wy M ;(Myu? — RTp)




B. Cao, M.A. Henson/Journal of Membrane Science 197 (2002) 117-146 135

where the specific volume of the liquid is defined as T*(0) =1 (63)
1 Mix,' Mox ~
V== T2 o di(0)
ol Pi P2 i (O) = == (64)
J(0)

Next the model equations are non-dimensionalized to
improve scaling and to reduce the number of param-

* _
eters. Utilizing the scaling factors introduced in [13], w(©®=0 (65)
the dimensionless variables are defined as p
H
* __ X * y *® P*(l) = Psat (66)
X = -, TR X; = Xi, 1
L H
v T . . .
v = —, TF = I The input data required to solve the pervaporation
uf f model are: (i) feed-side inlet composition, velocity
. . My Pt _ P and temperature; (i) permeate-side temperature and
o=y =R ~ psat outlet pressure; (i) membrane element dimensions;

(iv) membrane thickness; (v) pure component ther-
where the subscript 1 denotes the first component, andmodynamic properties; (vi) solution—diffusion model
Tp is the permeate temperature. The dimensionless parameters. Note that the feed-side and permeate-side
model equations are as follows: differential equations involve spatial derivatives only
with respect tax* and y*, respectively. On the other
hand, the component fluxes vary with respect to both
dx* Mjv*vsWpop x* andy*, since the mass transfer rate depends on the
. oL M feed-side and permeate-side stream conditions. There-

— P fore, numerical solution of the dimensionless model
dx* vt Wpp yields predictions of each dependent variable as a
dx* pr*u WG, Ti the work of Hickey and Gooding [13]. The key ob-

5 5 servation is that the feed side is governed by initial
dy* H./M1/RT,(2J;RTyMy — 2JRTyMpy* . . . . -
i 1/RTp(2JiRToMy pMpy7) value differential equations, while the permeate side
dy* WP P32l* M

1

df Lo Vi2J Mpx}' — 2J; Vipp)

du* _ . [M 2RTy(RTpJi My — RTyJ;Mj — RTpJ yi Mp — Ju?MpM; y}) — 2P* PS3Mufy* M
dy* RTp WP P33 M (Myu? — RTp)

dp* HZRTpu(MVfMpy;“ — M2J; + M ;T Mpy! + M;Ji M) + 2P* PS3"M u?fy* M ;

dy* WP M (Myu? — RTp)

where the mass component flux (36) expressed in
terms of the dimensionless variables is

is governed by boundary value differential equations.
Ji = ky (x} P33 — y¥ p* pSaY (60) This allows the development of a customized solution
algorithm in which numerical integration is used in
the feed flow direction and the shooting method is
used in the permeate flow direction. The spiral-wound
element is discretized in both thé andy™* directions
xF(0) = xt (61) to produce a two_—dimensional grid with elfamer_ns of

lengthAx* and heightAy*. The number of grid points
v*(0) =1 (62) in the x* and y* directions are denoted, + 1 and

Recall that the molar component fluxscan be com-
puted fromJ; as in EqQ. (42). The boundary conditions
become:
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ny + 1, respectively, where

Ny ny

The position on the grid is denoted by the gaij, y;’f),
where

Ax*
Xj=j—— 0=j=ns
Ay* :
Yi=i— O0=ij=n
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using the shooting method. The overall mass transfer
coefficientky; (O, y;‘) is computed from the feed-side
boundary conditions. An initial guess of the unknown
permeate-side pressure at the p@éht0) is generated
using the method of Rautenbach and Albrecht [21].
This yields the relation

24RT,J (0, O)uy H?
W2

P§(0,0) ~ \/[P*(l)Pfal]z +
(67)

Recall that feed-side and permeate-side variables varyyhere the fluxJ(0,0) is estimated from Eg. (60)

in both the feed and permeate flow directions due to
their coupling through the component fluxes. The feed
enters the module at* = x; = 0, where the feed-side
compositionx; (x, y), velocity v(x, y) and tempera-
ture T'(x, y) are known and constant with respect to
y* due to the boundary conditions (61)—(63):

X0,y =x, v'OyH=1  TOy)=1

The permeate-side velocity at the closed end of
the module, wherg* = y; = 0 is known due to
the boundary condition (65)u*(x;,0) 0. The
permeate-side composition at any pomi;‘.‘,O) is
calculated as follows. By substituting Eq. (60) ex-
pressed in terms of molar flux into the boundary
condition (64), the following quadratic equation for
the permeate-side composition of the first component
at the point(x;‘, 0) can be derived:

aly; (3, 0)]% + by (x%,0) + ¢ = 0

The constants are defined as

a= P*(x;-‘, O)Plsat(kzl — ki2),
b= —[x} (], 0) (kin PP — ki2 P53
+P*(x}, 0 PPkt — ki2) + ke2 P37,

c=xj (x;‘, O)kthlSat

where the subscripts 1 and 2 denote the first compo-

by replacing P*(0,0) with P*(1). The estimated
pressureP; (0, 0) from Eq. (67) and the feed-side
compositionx*(0, 0) are used to compute the com-
ponent fluxes/; (0, 0). Then the three dimensionless
permeate-side differential equations are integrated
from y* = 0 to y* = Ay* assuming the feed-side and
permeate-side properties are approximately constant
over this small interval. We use the variable step size
integrator ODESSA with a fixed output interval to
achieve high accuracy with a reasonably coarse grid.
The permeate-side compositigfi(0, Ay*) and pres-
sure P*(0, Ay*) are used to compute the component
flux J;(0, Ay*), and the permeate-side differential
equations are integrated fropt = Ay* to y*
2 Ay*. This procedure is continued up to the point
(0, 1) where the permeate collection tube is located.
If the difference between the estimated permeate-side
pressure at the collection tube and the associated
boundary condition satisfig$*(0, 1) — P*(1)| > e,

the estimated permeate pressure at the closed-end of
the module is updated as follows:

P{1(0,0) = P{(0,0) — B

where P;(0,0) denotes the estimated value of
P*(0,0) at thekth iteration of the shooting method,
andg is a constant value. Albeit somewhat inefficient
compare to more sophisticated updating techniques,
this simple method leads to convergence because the

nent and second component, respectively. Only one initial estimatedP; (0, 0) given by (67) invariably is

solution of the quadratic equation is physically mean-
ingful:

b2 — 4ac

2a

The feed-side boundary conditions are used to com-
pute the permeate-side variables at the podﬁt@jf)

—bh—
yi(xj,0) =

too large. The shooting calculation is repeated using
the updated permeate pressure value until conver-
gence is achieved. This yields the component fluxes
as well as the permeate-side composition, velocity
and pressure at the point8, y;‘).

Using the component fluxed; (0, y;’.‘) and the
feed-side boundary conditions, the three dimension-
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less feed-side differential equations are integrated
from x* = 0 to x* = Ax* assuming the feed-side

and permeate-side properties are approximately con-

stant. This yields the feed-side composition, veloc-
ity and temperature at the poin‘(sAx*,y;f). The
permeate-side velocity and composition at the point

(Ax*, 0) are determined as before. The initial guess °
of the permeate pressure at the closed-end of the

module is estimated from the converged solution at
the point (0, 0): P*(Ax*, 0) ~ P*(0,0). Then the
shooting method is used to obtain convergence of
the permeate-side variables at the poittsc*, y;f).
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Table 6
Dependent variables at the four corners of the membrane leaf

Variable Location
(0,0) (L,0) O, H) (L, H)

X1 0.5 0.4955 0.5 0.4950
4.52 4.373 4.52 4.366

298.15 290.48 298.15 290.39

0.6740 0.6023 0.6748 0.603

u 0 0 3858 2291

P 77.83 66.65 72.82 66.65

These results are used to integrate the feed-side equautes by increasing the tolerance for the permeate-side

tions fromx* = Ax* to x* = 2 Ax*. This procedure
continues up the pointd, y;‘) where the feed stream
exits the module.

4. Simulation studies

4.1. Results

The proposed model is used to predict the perfor-
mance of a spiral wound pervaporation module for
the separation of binary styrene/ethylbenzene mix-
tures. The solution—diffusion model parameters de-
rived previously for the polyurethane membrane are
used in the simulation studies. Table 5 lists the other
model parameters and the nominal operating condi-
tions wherefF; is the feed mass flow rate. Note that
the two-dimensional grid used for numerical solution
of the differential equation model consists of 10,000
points. A single simulation requires approximately
50 min of CPU time on a 550 MHz Pentium IIl proces-
sor. The simulation time can be reduced below 10 min-

Table 5
Model parameters and nominal operating conditions for simulation
studies

Parameter Value Parameter Value
Xf 0.5 L (cm) 100
Fi (g/s) 2000 H (cm) 500
vi (cm/s) 4.52 W (cm) 0.5
T: (K) 298.15 [ (pm) 1.0
Tp (K) 298.15 ny 100
Py (Pa) 66.65 ny 100
€ 105 B 104

shooting calculation te = 104,

The feed-side styrene composition, feed-side tem-
perature, permeate-side styrene composition and
permeate-side pressure as a function of position
along the membrane leaf are shown in Figs. 8-11,
respectively. Plots of the feed-side and permeate-side
velocities are omitted for the sake of brevity. To fa-
cilitate visualization of the three-dimensional graphs,
Table 6 contains values of all six dependent variables
in physical units at the four corners of the membrane
leaf. Most spatial variations are small due to the rather
low permselectivity of the polyurethane membrane.
As shown in Figs. 8 and 9, the feed-side variables
are equal to their boundary conditions at the entrance
of the module. The feed-side composition varies in
the feed flow ) direction but changes very little in
the permeate flowy() direction. Similar behavior is
observed for the feed-side temperature. Despite the
fact that bulk permeate flow is in thedirection, the
permeate-side composition is almost constant with re-
spect toy but varies strongly in the-direction. This is
attributable to coupling of the feed and permeate sides
of the module through the component fluxes. This be-
havior, which also has been observed by Hickey and
Gooding [13], motivates the development of more
sophisticated pervaporation models that account ex-
plicitly for permeate-side spatial variations in both
flow directions. On the other hand, the permeate-side
pressure exhibits large variations in tlpedirection
and is essentially constant in thedirection. Note
that the pressure is equal to its boundary condition
at the location of the permeate collection tube. These
simulations demonstrate that the pervaporation model
can provide a detailed spatial description of the key
feed-side and permeate-side variables.
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Fig. 8. Feed-side styrene concentration as a function of position.

Fig. 9. Feed-side temperature as a function of position.
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Fig. 10. Permeate-side styrene concentration as a function of position.
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Fig. 11. Permeate-side pressure as a function of position.
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Fig. 12. Styrene mass transfer coefficients as a function of feed flow rate.

Fig. 12 shows the effect of the liquid boundary layer flow rates, the boundary layer resistance is the domi-
resistance on the overall styrene mass transfer coef-nant effect.
ficient over a wide range of feed flow rate& ) that Due to the low permeability of the polyurethane
cover both laminar and turbulent flow regimes. For membrane, a rather large membrane area is re-
simplicity of presentation, the average liquid boundary quired to achieve an acceptable flux. Even if the
layer mass transfer coefficiefit is used to compute  membrane is used for bulk separation in a hybrid
the overall styrene mass transfer coefficignt)(and pervaporation—distillation process, it is necessary to
the mass transfer coefficients are expressed in unitsuse multiple modules to achieve the required mem-
of m/s. The membrane styrene mass transfer coeffi- brane area. The next set of figures show results for
cient (km1) is essentially constant, while the boundary the separation of styrene and ethylbenzene with the
layer resistance increases with decreasing feed flow 10-module system depicted in Fig. 13. Ten modules
rate. The boundary layer resistance is negligible only are placed in series with the residue stream from the
at very high flow rates where the feed-side Reynolds each module serving as the feed stream for the next
number is large. Mass transfer is dominated by the module. The permeate stream from all the modules
membrane resistance under these conditions. At low are mixed to produce the permeate product. The feed
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Fig. 13. Ten modules in series with interstage heating.
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Fig. 14. Effect of feed composition on stage cut for 10-module system.
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temperature for each module is increased to the nom-increasing feed composition. Fig. 15 shows the effect
inal value shown in Table 5 by interstage heating. of feed composition on the selectivity. The selectivity
The separation capability of the system is investigated decreases rapidly with increasing feed composition
over a range of feed flow rates and compositions. for x; < 0.5; the decrease is less dramatic for higher
Feed-side properties are calculated from the residuexs. Fig. 16 shows the effect of feed flow ratg ] on
stream exiting the 10th module, while permeate-side the stage cut. The stage cut exhibits an exponential
properties are flow weighted averages of the per- decrease with increasing. Fig. 17 shows the effect
meate streams from the 10 modules. The properties of feed flow rate on the selectivity. The selectivity
of interest are the stage cyt and the selectivity  increases approximately linearly fd: > 3000 g/s.

o For lower flow rates, the selectivity decreases rapidly
10 with decreasing feed flow rate due to the effect of

0= M7 _ - the feed-side liquid boundary layer resistance. These
F xf (1= yp) results demonstrate that the pervaporation model can

be used to perform process design calculations for

where Fy is the permeate flow rate of theh mod- = . >
non-trivial module configurations.

ule, andyy is the styrene composition of the permeate
product stream.

The effect of styrene feed compositions) on 4.2. Discussion
the stage cut of the 10-module system is shown in
Fig. 14. Because the membrane is styrene selective, We have developed a differential equation model to
the stage cut increases approximately linearly with simulate the performance of spiral wound membrane

0 | | 1 1 |
0.2 0.3 0.4 0.5 0.6 0.7 0.8

X [ mole fraction ]

Fig. 15. Effect of feed composition on selectivity for 10-module system.
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Fig. 16. Effect of feed flow rate on stage cut for 10-module system.

modules for the pervaporative separation of binary lig-  In addition to providing a general purpose
uid mixtures. A detailed solution—diffusion model is model for spiral wound pervaporation modules,
utilized to describe permeation through the membrane. this work is motivated by our interest in hybrid
Unknown model parameters are determined from pervaporation—distillation processes for bulk hy-
sorption and flux data using nonlinear least-squares drocarbon separations. The proposed model is a
estimation. The solution—diffusion model is coupled useful tool for investigating the economic viabil-
to transport equations for the feed-side composition, ity of such hybrid processes. We primarily are in-
velocity and temperature and the permeate-side com-terested in hybrid processes for the separation of
position, velocity and pressure. Numerical solution styrene/ethylbenzene mixtures. As shown in this
of the model provides predictions of the feed-side paper, spiral wound modules constructed from the
and permeate-side variables as a function of position polyurethane membrane studied in [4] are suitable
on the two-dimensional membrane leaf. The model only for bulk separation due to their modest perms-
has been used to simulate spiral wound pervaporationelectivity properties. Possible configurations of the
modules for the separation of styrene and ethylben- hybrid system include processing of the distilla-
zene with a polyurethane membrane. As compared tion column feed stream, overhead stream, bottom
to other pervaporation models available in the liter- stream or a sidestream by the pervaporation unit.
ature, the proposed model offers several important Design studies on hybrid pervaporation—distillation
advantages for simulating bulk hydrocarbon separa- processes for bulk styrene/ethylbenzene sepa-
tions including feed-side balances and a variable massrations will be reported in our future publica-
transfer coefficient. tions.
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Fig. 17. Effect of feed flow rate on selectivity for 10-module system.
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Appendix A

Derivation of the feed-side pressure and velocity
equations (38) and (39) begins with the lubrication
approximation (37). Because the feed-side presgure
is independent aof, integration of Eq. (37) with respect
to z yields

vy

az u dx

Let z = O define the centerline of the module with
respect to its width. Then the constant of integration
C1 =0, sincedv,/dz = 0 atz = 0. Integrating with
respect ta; a second time yields

1dpP,
Ux(va)Zz—MaZ + C2

Let zo = (1/2)W denote the location of the mem-
brane surface. The following relation is obtained by
evaluating the constaidt; using the boundary condi-
tionv, = 0 atz = zq:

Vy = Z_M_(Z _Zo)

- (A1)

The feed-side volumetric flow rat@ is calculated as

2H dP 4

20
=2H v dz =
Q@) /0 e 3w dx “
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whereH is the height of the module. Theaveraged
velocity v, is
1dp,

_S_MEZO (A.2)

This equation can be rearranged to yield

dP_ 3 vy
dx - 1(2)

which is equivalent to Eq. (38), where the average ve-
locity v, (x) has been denotedx) for simplicity. An
equation that relates the velocity and thez-averaged
velocity v, is obtained by combining Egs. (A.1) and
(A.2):

Because the-component of the feed-side velocity is
zero, the continuity equation takes the form [2]

0Vy
0x

v,

~2 -0
0z

This equation is rearranged to yield
2\2
1—(=
(&)

Integrating this equation using the boundary condition
v, = 0 atz = O produces

3du,

2 dx

v,
0z

0Vy _

o

. 2) 3du, 23
v, (X, ) =—7-—F— 72— =5
z ¢ 2 dx ¢ 31(2)
At the membrane surface= zo, the z-component of
the velocity is equal to the velocity of the permeate
stream fluxing through the membrane:

du,
v (x,20) = 20

X

J Mp
Pp

(A.3)

where J is the total molar flux, and the molecular
weight M, and densitypp of the local permeate are
defined by Eqgs. (40) and (41), respectively. By setting
z0 = (1/2)W and v, = v, Eq. (A.3) can be manip-
ulated to yield the differential equation (39) for the
average feed-side velocity.
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