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ABSTRACT

Dispersion-free extraction of thallium(III) from NaCl/H,SO, solution into butyl ac-
etate has been studied using hydrophobic polypropylene and polyvinylidene fluoride
hollow fibers of different effective lengths. The aqueous feed solution flowed inside
the fibers and the organic phase was fed at the shell side. The influence of phase flow
rates on the mass transfer coefficients was investigated, and correlations between the
Sherwood and Graetz numbers were developed. The overall resistance to mass trans-
fer is controlled by the feed-side mass transfer coefficient due to the high partition co-
efficient of HTICl, between the phases. The obtained results are discussed in terms of
extraction efficiency, thallium flux through the interfacial area, and the length of the
transfer unit as a function of the feed flow rate and the effective fiber length. The ex-
traction efficiency was independent of the organic phase flow rate.

Key Words. Thallium; Solvent extraction; Hollow fiber; Production of ra-
diopharmaceuticals; 2°'TICI
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1588 TRTIC, VLADISAVLJEVIC, AND COMOR

INTRODUCTION

20ITICI is a well-known cyclotron-produced radiopharmaceutical for my-
ocardial and tumor imaging (1, 2). The radioisotope *°'Tl, required for the
production of the radiopharmaceutical, is usually produced by the nuclear re-
action **TI(p, 3n)*°'Pb — 2°'TI, followed by subsequent target processing.
The key step in the production of ?°' TICI is the separation of trace amounts of
201pp (the parent of 2°!TI) from the irradiated target material, metallic **TI.

Various radiochemical separation methods, such as precipitation, coprecip-
itation, ion-exchange chromatography, solvent extraction, and a combination
of these methods, can be used for this purpose (3—16). One of the most suit-
able techniques for the separation of thallium from lead is solvent extraction
using butyl acetate (BuAc). The distribution coefficient of TI(III) between
butyl acetate and aqueous phase is about 1000 when the extraction is carried
out from 5 mol-dm > H,SOy, solution containing NaCl, providing the molar
ratios between TI(III) and Cl~ are not less than 1:4. TI1(III) will be extracted
from this solution in the form of a HTICl, complex (17).

A membrane-based solvent extraction using microporous hollow fibers was
recently shown to be an effective alternative to conventional dispersion-based
solvent extraction. The advantages of membrane-based extractors over con-
ventional devices, such as packed towers, spray towers, etc., are much larger
interfacial areas per unit contactor volume; independent control of phase flow
rates without loading, flooding, and emulsification problems (18-20); low
hold-up volume to avoid the accidental release of radioactive materials; and a
good opportunity for process automatization.

A microporous membrane can be hydrophobic or hydrophilic. Hydropho-
bic membranes are preferable when the main resistance to solute mass trans-
fer is situated in the aqueous phase, which is the case in the present experi-
mental system. Maximization of the overall mass transfer rate is of intrinsic
interest in membrane-based solvent extraction as well as in contained liquid
membrane permeation where the two-phase interfaces are immobilized as op-
posed to just one interface in membrane-based solvent extraction (21, 22).

The purpose of this study was to apply this novel membrane extraction
method to the separation of TI(III) from Pb(II). The extraction of TI(IIT) from
NaCl/H,SO, solution using butyl acetate as an extractant was performed in
membrane modules with hydrophobic hollow fibers made of polypropylene
(PP) and polyvinylidene fluoride (PVDF).

EXPERIMENTAL

Chemicals and Materials

All experiments were performed with aqueous phases initially containing

0.03 mol-dm > T1,SO, (Fluka, p.a. grade), 5.0 mol-dm > H,SO4 (Merckpsas decse, Ic.
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DISPERSION-FREE SOLVENT EXTRACTION OF THALLIUM(III) 1589

grade), and 0.3 mol-dm > NaCl (Merck, p.a. grade). Trivalent thallium, which
is appropriate for extraction with butyl acetate (Fluka, p.a. grade), was ob-
tained by oxidation with excess of KBrO3 (Merck, p.a. grade). The concen-
tration of TI(III) in the aqueous and organic phases was determined by label-
ing the initial feed solution with 2°'TICI (CIS bio international) followed by
subsequent determination of the activities of both phases using an automated
v-counter (LKB WalLac, CompuGama Model 1282-001) (17).

Experimental Setup and Procedures

Four microporous hollow-fiber modules were constructed and used in this
study. The modules were made by placing the specified number of hydropho-
bic polypropylene (Celgrad X-20) or polyvinylidene fluoride (Akzo Enka)
fibers into an external glass shell with an inner diameter of 1 cm. The fibers
were potted on both ends of the shell with epoxy resin. The main characteris-
tics of contactors and hollow fibers are given in Table 1.

The membrane-based solvent extraction system, shown in Fig. 1, consisted
of a hollow-fiber module; four reservoirs of 100 cm® for the feed solution
(R1), rafinate (R2), solvent (R3), and extract (R4); two peristaltic pumps; and
tubes. All experiments were carried out at a constant temperature of 291 K.

The feed solution was pumped from reservoir R1 by a Perkin-Elmer peri-
staltic pump at a flow rate of 0.65-10 cm®-min~"'. The feed solution flowed
continuously through the fibers in an once-through mode, and the rafinate was
collected in reservoir R2. It is known that a significant portion of the shell-side
fluid may flow along the outside of the tube bundle, and not within the tube

TABLE 1
Characteristics of Hollow Fiber Modules
Module no.
1 2 3 4
Membrane polymer PVDF PVDF PP PP
Length of module (m) 0.103 0.14 0.09 0.14
No. of fibers in a module, N 31 30 30 31
Effective fiber length, L (m) 0.068 0.122 0.065 0.120
Inner fiber diameter, d; (jLm)® 254 254 280 280
Outer fiber diameter, d,, (nm)“ 648 648 660 660
Membrane wall porosity, & (%)” 35 35 28 28

“ Diameters of hollow fibers, previously saturated with butyl acetate, were determined under
a microscope (Zeiss, FRG) using polarized light.
b The porosity of the membrane wall was experimentally determined using a procedure sug-

gested by Prasad and Sirkar (25). MaRcEL DEKKER, INC.
270 Madison Avenue, New York, New York 10016
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FIG.1 Schematic of the experimental setup showing a section through the contactor housing:

(1) hollow fibers, (2) punched Teflon disk ensuring the fiber geometry, (3) epoxy resin, (4)

glass housing, (5) end connectors, (P1-P2) peristaltic pumps, (S1-S2) sample ports, (R1-R4)
reservoirs.

bundle (23, 24). Seibert et al. (23) showed that the actual residence time of the
shell-side fluid in a commercial unbaffled hollow fiber extractor was 3—4 times
shorter than the ideal residence time, and as a result only 10-30% of the mem-
brane surface area was effective for mass transfer. In order to avoid the detri-
mental effect of shell-side bypassing on the mass transfer performance of our
contactors, the feed solution was always sent through the tube-side. In addition,
the small number of fibers in the contactor (30 and 31 only) and appropriately
punched Teflon disks at both ends of the module (see Fig. 1) ensured that the
fibers were not touching each other. The organic phase was pumped counter-
currently at the shell-side of the module at a flow rate of 1.1 cm®-min~"'. Since
the fibers are hydrophobic, the pores of the membrane were filled with organic
solution. The aqueous phase pressure was maintained higher than the organic
phase pressure to prevent leakage of the organic phase from the pores into the
aqueous phase. In order to determine the TI(III) concentration, samples of 0.5
cm® were taken at the outlet of the aqueous and organic phases in regular time
intervals of 2 minutes until a steady state was established.

The steady-state TI(IIT) concentrations were used to calculate the overall
mass transfer coefficient K, based on aqueous phase according to the follow-

ing equation:
w o [CW
Ky, = Q ln< t) (1)
wd;NL \ Cy'

where the various symbols are defined in the Symbols section. Equation (1) is
the simplified form of the general solution (25) which is valid for high solute

MaRcEL DEKKER, INC.
270 Madison Avenue, New York, New York 10016
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distribution coefficients (m; = 1). In our case the distribution coefficient m;,
defined as the equilibrium concentration of HTICl, in the organic phase (butyl
acetate) divided by that in the aqueous phase (5 mol-dm™* H,SO, and 1
mol-dm 3 NaCl), was found to be 1180 at 291 K (17). It must be noted here
that the overall mass transfer resistance for thallium transfer is given by

1 1 d; d;

— =+ + )
Kw kw midlmkmo midoko

RESULTS AND DISCUSSION

A typical time variation of TI(III) concentration in the aqueous phase at the
outlet of the module, C;2", is given in Fig. 2. The steady state was typically es-
tablished within 4—6 and 8—10 minutes for the shorter and longer modules, re-
spectively. These time intervals are comparable to those observed in conven-
tional dispersion-phase extraction of TI(III) using the same extractant (17),
and they were independent on the membrane material used. The time in which
the stationary state is attained in our modules is very short in comparison with
the 50 minutes found by Giorno et al. (26) for the membrane-based solvent ex-
traction of lactic acid from fermentation broths with Aliquat 336 and the 120
minutes observed by Kim et al. (27) for membrane-based extraction of Cu(Il)
with B-hydroxyoxime. This discrepancy is due to the rather high distribution
coefficient of TI(IIT) compared to the above mentioned systems.

0065 i 1 " 1 i 1 i 1 A 1 i 1 i 1 i 1 i L
\ Material and total fiber length, m:
0.060 -
i o PVDF,2.11
® PVDF, 3.65
° R BN A PP, 1.96 [
= [N A PP,3.72
"g 0.0504 N -
ER \ A
2z Y
0.045 - o X
© Ol A A A A A D
St Qg S W > W > SR ¢
0.040 o T ATTA Ao Ao 4
[ ] ° @l .__;»____.»»_____._1
0035 T T T T L] T T T T
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Time, min

FIG. 2 Concentration profile of TI(III) in the outlet of feed as a function of total fiber length

and membrane materials used. The aqueous flow rate was 1.8 cm*-min~", and the organic flow

rate was 1.1 cm®-min '

MAaRrcEeL DEkkER, INc.
270 Madison Avenue, New York, New York 10016
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The steady-state outlet concentrations of TI(II) in the aqueous phase, Co,
as a function of aqueous phase flow rate, Qy,, is shown in Fig. 3. One can see
that C." increases either by increasing Q,, or by decreasing the module length.
The same type of behavior was reported by Guha et al. (28) for the removal of
heavy metals from wastewater by hollow fibers contained in a liquid mem-
brane permeator.

Figure 4 shows the dependence of the overall mass transfer coefficient, K,
on the organic phase flow rate, Q,, at a constant feed flow rate of 1.8
cm®-min~'. Obviously, the organic phase flow rate has no influence on the
mass transfer rate, which can be explained by a very high value of m;. Thus,
in the subsequent experiments the organic phase flow rate was maintained
constant (1.1 cm®*-min ).

Figure 5 is a plot of the overall mass transfer coefficient, K, vs the aque-
ous flow rate, Q,,, on alog-log scale. A linear dependence was obtained, indi-
cating that the overall mass-transfer resistance is controlled by the aqueous
phase resistance, so that K, = k,. The same type of linear dependence for sys-
tems of m; > 1 was reported for the removal of heavy metals from wastewa-
ter (28), the extraction of the pharmaceutical product diltiazem with decyl al-
cohol (29), and the backextraction of phenol (21). On the other hand, a
nonlinear dependence for a system of m > 1 was observed for the solvent ex-
traction of citric acid with tri-n-octylamine (30).

At the same Q,, value and membrane type, K, decreases with increasing L,
which is in agreement with the laminar flow correlation developed by Lévéque
(31), Sieder and Tate (32), and Dahuron and Cussler (33). In our experiments

0050 A 1 S i 1 — " 1 i L 1 1
LAk
,,,,,,,,, o
0.045 T A
. /,fA/‘/:(’j‘,—:"’:”_‘__—.-
KO A
0.040 R -
@ I/ /,'/, @
£ /O,
5 0.035- S ) 5
= N Material and total fiber length, m:
15 N4 o PVDF,2.11
Q" 0.0304 Leopd i
Q ® PVDF, 3.65
A A PP, 1.96
0.025 > -
$ A PP,3.72
0.020 v T b T v T A T T T M T v T
0 1 2 3 4 5 6 7 8
3 .-l
Q,, cm -min

FIG. 3 Effect of the feed flow rate variation on the outlet TI(IIT) concentration in the feed

stream. _ MaRrceL DEKKER, INC.
270 Madison Avenue, New York, New York 10016
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FIG. 4 Effect of the organic flow variation on the overall mass transfer coefficient of TI(III)

based on the aqueous phase, in a PVDF contactor with 2.11 m total fiber length. The feed flow

rate was kept constant at 1.1 cm®-min~".

the Reynolds number in the aqueous phase flow was in the 10-125 range,
which is an indication of a laminar regime (34). The membrane polymer plays
no important role in the thallium(IIl) permeation rate since the membrane re-
sistance is negligible. Namely, the membrane mass-transfer coefficient k,,, de-

101 -

n
z )
OSA Material and total fiber length, m: ;
v o PVDF,2.11 :
e PVDF, 3.65 i
A PP, 1.96 E
A PP,372 E
1 - &
1 10 g
Q,10%, m"s’ 5

FIG.5 Effect of the aqueous flow rate on the overall mass transfer coefficient of TI(IIT) based
on the aqueous phase. The organic flow rate was kept constant (1.1 cm>-min~'). The solid lines
represent predicted K, calculated by Egs. (37%&?) MarceL DEKKER, [Nc. ﬂ

4dison Avenue, New York, New York 10016
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10 M M " —— 1 PR S

Material and total fiber length, m:
o PVDF, 2.11, Sh=0.764 Gr
® PVDF, 3.65, Sh=0.568 G
A PP, 1.96, Sh=0.746 Gr">”
A PP, 3.72, Sh=0.592 Gr

0.396

0.397

Sh

' ..10 - v — - .100

FIG. 6 Tube-side Sherwood number, Sh, as a function of Graetz number, Gr. The solid lines
represent Sh values calculated from analytical K,, expressions (Eqs. 3—6).

pends on the porosity &, thickness 8, and tortuosity T of the hollow fiber wall
according to: ko = Doe/(87), where D, = 1.65 X 10”2 m*-s™ ! is the HTICl,
diffusivity in butyl acetate at 291 K calculated from the Wilke—Chang correla-
tion (35). For PP fibers, ¢ = 0.28,8 = 1.9 X 10 *m, and t = 2.5 according to
Prasad and Sirkar (25), from which one obtains ko = 9.72 X 10" m-s™!. The
substitution of this k,,, value into the second right-hand term of Eq. (2) gives a
membrane resistance value of around 550 s-m ™. This is more than two orders
of magnitude lower than 7.9 X 10* s-m~!, which is the minimum value of the
overall mass-transfer resistance 1/K,, for the data in Fig. 5.

A least-square regression of the data in Fig. 5 gave the following correla-
tion:

PVDF,NL =211m: K, = 8.248 X 1073 Q%3¢ (3)
PVDF,NL =3.65m: K, = 4.433 X 1073 Q%3 (4)
PP, NL = 3.72 m: K, = 4.806 X 1073 Q%37 (5)
PP, NL = 1.96 m: K,, = 8.130 X 1073 Q%3 (6)

The correlation coefficients exceeded 0.99 in all cases. In Fig. 6 the K, val-
ues expressed in terms of the Sherwood number, Sh, were plotted against the
aqueous phase flow rate in terms of the Graetz number, Gr. The Sherwood
number for aqueous flow on the tube-side can be expressed as

Sh = K, di/D @)

MAaRrcEeL DEkkER, INc.
270 Madison Avenue, New York, New York 10016
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where D = 8.74 X 107 ' m*-s™! is the HTICI, diffusivity in the aqueous

phase at 291 K as calculated from the Wilke—Chang correlation (35). The

Graetz number was calculated using the following equation:
d 40, v di 40,

Gr = ReSc—i = =
L wdiNv D L wNLD

)

The linear dependence obtained is similar to the results described by Yang and
Cussler (36) for bubbleless water deoxygenation and carbonation, and by
Prasad and Sirkar (37) for the nondispersive solvent extraction of 4-methylth-
iazole and 4-cyanothiazole with toluene and benzene. The exponent on Gr in
the mass transfer correlation given in Fig. 6 ranges between 0.390 and 0.399,
which is higher than the 0.33 anticipated in the Lévéque equation (31) but
lower than the 0.5 predicted by the Grober equation (38). Lévéque’s solution
is applicable in the 100-5000 Gr range, and the correlation presented by
Grober et al. (38) holds for the special case in which the velocity profile de-
velops down the full fiber length. In our experiments Gr varied between 4.2
and 81 and the entry length was in the 0.08-0.13 cm range, which is much
lower than the fiber length. Therefore, neither the Lévéque nor the Grober cor-
relation strictly applies for our experimental conditions.

Wilson plots of 1/K, vs Q;Vb are shown in Fig. 7. The values of the expo-
nent, b, were determined by a least-square fit of K, vs Oy, (Egs. 3-6). As ex-
pected, the intercept on the 1/K,, axis is equal to zero, indicating that the ma-

035 1 1 A L i 1

0304 Material and total fiber length, m: i
o PVDF,2.11
0.25- ® PVDF, 3.65 -
» A PP, 1.96
g 0207 A PP,3.72 [
. !
= 0.15- -
gk

— 0.104 -
1 I
0.05 s

0.00 = T T T - T
0.0 02 04 0.6 0.8 1.0

1/Q°-10°, m™s

FIG. 7 Wilson plot of 1/K,, vs Q\_,vb, where b is a coefficient from Eqgs. (3)—(6). The solid
lines represent predicted Ky, calculated by Egs. (3)-6).
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FIG. 8 The percent of TI(III) extracted as a function of the aqueous flow rate. The solid lines

represent predicted E values calculated by Eqgs. (11)-(14).

jor mass-transfer resistance for TI(III) transfer is in the aqueous phase (25, 37,

39, 40).

Figure 8 shows the amount of TI(III) extracted from the aqueous feed
stream to the organic stream at different feed flow rates. The extraction extent

of thallium(III) can be expressed as

®)

(10)

(11
(12)
(13)

Cw — C¥* cot
E=———-=1—-—
Cy cy
From Egs. (1) and (9) the extraction extent of TI(III) is given by
KWL"lei
E=1—-expl ————
Ow
Substituting Egs. (3)—(6) into Eq. (10), one obtains the relations between E
and Qy:
PVDF, NL = 2.11 m: E=1—exp(—1.336 X 107° Q%%
PVDF, NL = 3.65 m: E=1—exp(—1.392 X 10° Q%610
PP, NL = 3.72 m: E=1—exp(—1.520 X 107> Q%)
PP, NL = 1.96 m: E=1—exp(—1.312 X 1075 ;001

(14)

It can be seen that E decreases with increasing Q,, and with decreasing the
module length in the 18-65% range. As the aqueous phase flow rate increases,

the residence time of the aqueous phase in the contactor decreases, allowing Decxer, Inc.
270 Madison Avenue, New York, New York 10016
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less time for mass transfer to occur, and therefore the amount of TI(III) ex-
tracted decreases. The same type of behavior was obtained by Basu and Sirkar
(29) for the extraction of diltiazem with decyl alcohol (30-90%), Prasad and
Sirkar (37) for the dispersion-free solvent extraction of 4-methylthiazole and
4-cyanothiazole with toluene and benzene (20—60%), Seibert and Fair (41) for
the extraction of hexanol from water with octanol (20-45%), and Knutsson et
al. (42) for the extraction of pesticides with a mixture of n-undecane and di-n-
hexyl ether (15-60%).
The effective length L of a single fiber can be expressed as

Cg/l - 61\(:)\111t Qw ( Cg/l ) Qw
In

L =NTU X LTU = = t
ACyn, Kymd,N c") Kymd,N

(15)

High values of LTU show poorly contacted phases (25). Substituting Egs.
(3)—(6) into Eq. (15), one obtains the relations between the length of transfer
unit LTU and Q,,:

PVDF, NL = 2.11 m: LTU = 4.904 X 10 Q%604 (16)
PVDF,NL =3.65m:  LTU = 9.266 X 10° 0%°'° (17)
PP, NL = 3.72 m: LTU = 7.630 X 10° Q%°% (18)
PP, NL = 1.96 m: LTU = 4.510 X 10* Q%01 (19)

Figure 9 shows LTU as a function of Q,, and NL. It is clear that the experi-
mental LTU values are in good agreement with the calculated LTU values rep-

Material and total fiber length, m:
o PVDF,2.11

® PVDF, 3.65
A PP, 1.96

A PP, 372

LTU, m

0.14

QW-108, m’s’

FIG. 9 The length of the transfer unit, LTU, versus the aqueous flow rate. The solid lines rep

resent predicted LTU calculated by Egs. (162—(192 MarceL DEKKER, [Nc.
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resented by the solid lines. As the aqueous phase flow rate and the total fiber
length decrease, LTU decreases. This can be explained by the fact that NTU
increases with decreasing Q,, due to a decrease in both Co"* and ACj,,. Such
LTU dependencies on Q,, are also reported by Prasad and Sirkar (25) for the
dispersion-free solvent extraction of various solutes, and by Keurentjes et al.
(43) for the separation of racemic mixtures. It must be noted from Fig. 9 that
LTU values as low as 6 cm were achieved in shorter modules, which is an or-
der of magnitude lower than the lowest LTU values reported in conventional
dispersion-based contactors (25).
The mean flux J of TI(III) through the interfacial area A is given by

f=lfAJdA=A(Cin—C°“t)=K AC (20)
Ao T di NL w w w Im

where J is the local flux of TI(III). In Fig. 10 the mean flux of TI(III) is plot-
ted against the aqueous phase flow rate. The thallium(III) flux through the in-
terfacial area increases with increasing aqueous phase flow rate due to an in-
crease in both ACy, and K,,. At the same aqueous phase flow rate, the
thallium(III) flux is higher for the shorter modules since K, is higher at lower
L values. However, the physical properties of the membrane wall do not in-
fluence the TI(IIT) flux. Similar relations between J and Q,, are also reported
elsewhere (21, 27). At sufficiently high phase flow rates, the thallium(III) flux
is limited by the membrane resistance and the inlet TI1(III) concentration in the

9 Il a L 1 1

8- Material and total fiber length, m: -

] o PVDF,2.11 [
- e PVDF, 3.65
- %] A PP, 1.95 [
Q5 A B
& 5 PP, 3.72
S 4l I
£
«2 3] I
)

[

0 ' 2 ) 4 6 ' 8 ) 10

Q,10°, m"s"

FIG. 10 The variation of the mean TI(IIT) flux through the interfacial area with the aqueous

feed flow rate and module length.
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feed stream. If the inlet TI(III) concentration in the aqueous feed is 0.06
mol-dm ™ as in Fig. 10, the limiting TI(III) flux is around 0.1 mol-m~2-s™ !,
which is 2-3 orders of magnitude higher than the mean TI(III) fluxes reported

in Fig. 10.

CONCLUSION

The applicability of dispersion-free solvent extraction of thallium with
butyl acetate in hollow fiber contactors was investigated. The results clearly
underline that the overall mass transfer coefficient of thallium depends on the
aqueous phase flow rate and the module length. The major mass-transfer re-
sistance is in the aqueous phase; the mass-transfer resistance in the organic
phase outside the fibers and in the membrane pores is negligible. Both LTU
and J increase with increasing the aqueous flow rate, Q,,. LTU is higher for
longer modules, but the thallium flux is higher for shorter modules. We ob-
served that the type of hollow fiber polymer used for module fabrication (PP
and PVDF) has no influence on the extraction of thallium. The laboratory-
scale results presented suggest that hollow fiber contactors can be effectively
used in pilot-plant installations for the production of radiopharmaceutical
20ITICLL

SYMBOLS

A interfacial contact area, wd;NL (m?)

C concentration of TI(ITI) (kmol-m ™)

ACy log mean concentration driving force in aqueous phase
(kmol-m )

D diffusivity of HTICl, in aqueous phase (m?-s~!)

D, diffusivity of HTICl, in organic phase (m*-s~ 1)

d; inner diameter of a hollow fiber (m)

d, outer diameter of a hollow fiber (m)

dm log mean diameter of a hollow fiber, (d, — d;)/In(d, /d;) (m)

E fraction of TI(III) extracted (—)

Gr Graetz number (—)

J mean flux of TI(III) through interfacial area (kmol'm ™~ 2-s™ 1)

J local flux of TI(IIT) through interfacial area (kmol'm s 1)

K, overall mass transfer coefficient based on aqueous phase (m-s™

Ko membrane mass transfer coefficient for hydrophobic membrane
(m's™")

ko organic phase mass transfer coefficient (m-s™ 1)

kw aqueous phase mass transfer coefficient (m-s~ ")

L effective length of a hollow fiber (m)
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LTU length of transfer unit (m)

m; distribution coefficient of TI(IIT) between organic and aqueous
phases, C,/Cy,

NTU number of transfer units (—)

N number of hollow fibers in a module

Ow aqueous flow rate (m>-s~ ')

0, organic flow rate (m>-s 1)

Re Reynolds number (—)

Sc Schmidt number (—)

Sh Sherwood number (—)

PP polypropylene

PVDF polyvinylidene fluoride

) thickness of membrane (m)

€ porosity of membrane (—)

v kinematic viscosity of aqueous phase (m?-s~ )

T tortuosity of membrane (—)

Subscripts and Superscripts

n
out
0
\

!

inlet value of C

outlet value of C

C value in bulk of organic phase
C value in bulk of aqueous phase
unsteady-state C value
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