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TECHNICAL NOTE

Microporous Membrane Solvent Extraction
in Multiple-Fiber Passes and One-Shell Pass
Hollow-‘Fiber Modules

HO-MING YEH* and YU-SHU HSU
DEPARTMENT OF CHEMICAL ENGINEERING
TAMKANG UNIVERSITY

TAMSUL TAIWAN, REPUBLIC OF CHINA

ABSTRACT

The performance for solvent extraction in microporous membrane hollow-fiber
modules with various fiber passes, but with a specified total number of hollow fibers,
has been calculated. Increasing the fiber passes, as well as decreasing the total cross-
section area of flowing channels inside the hollow fibers, will increase the fluid
velocity, thereby leading to an increased mass-transfer coefficient. Considerable im-
provement in the mass-transfer rate is obtainable if multiple-fiber passes, instead of
a one-fiber pass, are arranged in a hollow-fiber module with a total number of fixed
hollow fibers.

Key Words. Solvent extraction; Multipass hollow-fiber modules

INTRODUCTION

Recently, extensive studies on dispersion-free solvent extraction with the
use of microporous membranes have been carried out (1-19). This technique
not only overcomes the limitations of conventional liquid extraction, such as
flooding, intimate mixing, limitations on independent phase flow rate varia-
tions, requirement of density difference, and inability to handle particulates
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FIG.1 Microporous hollow fiber (MHF) modules. (a) One-fiber pass system; (b) Two-fiber
passes system; (c) Three-fiber passes system (20).

(1), but also provides a large surface area of mass transfer if the membrane
resistance is significant. The hollow-fiber membrane modules used for mem-
brane solvent extraction are like small tube-and-shell heat exchangers but
with microporous hollow fibers (MHF) replacing tubes, as shown in Fig. 1.
Typically, feed solution containing the solute of interest flows through the
Iumen of the fibers, and extractant flows outside the fibers on the shell side.
Since solute usually diffuses out at a rather lower mass-transfer rate, an anal-
ogy between the theory of mass transfer in fiber-and-shell mass exchangers
and that of heat transfer in tube-and-shell heat exchangers can be achieved
(20).

THEORY
Mass Transfer Coefficients

When solvent extraction is carried out in a microporous hollow-fiber mod-
ule, each hollow fiber is generally contacted with two kinds of fluid at the
two sides of the membrane and fills the pores of the membrane with another
fluid which is immiscible with these two fluids. The first fluid flowing through
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the fiber forms phase a and the second fluid flowing outside the fiber forms
phase b, while the third fluid, which fills the pores of the membrane, estab-
lishes phase c. The solute is extracted from phase a to phase ¢ and then to
hase b, or vice versa.

vYeh and Huang (20) derived an expression for calculating the total mass-
transfer rate W for solvent extraction in multipass hollow-fiber modules by
following the procedure of Underwood (21). The results is really analogous
to Underwood’s equation as

where the logarithmic mean of solute concentration difference (A C),,, and
the total mass-transfer area S of a hollow-fiber module having fiber length
L, fiber inside diameter d;, and fiber number N, are defined, respectively, as

_ (Hbccb.e — HacCa.i) —_ (Hbccb,i — Hacca.e)

AC)m =
" ln(Hbch.e - HacCa.,i)
Hbccb,i - HacCa,e

S = Nud,L . 3

while the correction factors F, which are functions of the fluid concentrations
and the distribution coefficients, are presented graphically in a previous paper
(20). These graphical representations are exactly the same as those obtained
in Bowman’s work (22), except that the temperatures in Bowman’s results
are replaced here by the products of concentrations and distribution coeffi-
cients. Yeh and Huang (20) found that F is nearly equal to unity in their
experimental systems. In Eq. (2), C,; and C,, as well as Cy,; and G, ¢, denote
the inlet and outlet concentrations of solute in phases a and b, respectively;
H,. and Hy. are the distribution coefficients between two different phases,
as defined by Eq. (4):

2

solute concentration in phase c
solute concentration in phase a

Hy,e = 4

When solvent extraction is carried out only between an aqueous solution
(say phase a) and an organic solution (say phase b) without the third fluid
filling the membrane of a microporous hollow fiber (MHF) module, the mem-
brane is called a hydrophilic MHF if the aqueous solution wets the membrane,
and thus H,. = 1. On the other hand, the membrane is called a hydrophobic
MHF if the organic solution wets the membrane, and thus H,. = 1.

The relation between the overall mass-transfer coefficient K, based on the
inside diameter of the hollow fiber, and three other mass-transfer coefficients
k,, ky, and kg, in the fiber side, in the shell side, and within the membrane,
respectively, can be obtained with the concept of resistances in series as
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1 Hy. 1 Hy.

- ==+ + 5

KT Tnldmdd)  Fo(dold) ©
where d, and d,, denote the outside and logarithmic-mean diameters of a
hollow fiber, respectively. Since mass transfer in both the fiber side and shell
side is convective, k, and k;, are functions of fluid properties, flow pattern,
etc. Prasad and Sirkar (6), Dahuron and Cussler (7), and Yang and Cussler (19)
gave empirical equations for estimating k, and 4, for microporous membrane
solvent extraction. Let us take Dahuron and Cussler’s equations as an exam-
ple. Then

(k,di/D,) = 1'5[(di/L)(vadipa/}ka)(lla/Da)]”3 ©)
(kyde/Dy) = 8.8[(de/LY(vpdepo/ o) (its/Dp)]' @

where d. denotes the equivalent diameter of the shell, D, and D, are the
diffusivities of the solute in phases a and b, p, and p, are fluid densities in
phases a and b, p, and p,, are the fluid viscosities in phases a and b, while
v, and u, are fluid velocities in tube side and in shell side, respectively.
Further, since mass transfer within the membrane is due to ordinary diffusion
alone, the following expression may be used for calculating the mass-transfer
coefficient in the membrane:

D e

n = s — 4yl ®

where D, is the diffusivity of the solute in phase c, € denotes the porosity of
the membrane, and 7 is the pore tortuosity of the membrane.

Calculation Procedure

A mass balance for solute over the whole mass exchanger gives the total
mass-transfer rate in a mass exchanger as

W = Qu(Coi — Cae) = Ou(Goe — Cbi) ®

The procedure for calculation of theoretical values of W is described as
follows. First, with the given apparatus conditions and system properties, the
overall mass-transfer coefficient K; for specific flow rates, @, and @, (as well
as v, and w,), is determined from Eqs. (5)—(8) while the distribution coeffi-
cients are determined experimentally from Eq. (4). Next, with known inlet
concentrations C,; and Cy;, a temporary value of C,. (or Cy ) is estimated
from Eq. (9) once Cpe (or C,.) is assumed; accordingly, (A C)y, can be
determined from Eq. (2). Further, the total mass-transfer rate W is calculated
from Eq. (1), in which F is determined from the charts provided by Yeh and
Huang (20). With this calculated value of W, new values of C,¢ and C, ¢ are
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then calculated from Eq. (9). If the calculated values of C,. and G, are
different from the assumed values, continuous calculation by iteration is
needed until the last assumed values of outlet concentrations meet the finally
calculated values.

THE IMPROVEMENT IN PERFORMANCE

In order to accomplish as much transfer of mass in as small a space as
possible, it is desirable to utilize multiple passes of fluids as shown in Figs.
1(b) and 1(c). Further, with a specified total number of hollow fibers, increas-
ing the fiber passes as well as decreasing the total cross-section area of flowing
channels inside the hollow fibers will increase the fluid velocity, thereby
leading to improved mass transfer. It is the purpose of this work to investigate
the effect of fiber passes on the performance of solvent extraction in multiple-
fiber passes and one-shell pass hollow-fiber modules, with the total number
of hollow fibers fixed.

For a specific system, mass-transfer coefficient k, in a fiber side is a func-
tion only of the fluid velocity v, in that side. It is seen from Eq. (6) that k,
increases when v, increases. For m-fiber passes and a one-shell pass device
with total fiber number N, the fluid velocities in the fiber side and the shell side
as well as the equivalent diameter d, of the module chamber are, respectively,

_ Oa
U = Nim)(wd?id) (19)
_ o0
% = @)@ — N an
_, (w/A)(d? — Nd})
de =470, ¥ Ny
2 — Nd2 (12)
= d, + Nd,

where m denotes the fiber-pass number while d; is the shell diameter.

Numerical Example

The improvement in performance resulting from operating at more than a
one-fiber pass, with both the fiber length and total fiber number kept un-
changed, may be illustrated by assigning some numerical values as follows.

For an aqueous solution with phenol as the solute and flowing in the fiber
side:
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C.i = 5.31 X 1076 gmoliem?, Q, = 0.05-1.6 cm’s, p, = 1 g/em?,
Ra = 0.89 X 1072 g/emss, D, = 9.98 X 107 cm?%s  (23)

For an organic solution with n-butyl acetate as the solvent and flowing in
the shell side:

Coi = 0,0, = 1.6cm’s, p, = 0.882 g/lem®, Hy, = 71 (24)
my = 6.8 X 1072 g/cms, D, = 238 X 1075 cm?s  (23)

For membrane modules made with the Celgard X-20 microporous polypro-
pylene hollow fiber:

d; = 0024 cm,d, = 0029 cm, € = 20%, 7 = 2.8 (6)

8.00

- Qv=1.6 cm:s Is

1k*10°  slem

0.00 ;

I ! I ' I ' ] '
0.00 0.40 0.80 1.20 1.60 2.00

Q. Cma Is

FIG. 2 Relation between K; and Q, for numerical Example 1. (1) One-pass MHF; (2) two-
passes MHF; (3) three-passes MHF; (4) four-passes MHF.
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L=158cm N = 180,d; = 2cm, S = Nwd,L = 214.433 cm?,
hydrophobic MHF (Hy, = 1, H,, = Hy, = 71, D, = Dy)

RESULTS AND DISCUSSION

Using the numerical values given, the total mass-transfer coefficients K;
and the total mass-transfer rates for one-fiber and multiple-fiber passes were
calculated from the corresponding equations by following the procedure de-
scribed in a previous section. The correction factors F were determined from
Figs. 6 and 7 of a previous paper (20), and it was found that these values are
also nearly equal to unity for the present numerical examples.

Figures 2 and 3 show that the overall mass-transfer coefficient X; as well
as the total mass-transfer rate W increases not only when the flow rate Q, of

40.00
30.00 —
KY
Y o
O
£
l\o
g 20.00 —
10.00 —
0.00 — I T T T I T T T
0.00 0.40 0.80 1.20 1.60 2.00

Q. ‘cm:3 Is

FIG. 3 Relation between W and Q, for numerical Example 1. (1) One-pass MHF; (2) two-
passes MHF,; (3) three-passes MHF; (4) four-passes MHF.
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the fiber-side fluid increases, but also when the number of fiber passes m
increases. Considerable improvement in performance is obtained when the
module of multiple-fiber passes (m) with (N/m) fibers in each pass, instead
of the module of one-fiber pass with same total number of hollow fibers N,
is employed, as shown in Fig. 3. The improvement in mass-transfer rate also
increases when the number of fiber passes increases, as well as when the
flow rate Q, of the fiber-side fluid increases.

CONCLUSION

The effect of flow velocity of tube-side fluid on the overall mass-transfer
coefficient as well as on the total mass-transfer rate has been investigated.
When a microporous hollow-fiber module of N hollow fibers with one-fiber
pass and one-shell pass is rearranged to become a device of multiple-fiber
passes (m) with an equal number of hollow fibers N/m in each fiber pass,
the fluid velocity v, in the fiber side increases, thereby leading to increased
mass-transfer coefficients as well as increased total mass-transfer rate if the
mass transfer is dominated by the external films and not by the membrane
resistance. Since this velocity increases as the number of fiber passes m in-
creases, the improvement in the total mass-transfer rate also increases when
m increases.

REFERENCES

1. T.C.LoandM. H. L Baird, ‘‘Liquid-Liquid Extraction,” in Kirk-Othmer Encyclopedia
of Chemical Technology, 3rd ed., Vol. 9 (M. Grayson, Ed.), Wiley, New York, NY, 1980.

2. A.Kiani, R.R. Bhave, and K. K, Sirkar, ‘‘Solvent Extraction with Immobilized Interfaces
in Microporous Membrane,”” J. Membr. Sci., 20, 125 (1984).

3. R.Prasad, A. Kiani, R. R. Bhave, and K. K. Sirkar, “‘Further Studies on Solvent Extraction
with Immobilized Interfaces in a Microporous Hydrophobic Membrane,” Ibid., 26, 79
(1986).

4. G.T.Frankand K. K. Sirkar, ““Alcohol Production by Yeast Fermentation and Membrane
Extraction,” Biotechnol. Bioeng. Symp. Ser., 15, 621 (1985).

5. Q. Zhang and E. L. Cussler, **Microporous Hollow Fibers for Gas Absorption. 1I. Mass
Transfer across the Membrane,’” J. Membr. Sci., 23, 321 (1985).

6. R.Prasad and K. K. Sirkar, *‘Dispersion-Free Solvent Extraction with Microporous Hol-
low-Fiber Modules,”” AIChE J., 34, 177 (1988).

7. L. Dahuron and E. L. Cussler, “‘Protein Extraction with Hollow Fibers,”’ Ibid., 34, 130
(1988).

8. N.A.D’Elia, L. Dahurn, and E. L. Cussler, ‘‘Liquid-Liquid Extractions with Microporous
Hollow Fibers,”’ J. Membr. Sci., 29, 309 (1986).

9. R.Prasad and K. K. Sirkar, ‘‘Hollow Fiber Solvent Extraction: Performances and Design,”’
Ibid., 50, 153 (1990). )

10. R.Prasad, S. Khare, A. Sengupta, and K. K. Sirkar, ‘‘Novel Liquid-in-Pore Configurations
in Membrane Solvent Extraction,”” AICAE J., 36, 1592 (1990).



11: 26 25 January 2011

Downl oaded At:

MICROPOROUS MEMBRANE SOLVENT EXTRACTION 765

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22,

23.

24,

H. Ding and E. L. Cussler, *‘Fractional Extraction with Hollow Fibers with Hydrogel-
Filled Walls,”” Ibid., 37, 855 (1991).

H. Uramoto, N. Kawabata, and M. Teramoto, *‘Transport of Phenol from Aqueous Solu-
tion to Organic Solvent through a Microporous Membrane Made of Crosslinked Poly(4-
Vinylpyridine),”" J. Membr. Sci., 62, 219 (1991).

R. Basu and K. K. Sirkar, ‘‘Hollow Fiber Contained Liquid Membrane Separation of
Citric Acid,”” AICRE J., 37, 383 (1991).

L. Bromberg, I. Lewin, and A. Warshawsky, ‘‘Membrane Extraction of Silver by Di(2-
ethylhexyl)dithiophosphoric Acid,”” J. Membr. Sci., 70, 31 (1992).

C. J. Tompkins, A. S. Michaels, and S. W. Peretti, ‘‘Removal of p-Nitrophenol from
Aqueous Solution by Membrane-Supported Solvent Extraction,”” Ibid., 75, 277 (1992).
H. B. Ding, P. W. Carr, and E. L. Cussler, “‘Racemic Leucine Separation by Hollow-
Fiber Extraction,”” AIChE J., 38, 1493 (1992).

C. H. Yun, R. Prasad, and K. K. Sirkar, ‘‘Membrane Solvent Extraction Removal of
Priority Organic Pollutants from Aqueous Waste Streams,”’ Ind. Eng. Chem. Res., 31,
1709 (1992).

S. Dadfarnia, M. Shamsipur, F. Tamaddon, and H. Sharghi, *‘Extraction and Membrane
Transport of Metal Ions by Some Synthetic 9,10-Anthraquinone and 9-Anthrone Deriva-
tives. A Selective System for Calcium Transport,”” J. Membr. Sci., 78, 115 (1993).

M. C. Yang and E. L. Cussler, “*Designing Hollow-Fiber Contractors,”” AICKE J., 32,
1910 (1986).

H. M. Yeh and C. M. Huang, *‘Solvent Extraction in Multipass Parallel-Flow Mass Ex-
changers of Microporous Hollow-Fiber Modules,”” J. Membr. Sci., 103, 135 (1995).
M. Jacob, Heat Transfer, Vol. 2, Wiley, New York, NY, 1957, pp. 230-249.

R. A. Bowman, A. C. Mueller, and W. M. Negle, ‘“Mean Temperature Difference in
Design,’” Trans. Soc. Mech. Eng., 62, 283 (1940).

C. R. Wilke and P. Chang, ‘‘Comelation of Diffusion Coefﬁments in Dilute Solutions,”’
AIChE J., 41, 264 (1995).

D. 0. Cooney and C. L. Jin, “‘Solvent Extraction of Phenol from Aqueous Solution in a
Hollow Fiber Device,”” Chem. Eng. Commun., 37, 173 (1985).

Received by editor August 16, 1996
Revision received August 1997



