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Abstract
The effect of the location of an impermeable barrier, which is placed for double pass in the raffinate phase, on solvent extraction through
a parallel-plate membrane module, has been investigated. Theoretical predictions are in fairly good agreement with the experimental results.
Considerable improvement in performance is obtainable if the subchannel width, as well as the mass-transfer area, of concurrent flow is as
large as possible than that of concurrent flow, especially for low flow rate operation. It has been also checked that the hydraulic dissipated
power due to the friction loss of fluid flow is very small and generally, the operating cost in all devices may be ignored.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction
Applications of the recycle-effect concept to the design
and operation of the equipment with external or internal refluxes can effectively increase in fluid velocity and enhance
the effect on heat and mass transfer, leading to improved
performance [1–11]. Recently, the recycle effect on solvent
extraction in microporous-membrane modules has been
studied both theoretically and experimentally [12,13]. It
was reported that extraction performance increases with the
reflux ratio. However, operation at high reflux ratio might
not compensate for the loss of hydraulic dissipated power.
An alternate method for increasing fluid velocity by arranging a double flow operation in the membrane module with
the impermeate barrier location adjustable. It is the purpose
of this work to investigate the influence of width ratio of
flow subchannels in the raffinate phase on solvent extraction
through a double-pass parallel-plate membrane module.

2. Theory
Membrane extraction is carried out in a microporousmembrane device, in which the membrane is generally
∗
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contacted with two immiscible fluids at two sides (phases a
and b). However, if these two fluids are miscible, then the
pores of the membrane is filled with another fluid (phase
c) which is immiscible with these two fluids. The solute is
extracted from phase a to phase c and then to phase b, or
vice versa. This new technique overcomes the limitations
of conventional liquid extraction, such as flooding, intimate
mixing, limitations on independent phases flow rate variations, requirement of density difference and inability to
handle particulates [14].
2.1. Governing equations
Fig. 1 shows the double-pass parallel-plate membrane
extractor. An impermeable plate with negligible thickness is
placed vertically to the upper plate and the membrane sheet
to divide the channel into two subchannels (subchannels a1
and a2 ) of widths ∆w and (1 − ∆)w. Thus, in the raffinate
phase (phase a), the inlet fluid of volume rate and concentration Ca,i flows steadily as well as cocurrently first and then
countercurrently within subchannels a1 and a2 , respectively.
The extract phase (phase b) with inlet volume rate Qb and
concentration Cb,i flows steadily through channel b. The
assumptions made in this analysis are steady stats, no chemical reactions, uniform concentrations and velocities over
the flow cross-sections, constant flow rates, constant masstransfer coefficients and constant distribution coefficients.
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Fig. 1. Schematic diagram of double-pass parallel-plate membrane extractors.

Referring to Fig. 1, the mass balance over the right-hand
section of the membrane extractor operated is
Qb (Cb,e − Cb ) = Qa (Ca,1 − Ca,2 )
or



Cb = Cb,e −

Qa
Qb

(1)


(Ca,1 − Ca,2 )

(2)

Considering the mass transfer on subchannels a1 and a2 over
the length dx:
−Qa dCa,1 = K1 ∆w(Hac Ca,1 − Hbc Cb ) dx

(3)

Qa dCa,2 = K2 (1 − ∆)w(Hac Ca,2 − Hbc Cb ) dx

(4)

where K1 and K2 are the overall mass-transfer coefficients in
subchannels a1 and a2 , respectively, while Hac and Hbc are
the distribution coefficients between two different phases, as
defined by
Hac =

solute concentration in phase c
solute concentration in phase a




Hbc
η = −K2 (1 − ∆)w
Qb


Hbc
θ = −K2 (1 − ∆)w
Qa

Eqs. (6) and (7) can be solved simultaneously for solute
concentrations, Ca,1 and Ca,2 , in subchannels a1 and a2 with
the following boundary conditions:
At x = l :

Ca,2 =

where
λa =

dCa,1
+ ζCa,1 + φCa,2 = ξCb,e
dx

(6)

λb =

1
2

dCa,2
+ ωCa,2 + ηCa,1 = θCb,e
dx

(7)

f =

(8)

(11)

(15)

1
[−(λa + ζ)α eλa x − (λb + ζ)β eλb x
φ
+ (ξ − ζf)Cb,e ]

−(ζ + ω) +

−(ζ + ω) −



(ζ



(ζ

(16)

− ω)2


+ 4φη

(17)

− ω)2


+ 4φη

(18)

ωξ − φθ
ζω − φη

(19)

while α and β are the integration constants which are determined by Eq. (14) as
α=

e−λa l

[(fλb + ξ)Cb,e − (λb + ζ + φ)Ca,e
]
λa − λ b

(20)

β=

e−λb l

[−(fλa + ξ)Cb,e + (λa + ζ + φ)Ca,e
]
λa − λ b

(21)

(9)
(10)

(14)

Ca,1 = α eλa x + β eλb x + fCb,e

1
2


Hac
Hbc
+
ζ = K1 ∆w
Qa
Qb


K1 ∆wHbc
φ=−
Qb


K1 ∆wHbc
ξ=
Qa


Hac
Hbc
−
ω = −K2 (1 − ∆)w
Qa
Qb


Ca,1 = Ca,2 = Ca,e

The results are

(5)



(13)

2.2. Concentration distributions

Substituting the value of Cb from Eq. (2) into Eqs. (3) and
(4), one obtains

where

(12)

If inlet concentration Ca,i and the outlet concentration Ca,e
are introduced into Eqs. (15) and (16), respectively, i.e.:
At x = 0 :

Ca,1 = Ca,i

(22)
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At x = 0 :

Ca,2 = Ca,e

(23)

one obtains, with the substitution of Eqs. (20) and (21):
Ca,i = ACb,e − BCa,e

(24)

Ca,e = ECb,e − FCa,e

(25)

where
A=

(fλb + ξ) e−λa l − (fλa + ξ) e−λb l
+f
λa − λ b

(26)

and variable widths (i.e., ∆ = 0.25, 0.5 and 0.75), as shown
in Fig. 1.
Experiments were carried out with the use of a membrane sheet (l = w = 0.165 m) made of microporous
polypropylene(Gelman Sciences, average pore size =
0.2 m, porosity = 70% and thickness = 178 m) as a
permeable barrier to extract acetic acid(reagent ACS grade,
Fisher) from aqueous solution by methyl isobutyl ketone
(MIBK, regent grade, Fisher). The membrane sheet was
inserted in parallel between two parallel plates of stainless
steel, with same distance from them to divide the conduit
into two channels (channels a and b, or phases a and b)

(λb + ζ + φ) e−λa l − (λa + ζ + φ) e−λb l
(27)
λa − λ b


1 −(λa + ζ)(fλb + ξ) e−λa l + (λb + ζ)(fλa + ξ) e−λb l
+ (ξ − ζf)
E=
φ
λa − λ b

B=

1
F=
φ



−(λa + ζ)(λb + ζ + φ) e−λa l + (λb + ζ)(λa + ζ + φ) e−λb l
λa − λ b

Inspection of Eqs. (24) and (25) shows that the outlet con , C
centrations, Ca,e
a,e and Cb,e , are not specified a priori.
Mathematically, one more relation is needed for determination of these values. For this purpose, a mass balance for
solute through the whole module is readily obtained as


Qa
Cb,e = Cb,i +
(Ca,i − Ca,e )
(30)
Qb
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(28)


(29)

of same height (h = 1.9 × 10−3 m). Since microporous
polypropylene is hydrophobic membrane, the organic solution (solute: acetic; solvent: MIBK) wets the membrane,
and thus Hbc = Hbb = 1 and Hac = Hab = 0.524 at 25 ◦ C
[16]. A slight positive pressure (< 1 psig = 108 kPa) was
maintained on the aqueous side of the apparatus to avoid
breakthrough of the organic fluid.

Solving Eqs. (24), (25) and (30), simultaneously, one has
the outlet solute concentrations as
Ca,e

[FQb − (AF − BE)Qa ]Ca,i − [(AF − BE)Qb ]Cb,i
=
(B − F)Qb − (AF − BE)Qa
(31)

Cb,e =

FCa,i − (B − F)Ca,e
AF − BE

(32)

2.3. Mass-transfer rate
Once Ca,e (or Cb,e ) is calculated from Eq. (31) (or
Eq. (32)), the total mass-transfer rate will be determined by
Eq. (33), modified from Eq. (30):
W = Qa (Ca,i − Ca,e ) = Qb (Cb,e − Cb,i )

(33)

3. Experiments
The chemicals, materials, dimensions of apparatus and
experimental procedure are exactly the same as those employed and performed in previous work [12], except that in
present experimental work, the impermeable plate of negligible thickness, instead of being placed at the centre line of
channel a, was placed at arbitrary location and in vertical to
the upper plate and the membrane sheet to divide channel
a into two subchannels (subchannels a1 and a2 ) of height h

4. Results and discussion
4.1. Comparison of theoretical predictions with
experimental results
Many experimental data of various operating conditions
for outlet solute concentration in phase a, Ca,e , were obtained [17] and the corresponding values of mass-transfer
rate, W, were then calculated from Eq. (33). Some of the
experimental results are plotted in Fig. 2.
It was found in previous work [12] that all overall
mass-transfer coefficients vary linearly with Qa , as well as
with the fluid velocities, va,1 and va,2 , in such small velocity range performed in present study, while over a larger
range of velocities the mass-transfer coefficients actually
vary with velocity to the one-third power [18]. The following correlation equations for K1 (cocurrent flow) and K2
(countercurrent flow) in terms of va,1 and va,2 , respectively,
were reached [12], applicable to the range of experimental
conditions.
For Ca,i = 5 × 10−4 mol/cm3 :
K1 × 104 (cm/s) = 3.865 + 1.484va,1

(34)

K2 × 104 (cm/s) = 5.016 + 0.718va,2

(35)

For Ca,i = 2.02 × 10−3 mol/cm3 :
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Fig. 2. Comparison of theoretical predictions with experimental results, Ca,i = 0.5 × 10−3 mol/cm3 , Qb = 0.25 cm3 /s.

K1 × 104 (cm/s) = 2.152 + 0.846va,1

(36)

K2 × 104 (cm/s) = 3.177 + 0.733va,2

(37)

In Eqs. (34)–(37)
Qa
va,1 =
h∆w
Qa
va,2 =
h(1 − ∆)w

The theoretical predictions of mass-transfer rate were calculated from Eqs. (31) and (33) with the use of Eqs. (34)–(37),
and some of them are also plotted in Figs. 2 and 3 for
comparison. It is seen in these figures that the theoretical
predictions for low flow rates are in good agreement with
the experimental results, while those for higher flow rates
are in qualitative agreement with, and rather larger than, the
experimental results. This may be because that the assumption of uniform concentrations is not suitable for larger

(38)
(39)
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Fig. 3. Comparison of theoretical predictions with experimental results, Ca,i = 2 × 10−3 mol/cm3 , Qb = 0.25 cm3 /s.
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fluid velocities. It is also showed that W increases with Qa ,
as well as with the decrease of subchannel-width ratio ∆.
4.2. Effect of ∆ on mass-transfer rate
It is seen in Figs. 2 and 3 that the mass-transfer rate
increases as the width of subchannel a1 , ∆w, decreases (or
the width of subchannel a2 increases). This is because that
for mass transfer, the countercurrent flow in subchannel a2
is more effective than the cocurrent flow in subchannel a1 ,
and that larger mass-transfer area for countercurrent-flow
channel is beneficial to total mass-transfer rate.
Tables 1 and 2 show the comparison of mass-transfer rate
W obtained in the devices of ∆ = 0.1, 0.25 and 0.75 with
that in the device of ∆ = 0.5 (with the impermeable plate
placed at the centre line of raffinate phase) by the following
definition:
W − W1/2
IW =
(40)
W1/2
where W1/2 denotes the mass-transfer rate for ∆ = 0.5.
It is seen in these tables that both positive and negative
improvements in performance IW based on W1/2 gradually approach zero when the flow rate of raffinate phase
Qa increases. In other words, as Qa increases the benefit of
countercurrent-flow effect decreases. Therefore, under very
high flow-rate operation the influence of channel-width ratio on the mass-transfer rate may be ignored. In this case,
however, it is better to place the impermeable plate at the
centre line for decreasing hydraulic dissipated power.
4.3. Effect of ∆ on hydraulic dissipated power
In present study, an impermeable barrier with negligible
thickness is placed vertically to the upper plate and membrane sheet, at an adjustable location of channel a (phase a)
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to divide the channel into two subchannels (subchannels a1
and a2 ) of widths ∆w and (1 − ∆)w for double-pass operation. Though considerable improvement in mass transfer
can be obtained by adjusting the location of barrier plate, the
hydraulic dissipated power due to the friction loss of fluid
flow should be discussed.
The hydraulic dissipated power in a parallel-plate channel
may be estimated by
E = (fluid density × volume flow rate) ×

"P
fluid density

= (volume flow rate) × "P

(41)

If laminar flow in the flow channels is assumed, the pressure
drop through the flow channel is [15]
12µl × (volume flow rate)
"P = 2
(42)
h × (cross-section area of channel)
Since the total hydraulic dissipated power includes those in
subchannel a1 , subchannel a2 and channel b, we have
E = Ea,1 + Ea,2 + Eb

 

12µa lQa
12µa lQa
= Qa 3
+ Qa 3
h ∆w
h (1 − ∆)w


12µb lQb
+ Qb ×
h3 w


12l
µa Q2a
= 3
+ µb Q2b
h w ∆(1 − ∆)

(43)

The total hydraulic dissipated powers E for various operating conditions were calculated by Eq. (43) with l = w =
16.5 cm, h = 0.19 cm, µa = 1 × 10−2 g/cm s and µb =
0.58 × 10−2 g/cm s. Let us define the enhancement of hydraulic dissipated power IE based on E1/2 , the value of E
obtained at ∆ = 0.5, as
E − E1/2
IE =
(44)
E1/2

Table 1
Predicting results with Ca,i = 0.5 × 10−3 mol/cm3 , Qb = 0.25 cm3 /s and Cb,i = 0
Qa (cm3 /s)

0.1
0.2
0.4
0.8

W1/2 × 105 (mol/s)

1.992
2.270
2.468
2.659

E1/2 × 109 (hp)

0.06
0.20
0.76
2.99

IW (%)

IE (%)

∆ = 0.1

∆ = 0.25

∆ = 0.75

∆ = 0.1 or 0.9

∆ = 0.25 or 0.75

8.58
8.19
7.66
6.96

5.32
5.11
4.82
4.36

−5.27
−5.15
−4.86
−4.48

133
165
174
177

19
30
32
33

Table 2
Predicting results with Ca,i = 2.0 × 10−3 mol/cm3 , Qb = 0.25 cm3 /s and Cb,i = 0
Qa (cm3 /s)

0.1
0.2
0.4
0.8

W1/2 × 105 (mol/s)

5.706
6.271
6.729
7.273

E1/2 × 109 (hp)

0.06
0.20
0.76
2.99

IW (%)

IE (%)

∆ = 0.1

∆ = 0.25

∆ = 0.75

∆ = 0.1 or 0.9

∆ = 0.25 or 0.75

12.63
12.04
11.76
10.94

7.94
7.57
7.40
6.89

−8.14
−7.77
−7.59
−7.08

133
165
174
177

19
30
32
33
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Some of the results of IE are also listed in Tables 1 and
2. It is shown in these tables that E and IE increase when
∆ goes far from 1/2 as well as when Qa increases. However the hydraulic dissipated power is very small even for
the system with extremely small ∆ (or 1 − ∆) and large Qa
where E is the largest. For instance, E = 8.28 × 10−9 hp
for ∆ = 0.1 (or 0.9) and Qa = 0.8 cm3 /s. Therefore, the
operating costs in the device of present interest may be
ignored.
4.4. Opposite flow direction of phase b
There may exist another operation condition with phase
b entering at x = l and flowing in opposite direction. According, the fluids in the device flow concurrently first and
then cocurrently within subchannels a1 and a2 , respectively.
In this case only the mass balance given in Eqs. (1) and (2)
should be modified to
Qb (Cb − Cb,i ) = Qa (Ca,1 − Ca,2 )

(45)

or

Cb = Cb,i +

Qa
Qb


(Ca,1 − Ca,2 )

(46)

The mathematical treatment and procedure as well as the
results are the same as those performed in the device with
fluids flowing cocurrently first and then countercurrently,
except that ∆ should be replaced by (1 − ∆) [19].

5. Conclusion
The predicting equations for mass-transfer rate in
double-pass parallel-plate membrane extractors of arbitrary
barrier location, has been derived by mass balances. Experimental works were carried out in a stainless steel parallel
conduit inserted with a membrane sheet made of microporous polypropylene to extract acetic acid from aqueous
solution (phase a) by methyl iso-butyl ketone. Since the
organic solution (phase b) wetted the membrane during
operation, the membrane used in this study is hydrophobic.
Theoretical predictions are qualitative agreement with the
experimental results.
Considerable improvement in mass transfer can be
achieved if the location of impermeable barrier for double
pass is away from the centre line (∆ = 0.5) with the manner that ∆ (or 1 − ∆) is set as small as possible for the flow
pattern of cocurrent flow first and then countercurrent flow,
while for the flow pattern of opposite directions, ∆ is set
as large as possible. Since the hydraulic dissipated powers
are extremely small even operating with the change of the
barrier location as shown in Tables 1 and 2, the operating
cost in all devices may be ignored.
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Nomenclature
A, B, E, F constant defined by Eqs. (26)–(29)
Ca , Cb
bulk solute concentrations in phase a and
in phase b (mol/cm3 )
Ca,e , Cb,e outlet solute concentrations in phase a and
in phase b (mol/cm3 )
Ca,i , Cb,i inlet solute concentrations in phase a and
phase b (mol/cm3 )
Ca1 , Ca2
bulk solute concentrations in subchannel a1
and subchannel a2 of phase a (mol/cm3 )

Ca,e
outlet concentrations in subchannel a1 , or
inlet concentration in subchannel a2
(mol/cm3 )
0
mixed inlet concentration in phase a
Ca,i
(mol/cm3 )
E
hydraulic dissipated power (hp)
E1/2
E obtained at ∆ = 0.5 (hp)
f
constant defined by Eq. (19)
h
half height of parallel channel, or distance
between flat plate and membrane
sheet (cm)
Hij
distribution coefficient between phase i
and phase j
IE
enhancement of hydraulic dissipated power
defined by Eq. (44)
IW
improvement of mass-transfer rate, defined
by Eq. (40)
K
average overall mass-transfer coefficient
(cm/s)
K1 , K2
K for cocurrent, and for countercurrent
flow (cm/s)
l
the length of membrane sheet (cm)
"P
pressure drop in flow channel (N/cm2 )
Qa , Qb
inlet volume rates in phase a, and phase b
(cm3 /s)
R
reflux ratio, reverse volume rate RQa
divided by inlet volume rate Qa
S
overall mass-transfer area of a flat-plate
membrane module lw (cm2 )
va,1 , va,2 fluid velocity in subchannel a1 , in
subchannel a2 (cm/s)
vb
fluid velocity in phase b (cm/s)
w
width of membrane sheet (cm)
W
mass-transfer rate (mol/s)
W1/2
W obtained at ∆ = 0.5 (mol/s)
x
axis along the flow direction
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Greek letters
α
constant defined by Eq. (20)
β
constant defined by Eq. (21)
∆
width ratio of subchannel a1 to
subchannel a2
ε
porosity of membrane
ζ, φ, ξ
constant defined by Eqs. (8)–(10),
respectively
λa , λb
constant defined by Eqs. (17) and (18),
respectively
µa , µb
fluid viscosities of phase a and b,
respectively (g/cm s)
τ
pore tortuosity of membrane
ω, η, θ
constant defined by Eqs. (11)–(13),
respectively
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