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Development of Spiral-Type Supported Liquid
Membrane Module for Separation and Concentration
of Metal lons
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HITOSHI TAKAYA, and SHIGEHIRO ASANO

DEPARTMENT OF INDUSTRIAL CHEMISTRY
KYOTO INSTITUTE OF TECHNOLOGY
MATSUGASAKI, SAKYO-KU, KYOTO 606, JAPAN

Abstract

Experiments on the single permeation of cobalt, nickel, and zinc, and the
simultaneous permeation of cobalt and nickel were performed using newly
developed spiral-type supported liquid membrane modules. These metal ions
were successfully separated and concentrated. EHPNA (2-ethylhexylphosphonic
acid mono-2-ethylhexyl ester) was used as the carrier of cobalt and nickel, and
D2EHPA (di-(2-ethylhexyl)phosphoric acid) for the recovery of zinc. In these
modules the flow pattern of both feed and stripping solutions is plug flow, which
led to very high recovery of metal ions. For example, 99.97% of cobalt in the feed
was recovered in a once-through operation, and cobalt could be pumped against
its concentration gradient even if the ratio of the metal concentration in the strip
phase to that in the feed phase was as high as 70,000. It was confirmed by a life
test of the module that the membrane was stable for more than one month
without appreciable decrease in metal flux, and that the degraded membrane
could be easily and rapidly regenerated without interrupting the permeation of
metal ions by re-impregnating the module with the organic membrane solution.
The degree of removal for both single and simultaneous permeation of cobalt and
nickel was satisfactorily simulated by design equations of the module and the flux
equations in which the formation of aggregates of metal-carrier complexes was
taken into account.

*To whom correspondence should be addressed.
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INTRODUCTION

The separation technique using liquid membranes has been noted as
an attractive method for the separation and concentration of various
substances such as metal ions, acids, bases, and organic compounds (/).
One of the liquid membrane configurations that can be used for practical
purposes is supported liquid membranes. In this type of liquid mem-
brane the operation is very simple compared to emulsion-type liquid
membranes which need the breaking of emulsions to recover the
concentrated solution and membrane solution for reuse.

There are several problems which must be solved in order to use
supported liquid membranes commercially. One of the important
problems is to develop membrane modules which satisfy the following
conditions.

(1) High degree of recovery can be attained.

(2) Membrane life-time is long,

(3) Even if the membrane is degraded, it can be easily regenerated by
simple operations without interrupting the permeation of the
solutes.

(4) The flow patterns of both feed and strip phases are well defined so
that the characteristics of the module such as permeability and
degree of recovery may be easily analyzed.

(5) The design and the scale-up of the module are easy.

The supported liquid membrane can be made into such modules as a
plate-and-frame multicompartment cell, a hollow fiber assembly, or a
spiral-type module, It has been generally recognized that in view of
membrane area to volume ratio, S/V, the hollow fiber module is more
favorable than other types of modules. Therefore, special attention has
been paid to this type of module (2-5). However, it seems impossible to
use hollow fibers of very small diameter because clogging may occur.
Therefore, the membrane area to volume ratio of other types of modules
are comparable to the hollow fiber module.

The spiral-type module has a high S/V value which depends mainly on
the thickness of the spacer inserted in the channels. For example, if the
thickness is 1 mm, then S/¥ may be about 1000 m*m’. Moreover, since
the flow pattern of the feed and strip phases is approximated as plug flow,
high recovery of permeates is expected, which is in contrast with the
hollow fiber module where the fluid on the shell side moves in a
complicated flow pattern.

In the present study, spiral-type supported liquid membrane modules
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were developed, and the single permeation of cobalt, nickel, and zinc,
and the simultaneous permeation of cobalt and nickel, were carried out
using these modules. The carriers used were PC-88A (active species: 2-
ethylhexylphosphonic acid mono-2-ethylhexyl ester, EHPNA) for cobalt
and nickel permeation, and D2EHPA (di-2-ethylhexylphosphoric acid)
for the recovery of zinc. The degree of recovery and the selectivity in these
transport systems were analyzed using design equations representing
differential mass balances of permeates and flux equations in which the
formation of the aggregates of metal-carrier complexes were taken into
account.

It is shown that this type of module is stable more than one month, and
also that the modules can be easily and rapidly regenerated by re-
impregnating them with organic membrane solutions without inter-
rupting the permeation of metal ions.

EXPERIMENTAL

As a support of immobilized liquid membranes, microporous poly-
propylene film, Duragard 2502, supplied from Polyplastics Co., was used.
This film is produced by sticking two sheets of Duragard 2500 (thickness,
25 pm; porosity, 0.47; pore size, 0.04 X 0.4 um) together without using an
adhesive. The width of the sheet is 30.5 cm. A schematic diagram of the
module is shown in Fig. 1. The support films and polyester mesh spacers
(thickness, 1.1 mm) were spirally wound around the tubes through which
feed and strip solutions were supplied, and the outer surface of the
module was sealed with an adhesive of the epoxy type. The raffinate and
strip solutions were withdrawn through outlet tubes inserted in the
outermost channels. Modules with different lengths of the support film
were produced, i.e., Module A (total membrane length: about 1.6 m,
channel length of feed and strip side: about 0.8 m, diameter of module:
6.5 cm) and Module B (total membrane length: about 4 m, channel
length: about 2 m, diameter of module: 10 cm).

The organic membrane solutions were prepared by dissolving PC-88A
in n-dodecane for the permeation of cobalt and nickel, and D2EHPA for
the recovery of zinc. The modules were impregnated with the organic
membrane solutions by passing them through the channels of the strip
phase, and then the excess of the organic solution was removed by
flowing deionized water in the channel. The module was operated in a
once-through mode for the feed solution. With respect to the strip
solution, a recycling mode was used in the single permeation of cobalt,
nickel, and zinc, and a once-through mode was used for the simultaneous
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permeation of cobalt and nickel. The feed and strip solutions were
supplied at approximately the same flow rate by a tubing pump. After
every permeation experiment the module was washed with ethanol, and
subsequently with heptane, by passing them through the channels of the
feed and strip sides. Then the module was dried with air.

The feed solutions were prepared by dissolving nitrates of metals in
deionized water. In the experiment for the recovery of cobalt and nickel,
acetic acid-sodium acetate buffer solutions were used. Sulfuric acid (2
mol/dm®) was used as the strip solution. The volume of the strip solution
was 2 dm’ in a recycling operation. The metal concentrations were
determined by an atomic absorption spectrophotometer. The temper-
ature was 25°C.

DESIGN EQUATIONS OF MODULE

(1) Extraction Equilibria

It has already been found by the present authors (6) that the equilibria
in the extraction of cobalt and nickel with PC-88A can be expressed as
follows. _

Dimerization of the extractant HL in the organic phase is expressed
by

2HL = (HL),
K, = [(HL),]/[HL]? (1)

The extraction equilibria of cobalt, nickel, and sodium at low loading
ratio are expressed by

Co** + 2(HL), = CoL,(HL), + 2H*
Kewco = (ICOL,(HLY,] [H']/[Co™] [(HL).])., @)
Ni2* + 3(HL), = NiL,(HL), + 2H"
Kews = (INILy(HL), ] [H*]%/[Ni?*] [(HL),]), (3)
Na* + 2(HL), = NaL(HL), + H*
Ko = ((NaL(HL),] [H*}/[Na*} [(HL),]%)., )
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FiG. 1. Schematic diagram of spiral-type supported liquid membrane module. (1) Inlet of
feed solution, (2) inlet of strip solution, (3) liquid membrane, (4) spacer, (5) feed solution, (6)
strip solution.

Here HL and (HL), are the monomer and the dimer of the extractant,
respectively, and the bars denote the species in the organic phase. The
extraction equilibrium of sodium was considered because acetic acid-
sodium acetate buffer solutions were used in the permeation experiments.
Equations (1)~(4) are the same as those reported by Komasawa et al.
)

It was found by gel permeation chromatography and vapor pressure
osmometry that at high metal loading, aggregates of metal-extractant
complexes are formed which contain 3-10 molecules of (HL), on the
average. For simplicity, it was assumed that the aggregates consist of
equimolar metal and (HL), regardless of the metal loading, and that the
aggregates can be expressed as (ML,),, where M denotes cobalt or nickel.
The concentrations of Col., and NiL, were found to be expressed by the
following empirical equations (6):

[CoLy] = Kcop[CoL,(HL),| */[(HL),| % (5)
[NiLy] = Knip[NiL,(HL),**[(HL),] " 6)
Here, [ML,] is the concentration of the aggregate expressed in mol of

metal/dm®,
The conservation of the extractant is represented by
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[(HL)Jo = [HL]/2 + [(HL),] + 2|CoLy(HL),] + 3[NiL,(HL),]

+ [CoL,] + [NiL,] + 2[NaL(HL);] (7)

where [(HL),], is the total concentration of the carrier. As shown by the
solid lines in Figs. 2 and 3, the distribution ratios (ratio of metal
concentration in the organic phase to that in the aqueous phase) of cobalt
and nickel were satisfactorily predicted by Eqs. (1)-(3) and (5)-(7) for the
cases of single extraction and of simultaneous extraction. Distribution
ratios computed without taking into account the formation of aggregates
are shown by the broken lines in these figures, which are much lower
than the experimental data at high metal loading, i.e., at low [H*].

The equilibria in the extraction of zinc with D2EHPA were found to be
expressed by

Zn* + 1.5(HL), = ZnL,(HL) + 2H*

KexZn = [—m)][H+]2/[an+] [(E)Z]I.S (8)

[H*] Cmol/m]

FiG. 2. Distribution ratios of Co and Ni in the single extraction. [(H_Lzlo = 0.735 mol/dm?;
[Colo = [Ni]p = 0.085 mol/dm?; volume ratio, Vag/Vorg = 5. Buffer solutions were not used.
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FiG. 3. Distribution ratios of Co and Ni in simuitaneous extraction. Conditions are the same
as in Fig. 2.

Extraction of sodium with D2EHPA is expressed by Eq. (4) (12).

{2) Model of the Permeation of Metals through Supported
Liquid Membranes

(a) Permeation of Cobalt and Nickel

The permeation of metals through supported liquid membranes
consists of many elementary steps (8). Here, the diffusion of metal ions
through aqueous boundary layer present at the feed solution-membrane
interface, instantaneous distribution of metals at the feed-membrane
interface, and the diffusion of the carrier and the complexes in the liquid
membrane were considered because the resistances of other steps were
found to be negligibly small. The diffusion of hydrogen ion in the feed
phase is also ignored because buffer solutions were used. The concentra-
tion profiles are shown in Fig. 4. The fluxes are expressed as follows

©6).
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Jco = krcol[Colr — [COl £) = kpco| COL,(HL)] ; + K cop[COL,] 5

)

Ini = keni(INi]p = [Ni]g) = kil NiLy(HL)s 7 + kpnip[NiL] £,

Ina = kpna([Na]p — [Na] g) = kna[NaL(HL);]

(10)

(11)

The continuity of the total flux of the carrier is expressed by

K ms([(HL)als; — [(HL)al 7) + 0.5k,5([HL]s; — [HL] 5;)

= 2k pcol COR((HL), £i + kmcorlCOLs] ri + 3K,c0[NiIR;(HL) ] 5,

+ knip[NiLy] ; + 2k, naINaL(HL)s] £

(12)

where k; and k,, are the mass transfer coefficients in the boundary layer
of the feed solution and that in the liquid membrane, respectively, and
subscripts B, B’, CoP, NiP, F, S, and i denote (HL),, HL, CoL,, NiL,, the
feed phase, the strip phase, and the interface, respectively. The conserva-
tion of the carrier in the membrane is approximately expressed by
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[(AL)JoL = [ (FLI/2 + (L)) + 2[CoL(HL),| + 3[NIL(HL),
+ 2[NaL(HL),] + [CoL,] + [NiL,])dx (13)

where [(HL),}, is the initial concentration of the carrier evaluated on the
assumption that all the carrier exists in its dimeric form. The 12 unknown
interfacial concentrations can be determined using the above equations
by the trial-and-error procedure on the assumption that extraction
equilibria were established at the feed-membrane interface, and the
concentrations of the complexes are zero at the strip-membrane
interface. Then, the flux of each metal ion can be calculated. Here, the
complexation between metal ion and acetate ion was also considered.
The concentration of free metal ion is expressed by

[M?**] = [M]/{1 + Bim[OACT] + Bm[OACT]?} (M = Co, Ni) (14)

where [M] denotes the total concentration of cobalt or nickel, and By, is
the stability constant of the complex formation M?** + iOAc™ =
M(OACc ™). It was experimentally confirmed that the present permeation
model could simulate the single as well as the simultaneous permeation
rates of cobalt and nickel fairly well even when the metal loading at the
feed-membrane interface was very high (6). Figures 5 and 6 show typical
examples of the comparison between the experimentally observed
permeation rates of cobalt and nickel with the computed permeation
rates on the basis of the present permeation model.

(b) Permeation of Zinc

Because most of the experiments were performed under the condition
of low loading ratio, the formation of the aggregates of the metal-
D2EHPA complex was not considered. The permeation rates of zinc and
sodium are calculated by the following equations.

Jz0 = krza([Zn]f = [Zn]5) = kpz.[Z0L,(HL)] g (15)
Ina = kpna([Na]p — [Na]p) = kpna|NaL(HL)s] (16)

Ju = keu([H* ] - [H+]Fi) = —2J7, = JIna (17)
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FI1G. S. Effect_of metal concentration in the feed phase on Jg, and Jy; in the single
permeation. [(HL,)]; = 0.735 mol/dm?, [H*] =1 X 1075 mol/dm?, support of membrane:
FP-010 (microporous membrane made of Teflon).

ks([HL),]s; — [(HL),] ;) + 0.5k 5([HL]y = [HL] 1)

= 1.5k z.|Z0L(HL)] 5 + 2k,n.[NaL(HL)) (18)
(HLyJoL = | (FHLI/2 + [(HL)) + 1.5[ZnLy(HL)]

+ 2[NaL(HL),])dx (19)

(c) Permeation Rates for Special Conditions
Simple flux equations can be obtained in the following cases.

Case 1. When metal concentration is low and the distribution ratio of
the metal at the feed~-membrane interface is sufficiently high, ie., when
pH and carrier concentration are high, the diffusion of metal species
through the boundary layer in the feed phase is rate-controlling. Then Jy
is expressed by Eq. (20) (6, 8):

Ju = kFM[M] F (20)
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F1G. 6. Effect of metal concentration in the feed phase on J¢, and Jy; in the simultaneous
permeation. Conditions are the same as in Fig. 5.

This equation is applicable to the region of low metal concentration in
Figs. 5 and 6.

Case 2. When metal concentration is high and the distribution ratio is
also high, the carrier at the feed—-membrane interface is exhausted by
complexation with the metal ion. In this case the diffusion of the carrier
from the strip-membrane to the feed-membrane interface is rate-
controlling, and Jy; becomes maximum.

‘IM = JMmax (21)

This value depends on the metal species, the carrier concentration, and
the degree of polymerization of the metal-carrier complex, and can be
experimentally measured using a regular transfer cell (6). These values
are shown in Table 1 for the permeation systems studied. Equation (21)
holds in the region of high metal concentration for the permeation of
cobalt in Figs. 5 and 6.

Case 3. If the distribution of metal at the feed-membrane interface is
low, the diffusion of the complex in the liquid membrane is rate-
determining. Then the permeation rate is expressed by



13: 09 25 January 2011

Downl oaded At:

2186 TERAMOTO ET AL.

TABLE 1
Maximum Fluxes of Metal lons Measured under the Condition That Diffusion of
Carrier in the Liquid Membrane Is Rate-Controlling

[(HL)2]0 [M] F Jmax

Metal Carrier Diluent (mol/dm?) (ppm) pHfg (mol/(m?- s))
Cobalt PC-88A n-Dodecane 0.735 5040 5.95 6.84 X 1077
Cobalt PC-88A n-Dodecane 0.294 4630 6.0 722 %1073
Cobalt  PC-88A Dispersol 0.735 2500 5.8 7.07 X 1072
Nickel PC-88A n-Dodecane 0.735 5270 5.65 3.66 X 1075
Zinc D2EPHA  n-Dodecane 0.698 4750 40 937 X 1073

Ju = kumIM| g (22)

where [M]; is the concentration of the metal-carrier complex formed at
low loading ratio. This concentration can be expressed by the extraction
equilibrium using the bulk concentrations in the feed solutions and

[(HL),],.
(3) Design Equations of Spiral-Type Module
If the flow pattern of both the feed and the strip phase is assumed to be

plug flow as shown in Fig. 7, the following design equations representing
differential mass balances of metal ions are obtained.

d[CO]F/dS = _JCO/UF (233)
d[Ni]F/dS = _JNi/vF (23b)
inlet outlet
) s$=0 S S+ds S
:},ﬂﬁ;on[M]g;n—» —-J:' > strip phase[—[Mlsout
feed o MIFn—s]  [M]—» : | o [M+dIM] | [MIFout
(] .
—{ju[ strip phase

FiG. 7. Differential material balances of permeates in the module.
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d|Zn)g/ds = =J,/vp (23c¢)
d[Na]g/ds = —Jna/vr (234d)

The boundary condition is expressed by

s=0; [M] = [M]£in (M = Co, Ni, Zn, Na) (24)

Here, s is the membrane area and v, is the volumetric flow rate of the
aqueous feed solution. Because Jy can be evaluated for given values of
[M]+ as described above, Eq. (23) can be integrated numerically to give
[M]f,.. For the permeation of cobalt and nickel, Egs. (23a), (23b), and
(23d) were simultaneously integrated. Here, hydrogen ion concentration
in the feed, [H*];, was calculated by taking account of Eq. (25) and the
ionic equilibria in acetic acid-sodium acetate buffer solution:

Ju= —2(Jco + In) — Ina (25)
In the case of zinc permeation where sodium nitrate was added to adjust
ionic strength and no buffer solution was used, Egs. (23¢), (23d), and the
following equation were simultaneously solved:

d|H*);/ds = =Jy/vg (26)

The equations for {M],, for the single permeation can be derived for
each case described above.

Case 1. From Egs. (20), (23), and (24), the following equation is
derived:

M]rou/IM]fin = €xp (—kpuS/vp) (27)
Case 2. From Egs. (21), (23), and (24), Eq. (28) is obtained:
[M]Fout = [M]Fin - JMmaxS/UF (28)

Case 3. For example, the outlet concentration of cobalt is derived
from Egs. (2), (14), and (22)~(24) by assuming that [H*], is constant.

[COlrou/[COlrin = €Xp (—K2%2ok meo[(HL),J3S/[H* 2vr)  (29)
K22, = K o/ {1 + Bieo|OACT] + Brco[OACT]Y (30)
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RESULTS AND DISCUSSION

The module can be operated either with countercurrent flow or
cocurrent flow of the feed and strip solutions. Here, all runs were carried
out with cocurrent flow because there is no difference in the overall
driving forces of metal transports between these operations.

(1) Single Permeation of Cobalt and Nickel

The experiments were performed in a once-through mode for the feed
solution and the recycling mode for the strip solution. Figure 8§ shows the
effect of the flow rate of the feed solution on [Co]zu/[C0] i These data
were obtained with Module B whose total membrane length was about 4
m. In this experiment, Dispersol, a sort of kerosene consisting mainly of
naphthenic hydrocarbon, was used as a diluent, while n-dodecane was
used in other experiments. Although not shown in Fig. 8, it was found
that when [Co|.;, was low, i.e., 100 ppm, [Co0|g, Was so low that it could

1 LI ML T LI LR DL DL B L
TT11 |A ?
- 7
110 -
- fF & .
r—lt- L -
S 167 -
S A = 3
3 - :
LT O ]
SO | E
E 0 3
- :

10_1' NIRRT ETE NN

0 50 100 150
vF[cmalmin]

FIG. 8. Recovery of cobalt by Module B. [(HL),], = 0.735 mol/dm?, pHpi, = 5.60, S = 0.72

m?, diluent: Dispersol. (O0) [Col gy, = 1000 ppm, [CH;COOH|x + [CH;COONajz = 0.2 mol/

dm? (A) [Colfin = 2990 ppm, [CH;COOH]|; + [CH;COONa|; = 0.5 mol/dm3. CoSO, was
used instead of Co(NOs),.
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not be measured accurately by an atomic absorption spectrophotometer.
[Co] o might be as low as 0.01 ppm, and the recovery was about 99.99%.
It should be noted that such high recovery has never been reported. The
cause of such high recovery is that at low cobalt concentration, diffusion
of cobalt in the feed phase limits the permeation rate and the resistance
in the membrane can be neglected. Another important cause is that the
flow pattern of the feed phase is approximately plug flow. Compared to
complete mixing flow, plug flow is favorable in obtaining high recovery
in a once-through mode, especially when [M]g,,, must be decreased to the
very low concentration level where Jy, is proportional to [M]as expressed
by Eq. (20) (5). Therefore, this type of module is useful for the recovery or
removal of heavy metal ions from their dilute solutions as encountered in
wastewater treatments. It may also be possible to use hollow fiber
modules where the feed solution flows inside the hollow fibers.

When [M],;, was relatively high, i.e., 1000 ppm, and vy was low, 99.97%
of cobalt was successfully recovered. In this run, [Co],, the concentration
of cobalt in the strip solution, was 8130 ppm. Therefore, it was
demonstrated that cobalt could be pumped against its concentration
gradient even when [Co], was about 70,000 times as high as [{Co]zyu.

When |Col, is sufficiently high, the transport of cobalt is limited by
the diffusion of the carrier in the membrane, and J, approaches Jeomax-
The values of Jiomax measured by the usual two-compartment cell are
shown in Table 1 together with the values for other metals. Using the data
obtained at [Cojs, = 2990 ppm, the effective membrane area was
calculated as 0.72 m? which is about 60% of the total area of the
membrane used for producing the module (width: 0.305 m, length: 4 m,
area: 1.22 m?). The decrease in effective membrane area is mainly due to
blocking of the membrane surface by the spacer and by the adhesive used
to seal the sides of the modules. Such a decrease in effective membrane
area, however, may also occur in the case of hollow fiber modules.

Figure 9 shows the data obtained with Module A with a total
membrane length of about 1.6 m. The effective membrane area was
determined from the data obtained at [Col;, = 4780 ppm using Eq. (28),
and is plotted against v in Fig. 10. It can be seen that S is almost constant
regardless of v.

When [Coly, is low, i.e., 101 ppm, the diffusion of cobalt through the
boundary layer in the feed phase limits the permeation rate. Then Eq.
(27) is applicable. Using this equation, the mass transfer coefficient of
cobalt in the feed phase, k., was calculated, and it is plotted against v,
in Fig. 11, which indicates that kz, is proportional to v}’. The exponent n
in the relation of k; « vf ranges from 0 to 1/3 for the hollow fiber module
in which the feed solution flows inside the hollow fibers in laminar flow
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FIG. 9. Recovery of cobalt by Module A. [(HL)lo = 0.735 mol/dm’, pHp;, = 5.96. (A)

{CO)Fin = 4780 ppm, [CH3COOH|r + [CH;COONa]; = 0.5 mol/dm?. (O) [Colpi, = 990

ppm, [CH;COOH)f + [CH;COONa)r =02 mol/dm’. (O) [Colpy, =101 ppm,
[CH;COOH]f + [CH3;COONa]z = 0.1 mol/dm’.
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FIG. 10. Effective membrane area. (O) S in the experiment on the permeation of cobalt. (A)
S in the experiment on the permeation of nickel. Experimental conditions as given in Figs. 8
and 13.
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F1G. 11. Mass transfer coefficients of cobalt and zinc in the feed phase.

(9). Therefore, the dependency of vy on k; for spiral-type modules is
stronger than that for hollow fiber modules. This suggests that the extent
of the decrease in the recovery with an increase in vy is less for spiral-type
modules than for hollow-fiber modules and also that the spiral-type
module is favorable for the treatment of a large amount of feed solution.
Plate-and-frame type modules may have the same characteristics as
spiral-type modules.

When a feed solution flows inside a hollow fiber, the average mass
transfer coefficient k. is expressed by the following equation (9):

0.0668(ID/d*u)”"

Shy = 3.66 + 1 04D d %)

(31

where Sh,, = kd/D. The values of k; were calculated by Eq. (31) using a
typical value of the diffusivity of a metal ion and the dimensions of a
hollow fiber, and are shown as a function of u, the average velocity of the
feed solution in Fig. 12 where the data of Fig. 11 are also shown by a solid
line. It can be seen that when u is larger or when d is large, k in the spiral-
type module is larger than that in a hollow fiber due to the turbulence
caused by the spacer. From a practical viewpoint, it seems undesirable to
use fibers of too small a diameter because the pressure drop becomes
high as shown in Fig. 12 and also because clogging may make the
operation impossible.
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FiG. 12. Comparison of mass transfer coefficient through the boundary layer of feed

solution in spiral-type Module A with that in hollow fiber modules. kr and AP for hollow

fiber modules were calculated by Eq. (31) and the Hagen-Poiseulle equation, respectively.

Length of hollow fiber = 1 m, viscosity of feed solution = | X 1073 Pa - 5, diffusivity of metal
ion in the feed solution = 1 X 107 m?/s.

When [Co]r;, was 990 ppm, [Co] zo, Was less than 100 ppm at a low feed
rate. In this case a transition of the rate-controlling step from the
diffusion in the membrane to that in the feed phase occurs at a certain
position of the module.

The result on the recovery of nickel is shown in Fig. 13. § was
calculated by a similar procedure, and it is shown in Fig. 10. § is
considerably less than that determined from the recovery of cobalt,
probably due to incomplete absorption of the organic membrane
solution in the micropores of the polymer supports. It is seen from a
comparison of Figs. 9 and 13 that the removal of nickel is less than that of
cobalt because of lower values of S and the distribution ratio.

(2) Simultaneous Permeation of Cobalt and Nickel
The experiments were carried out in a once-through mode both for the

feed and strip solutions. Figures 14 and 15 show the effect of metal
congentration in the simultaneous permeation of cobalt and nickel. Since
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FiG. 13. Recovery of nickel by module. [(HL)ly = 0.735 mol/dm? pHgy, = 5.62. (A)

[Nilgi, = 5280 ppm, [CH;COOH}; + [CH;COONa]x = 0.5 mol/dm®. (O) INi]g;, = 988

ppm, [CH;COOH]f+ [CH;COONalr =02 mol/dm>. (0) [Nilp, =945 ppm,
[CH,COOH]; + [CH;COONaJ = 0.1 mol/dm?.

the distribution ratio of cobalt is larger than that of nickel, it is expected
that cobalt is selectively transported through the membrane over nickel.
This is true especially when the metal concentration is so high that the
mass transfer resistance in the feed phase can be neglected and the
diffusional resistance in the liquid membrane is rate-determining. On the
other hand, when [M];, is as low as 100 ppm, the transports of both
cobalt and nickel are limited by the diffusion in the feed phase. Because
there is little difference in ko, and kpy;, highly selective transport of
cobalt over nickel is not expected, in agreement with the experimental
results.

(3) Recovery of Zinc

In experiments on the recovery of cobalt and nickel, buffer solutions
were used to maintain the pH of the feed solution at a high value. If
buffer solutions are not used, the pH of the feed solution decreases as the
feed solution passes through the channel, and the permeation essentially
stops at some position of the module. This means that all the membrane
in the module is not used for permeation.

From a practical point of view, it is undesirable to use buffer solutions.
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FiG. 14. Simultaneous permeation of cobalt and nickel by Module A. [(HL),], = 0.735 mol/

dm?®, pHpy, = 5.96. (A, &) [Colpin = [Nilgjp = 1000 ppm, [CH;COOH] + [CH3;COONa| ¢

= 0.2 mol/dm>, S = 0.292 m?. (O, @) [Co]si, = 99 ppm, [Ni]z;, = 103 ppm, [CH;COOH] ¢
+ [CH3;COONa] = 0.1 mol/dm?, § = 0.223 m2
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FiG. 15. Simultaneous permeation of cobalt and nickel by Module A. [(—I—-I-I.,)Z]O = 0.294 mol/

dm®, pHg;, =598, [Colpy =960 ppm, [Nilg;, = 1000 ppm, [CH,;COOH]+
[CH;COONa]; = 0.2 mol/dm’, § = 0.229 m?.
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The recovery of zinc from acidic aqueous solutions is an example where
metal can be transported without using buffer solution or the pH of the
feed solution in the module can be maintained almost constant.

It is also important to know the stability of the membrane and to find
a method for regenerating degraded membranes. For these purposes,
experiments on the recovery of zinc were carried out. D2EHPA was used
as the carrier because D2EHPA can extract zinc from more acidic
solutions than EHPNA, which is favorable because the relative increase
in the hydrogen ion concentration caused by zinc permeation is
smaller.

Figure 16 shows a plot of [Zn]s,, vs vr under the condition that the
diffusion of zinc in the feed phase is rate-determining. Altt.ough the pH
of the feed solution decreased from 5.58 to about 2.5, about 99.2% of the
zinc was successfully recovered at vy = 30 cm’/min. Using Eq. (28), the
effective membrane area was determined as 0.242 m? in an experiment
carried out at high [Zn]g,, and k., was calculated by Eq. (27) for each
value of v, As shown in Fig. 11, the values of krz, agree with those of
kFCo-

Figure 17 shows the result of the life test of the module. Since [Zn]g;,
was low, the diffusion in the feed phase was considered to be rate-

l TrtiryjrrrrJrrrt
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F1G. 16. Recovery of zinc by Module A. Carrier, D2EHPA; diluent, n-dodecane; [(_}TL)Z]O
=0.698 mol/dm?, pHg,, = 558, pHpow = 2.5, [Zn]pi, = 100 ppm, =02 mol/dm3, S
= 0242 m?.
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FIG. 17. Life test of Module A and regeneration of degraded membrane. [(m,)z]o = 0.698
mol/dm?, [Zn]g, = 90 ppm, pHp,, = 3.00, pHpoy = 2.4, vp =265 cm¥/min. A: Strip
solution was replaced by a new solution. B: Regeneration.

determining. As shown in this figure, a significant decrease in the
recovery was not recognized for 32 days. As the loss of the organic
membrane solution to the aqueous phases by its dissolution has been
considered to be the main cause of membrane degradation, regeneration
of the membrane was carried out by re-impregnating the module with the
organic membrane solution from the strip phase. The membranc was
completely regenerated and the permeability of the membrane was
restored as shown in Fig. 17. The concentration of zinc in the strip
solution, [Zn],, reached 40 g/dm’® after 24 days, and the concentration
factor [Zn],/[Zn]f,,, became 40,000.

After the experiment had been continued for 35 days, it was stopped for
40 days with the module filled with the feed and strip solutions. Then the
experiment was started again using the same module without washing it.
The membrane was found to be degraded because [Zn],, was 1.5 ppm, a
considerably higher concentration than that shown in Fig. 17. Regenera-
tion was carried out by passing the mixture of the organic membrane
phase and the stripping solution through the channel of the strip side.
The flow rates of the feed solution and the organic solution were 26.5 and
12 cm*/min, respectively. [Zn],,, gradually decreased, and within 2 h it
reached 0.9 ppm, which is about the same as the concentration shown in
Fig. 17. Thus, the degraded modules can be easily regenerated by flowing
the membrane solution alone or by flowing the mixture of the membrane
solution and the strip solution in the strip side without interrupting the
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permeation of metal ions. This is an advantage of supported liquid
membrane operation over ion-exchange operations where adsorption
and desorption (regeneration) must be made in a cyclic mode.

To achieve high recovery of permeates and also to treat large amounts
of feed solution, the membrane area must be increased. However, too
long a channel results in a large pressure drop. To avoid this, use of a
multicompartment-type module is desirable where the feed solution is
distributed to many channels. One of these is a plate-and-frame-type
module where many channels separated by membranes from each other
are arranged so that the feed solution and the strip solution flow in
neighboring channels. The configuration may be similar to a plate-and-
frame-type heat exchanger. Another type of the module is a spiral-type
module with many compartments, as schematically shown in Fig. 18. The
methods for designing modules and for regencrating degraded modules
which have been developed in the present study may also be applicable
to these modules.

(4) Comparison of the Experimental Results with Computed Results
To calculate the relation of {M]g../{M]Fi, Vs vy for each experimental

condition, it is necessary to determine or estimate parameters involved in
the flux and equilibrium equations.

M| mivim

FiG. 18. Spiral-type supported liquid membrane module with many compartments. F, feed
phase; S, strip phase.
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The extraction constants for metals-PC-88A systems were experi-
mentally determined, ie., Kyco =414 X 107%, K = 3.13 X 1077 dm?/
mol, K ,n, = 2.0 X 107° dm*/mol. Dimerization constant K, (diluent: n-
heptane) was measured by vapor pressure osmometry (K, = 8000 dm’/
mol) (10). It was assumed that k. is equal to kpc,, and kg, is equal to
twice the value of k,,. Mass transfer coefficients in the liquid membrane
are_dependent on the carrier concentration. The value of k,c, at
[(HL),Jo = 0.735 mol/dm® was calculated from J., obtained in the
experiment using the diffusion cell where cobalt was transported from an
organic solution loaded with a small amount of cobalt to the strip
solution through a microporous membrane. In this case, J, is expressed
by Eq. (32), from which k,,, was calculated.

JCO = kmC()[COL2(HL)2] (32)

Kops Konigs Knis a0d k. Were estimated from the value of k¢, using the
relation that the diffusivity is proportional to (molar volume) ¢ (/7). The
values of k,,c.p and k,,\;p Were estimated in a similar manner by assuming
that the ratios of the molar volume of the aggregate of the complexes to
that of (HL), was 3 for cobalt and 5 for nickel (6). The parameters when
[(HL),] is 0.735 mol/dm® are as follows: k,; = 1.40 X 1077 m/s, k,p =
212X 1077 m/s, ke = Ko = 924 X 1078 m/s, k= 7.24 X 1078 m/s,
kcop = 7.24 X 107 m/s, and k,np = 5.33 X 107* m/s. The mass transfer
coefficients when [(HL),] is 0.294 mol/dm® were estimated by the Stokes-
Einstein equation from the values when [(HL),] is 0.735 mol/dm’, i.e.,
ks =343 X 1077 m/s, k,p =520 X 1077 m/s, k,,co = Kkpna = 2.27 X 1077
m/s, kyni = 1.77 X 1077 m/s, k,cop = 1.77 X 1077 m/s, and k. = 1.31
X 107" m/s. Byc, and B,c, were determined as 5.5 dm*/mol and 12.3 dm?%
mol’, respectively (6). For simplicity, it was assumed that B,y; and B,; are
equal to B¢, and B, respectively.

K.z, for the zinc-D2EHPA system was determined as 0.063 (mol/
dm*)2, The value of K.y, reported by Higaki (/2) was used (4.0 X 107
dm?/mol). The dimerization constant of D2EHPA was measured by VPO
(K, = 3 X 10" dm*/mol in heptane (10)). The value of kpy was taken as
approximately five times the value of kpz, It was confirmed that the
computed recovery of zinc was not influenced by the variation of kyy in
the range from three times kg4, to ten times kyz,. Mass transfer coeffi-
cients in the membranes were estimated by the Stokes-FEinstein equation
from the values for the metals-PC-88A system, i.e., k5 = 1.60 X 107" m/s,
kny =242X 107 m/s, k,,, = 125X 1077 m/s, and k,y, = 1.06 X 1077
m/s.

The solid lines in Figs. 9 and 13-16 are the computed results. The
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agreement between the experimental data and the computed results is
satisfactory.

CONCLUSION

(1) Experiments on the recovery of cobait, nickel, and zinc were
performed using spiral-type supported liquid membrane modules. It was
confirmed that this type of module is very effective in recovering metal
ions, and that the degree of recovery reached about 99.99%. Such high
recovery is mainly because the flow pattern of the feed phase is very close
to plug flow in the module.

(2) Design equations for the spiral-type module were presented. These
equations successfully simulate the effect of experimental condition on
the recovery of metal ions in their single as well as simultaneous
permeation.

(3) The life of the membrane was more than 1 month, and the degraded
membranes were easily regenerated by simply passing the organic
membrane solutions in the modules.

(4) Spiral-type modules may be used for the recovery of various solutes,
including metal ions, as an alternative to such operations as ion
exchange and solvent extraction.

SYMBOLS

D diffusivity of metal in feed phase (m?/s)

Dy, distribution ratio of metal

d inner diameter of hollow fiber (m)

I ionic strength (mol/m’)

J flux (mol/m?-s)

Jnax flux obtained when diffusion of carrier in liquid mem-
brane is rate controlling (mol/m>-s)

K., extraction constant

K, dimerization constant of carrier (dm*/mol)

kg mass transfer coefficient in boundary layer of feed phase
(m/s)

kpuns Ko mass transfer coefficients of dimer and monomer of
carrier in liguid membrane, respectively (m/s)

Kpicos Kmni mass transfer coefficients of CoL,(HL), and NiL,(HL), in

liquid membrane, respectively (m/s)
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mass transfer coefficients of aggregates of cobalt-carrier
and nickel-carrier complexes in liquid membrane, re-
spectively (m/s)

L thickness of supported liquid membrane (m)

l length of hollow fiber (m)

M] total metal concentration (mol/m?)

[M"™¥] free metal concentration (mol/m®)

S total effective membrane area (m?)

s membrane area measured from inlet of feed solution
(m?%)

Sh,, mean Sherwood number

u average velocity or linear velocity (m/s)

Vp volumetric feed rate (m%/s)

x distance from feed-membrane interface

Subscripts

B dimer of carrier

B monomer of carrier

F feed solution

Fi feed-membrane interface

M metal (Co, Ni, Zn)

m membrane

S strip solution

Si strip-membrane interface

0 initial

Greeks

Bim stability of constant of reaction M?* + OAc™ =
M(OAc )}
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