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MACROCYCLE-FACILITATED TRANSPORT OF IONS IN LIQUID MEMBRANE SYSTEMS

R.M. Izatt*, G.A, Clark, J.S. Bradshaw, J.D. Lamb,
and J.J. Christensen

Departments of Chemistry and Chemical Engineering
Brigham Young University
Provo, Utan 84602

ABSTRACT

Ion transport in various liquid membrane systems 1s discussed
in terms of those factors which create the environment for
efficient and selective transport, The following parameters which
affect ion transport are discussed: membrane configuration,
cation-macrocycle complex stability, macrocycle partitioning
between membrane and water phases, proton ionization of acidic
macrocycles, macrocycle concentration, anion type, ilon concentra-
tion, membrane solvent type and receiving phase composition. A
summary of existing models of ion transport is given along with
possible applications to macrocycle-facilitated liquid membrane

ion transport.

I. INTRODUCTION

Interest in the development of new and improved techniques
for the separation of ions and molecules has increased in recent
years, It 13 well known that ions and molecules can be trans-
ported across polymeric and liquid type membranes. With an ever
increasing awareness of our energy demands, energy efficient
membrane technology is proving to be a valuable approach in
separation processes. The effectiveness of a membrane separation

process is determined by the flux of species through the membrane
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and by the selectivity of the membrane, Polymeric membranes have
the disadvantages of usually low transmembrane fluxes in the
condensed phase and poor selectivities., Liquid membranes usually
produce higher fluxes and selectivities, Moreover, liquid
membranes containing proton ionizable carrier molecules provide a
means bf transporting other cations against their concentration
gradients. Higher fluxes arise because of higher diffusivities in
liquids as opposed to polymers, Better selectivity 1s achieved
through the use of specific ifon carriers dissolved in the liquid
membrane phase.l2

Several types of carriers have been used in liquid membranes,
among them macrocyclic compounds. Macrocycles are cyclic or
polycyclic organic molecules which contain hetero atoms capable of
forming electron rich interior cavities, They possess the ability
to complex ions or molecules in the electron rich cavity via ion-
dipole or dipole-dipole interactions. In many cases, complexation
has been shown to be very selective for particular ions.3.4
Furthermore, the hydrophobic exterior of macrocycles can be
exploited to solubilize complexed ions in organic solvents., These
properties of maorocyclés allow for their use as extraction
reagents and membrane carriers, Other reagents, such as proton-
ated organic amines® and cation exchange reagents,6 have been
employed successfully as extractants and membrane carriers, but
will not be discussed here. In some instances, selective liquid
membrane transport may occur without a carrier present because of
solute-solvent interactions with the membrane solvent. However,
this review covers only macrocycle~facilitated transport of ions
in liquid membrane systems.

In this review, the various parameters affecting macrocycle
facilitated ion transport are discussed and methods for optimizing
them are presented. Existing models of macrocycle-mediated
transport are summarized, along with possible applications. The
macrocycles discussed are shown in Fig. 1.



nuary 2011

Downl oaded At: 16:55 30 Jal

MACROCYCLE-FACILITATED TRANSPORT OF IONS 23

£ SN e
( J O J O O

.o Lo/ o J

n=0: 15-Crown-§ (18C8) Dibenzo-18-Crown-8
n=1; 18.Crown-¢ (1866) ""'0-.‘1"'2;“"" (DB18C8)
n=3: 21.Crown-7 (21€7) ( )

"o j,n 25 e0q_p0

¢l K,OJ ¢ nioyelomnno-u CIownG

Cie-{NO,},D818C6 c,PR1sCe
\/'\) o °
1, W-ﬂm.‘ ::'“""‘ oJ Q-Pyn«no-i:-:ln:.:'z (R

R=t: 1, 1°'°""'""°"""" Diketo-4-Ootexypyridino-18-Crown-¢
R=CygMy, Dideoytt; 1o-mu- 18.Crown-6 (DKOstexy P18CE)
(DD2.2

5w gy WD
\J \_,o / e m,,

Cryptand [2.1.1] Cryptand [2.2.1) . w\-:{l - Cryptand[2.2.2,C,)
ryptan: 2.

p-tert-butylcalix{4)arens p-tert-butyloalix{8larene
p-tert-butylcalix[8larene
{cld]a) (of8]a)} (c[81m)
FIGURE 1

Macrocycles



16: 55 30 January 2011

Downl oaded At:

24 IZATT ET AL.

II. LIQUID MEMBRANES

A, General Features

The liquid membrane systems discussed here have certain
features in common, For example, each system contains a hydro-
phobic membrane phase which acts as an ion barrier between two
aqueous phases. An ion carrier may be dissolved in the membrane.
The carrier, such as a macrocycle, is a liposoluble molecule that
is capable of increasing ion solubllity In the membrane, and of
providing ion fluxes and transport selectivities because of
specific ion-carrier interactions. The aqueous phase, containing
ions to be transported is commonly designated the source phase or
feed solution, while the aqueous phase into which ions are
transported is termed the receiving phase or strip solution.

B. Liquid Membrane Types

1,  Bulk

This membrane type consists of a bulk organic phase
separating two aqueous phases, an example being the Shulman
Bridge. We have used an adaptation of the Shulman Bridge in
preparing bulk water-chloroform-water liquid membranes,’

2. Supported

A supported liquid membrane system usually consists of a
porous plastic support impregnated with an organic diluent which
serves as the liquid membrane. The plastic support provides
rigidity for the construction of thin membranes and a high
porosity increases the interfaclal areas per unit membrane
volume, Both thin membranes and high interfacial areas should
lead to increased flux values, Supports are generally made of
polypropylene, polysulfone, or other hydrophobic materials that
have pore sizes ranging from 0.02 to 1 um.8 Supported 1liquid
membranes have been studied in two shapes: flat-sheets and
hollow=-fibers. Hollow-fibers appear to possess the most
convenient shape for practical applications.8

3. Emulsion or liquid surfactant

Emulsion or liquid surfactant type membranes were first
introduced by Li in 1968.9 They can be made by stirring a water-
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in-0il emulsion into a water source phase, The water-in-oil
emulsion is stabilized by a surfactant, such as Span 80 (sorbitan
monooleate). The interfacial area of emulsion membranes per unit
volume is large because of the small size of the emulsion globules
that are stirred into the source phase. The membrane is also very
thin, and both of these features are desirable to enhance cation
flux.

b4, Vesicles

Bilayer lipid vesicles are used on a laboratory scale as a
means of effecting ion transport. Vesicles consist of an aqueous
receiving phase encapsulated by a bilayer of 1lipid molecules.
Vesicles are suspended in aqueous source phases to complete the
membrane system. Neutral and carboxylic crown ether carriers have
induced Na' transport by proton counter-transport across large

unilamellar vesicles.10

III. DESIGN OF RAPID ION TRANSPORT

A, Membrane Configuration

The membrane configuration plays a major role in determining
transport rates or fluxes, Rapid transport is achieved by
increasing the interfacial areas and decreasing the diffusion
pathlength (decreasing the thickness of the membrane). Bulk
liquid membranes are quite inefficient as ion transport systems
because of low fluxes caused by small interfacial areas and thick
membranes. This inefficiency is partly overcome by stirring the
membrane, so that the effective membrane thickness is the
composite thickness of unstirred boundary layers on the two sides
of the membrane. The usefulness of bulk liquid membranes is
derived from the small quantity of material required for their
operation, which allows the testing of expensive carriers and the
determination of fundamental transport principles. Supported8 and
emulsion9s11 liquid membranes show commercial promise because of
increased fluxes that result from maximization of interfacial

areas and reduction in membrane thicknesses.
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B. Effect of Macrocyclic Carriers on Ion Transport

1. Extraction into the membrane

For diffusion controlled transport processes, equilibrium may
be assumed at the source phase-membrane and receiving-phase
membrane interfaces because time scales are large and ion fluxes
are small.'2 The reaction in the extraction step may be repre-
sented by equation (1), and for diffusion controlled transport,
flux will be a function of K, the extraction constant (1a):

MY + A= + L = MLA (1) Kk - [MLAD, (1a)
org org e AR

org

where M* = metal ion, A™ = anion, and L = neutral macrocyclic
ligand, Where the phase is not indicated, the species is assumed
to be in the aqueous phase,

Other important reactions at the interface are:

+ + [ML*]

MY + L = ML (2) Ko —m (2a)
- [MLAlop (3a)

ML* + A~ = MLAOY‘g (3) K3 = t—r]-[—%ML e

[MLA]or (ua)
MApg ¥ Lorg = MlAorg (H) Ky = fﬁxj;;gft%;;g
T™A]
MY + AT = MAgng (5) K5 = W EX'j o
Ll
L = Lopg (6) Kg = - LOrB (6a)

KoK
Ke = 2 = M5 (7a)

It can be seen from equation (7a) that Kg is a function both
of complexation in each phase and of the specieas distribution
between the aqueous and the organic phases. For a given value of
Ke and a given macrocycle, equation (7a) shows that low Ko and Ky
can be compensated for by high K3 and Kg, respectively. Simi-
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larly, low K3 and Ks can be compensated for by high Ky and Ky,
respectively.
For acidic macrocycles another extraction reaction must be

considered:

ML H*
M* + HLorg = MLorg + H* (8) KeZ - E_:19£§£__1 (8a)
[M*I[HLIopg

2. Cation-macrocycle complex stability

Log K(CH3O0H) values for cation-macrocycle interaction were
correlated by Lamb, et §1.13 with salt transport in chloroform
bulk liquid membranes using neutral crown ether and cryptand
carriers. The transport of alkali and alkaline earth cations as
their nitrate salts increased as the log K(CH3OH) value.increased
to an optimum log K(CH30H) value. At log K(CH3OH) values greater
than the optimum value, transport decreased rapidly. The maximum
observed transport occurred for carriers having log K(CH30H)
values ranging from 5.5 to 6.0 for K* and Rb* and 6.5 to 7.0 for
Ba2* and Sr2* (see Fig. 2). For all cations, little or no
transport occurred with carriers having log K(CH3OH) values less
than 3.5-4.0. These results are rationalized on the following
basis: (1) complexation must occur to a minimum degree in order
that salts can be partitioned into the membrane and (2) complex
stability must not be so high that it inhibits cation release into
the receiving phase. Kirch and Lehn”4 found that for transport
of alkalli picrates by cryptand carriers there was an optimum
stability corresponding to efficient transport. Transport was
greatest for those cryptates that had a log K(CH3OH or aqueous
CH30H) value of about 5. For highly stable cryptates, salt
extraction was high and the carrier approached saturation in the
membrane. However.'the salt partitioned so much to the membrane
phase that salt release to the receiving phase was low, creating
low transport. When the cryptate stability was too low to achieve
sufficient extraction the transport was also low.14

The assumption of equilibrium at the interfaces cannot be

made for emulsion systems because time scales are short, fluxes
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FIGURE 2

Plot of cation transport, JM* (moles of cation transported X
107724 nr) in a Hp0-CHC13-Hp0 bulk membrane vs. log K(CH30H) for
seven cations. Lines (solid and dashed) are included to aid in
recognizing trends in the data which are common to all cations;
reference 13. *JM is a symbol representing flux that is used
here to represent transport rates reported in the original
article. Flux values (moles transported/s-mz) may be calculated
by multiplying transport rates (moles transported/24 hrs) by
0.23.
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are large, and diffusion distances are small.12 However, cation-
macrocycle complex stability 1s also important in emulsion
systems. In Fig. 3, a plot is shown of % Pb(NO3)2 transported by
unsubstituted macrocycles in a HpO-toluene-HpO emulsion membrane
as a function of log K(H,0) for sz*-macrocycle interaction for a
series of unsubstituted macrocycles. The receiving phase con-
sisted of 0.01 M LiuP207.15 Comparison of Fig. 3 with Fig. 4
(obtained for bulk membrane transport) shows that DT18C6 and 18C6
transported less than 2.2 in the emulsion systems, but the reverse
was true for bulk systems. The decrease in bulk transport for
increasing log K values was explained by inhibition of cation
release to the receiving phase. Neglecting kinetic data for
emulsion systems, it can be assumed that the salt extraction order
in emulsion systems follows that for the bulk systems and that
emulsion transport results reflect the ability of P207u' to
efficiently strip Pb(NO3)> from 2.2 into the receiving phase
because of the greater stabllity of the Pb2+-P207u' complex
(log K = 7.316) relative to the Pb2*-2.2 complex (log K = 6.9017),
The effect of receiving phase composition on transport will be
discussed in a later section,
3. Macrocycle partitioning

The decrease in aqueous solubility of a macrocycle carrier
caused by the addition of hydrophobic groups should increase
nitrate salt transport as long as the log K value for cation-
macrocycle interaction remains relatively unaffected by the
addition of the groups. Lamb, et §.7 and Izatt, et a_l.18
found that the addition of two cyclohexano groups to 18C6 to form
DC18C6 and the addition of two n-decyl groups to 2.2 to form DD2.2
enhanced bulk liquid membrane transport of the nitrate salts of
Na*t, K*, Rb*, Cs*, Ag*, Ca2*, Sr2*, Ba2*, and Pb2* with both
macrocycles, and Cd2* with DD2.2. This effect was explained by
the expected lower aqueous solubilities of DC18C6é and DD2.2
relative to 18C6 and 2.2, respectively.7+'8 The loss of 18C6 and
2.2 to the aqueous phases should decrease their ability to
transport relative to DC18C6é and DD2.2, assuming that addition of
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% Pb(NO3)2 transported by unsubstituted macrocycles in a HpO-
toluene-HpoO emulsion membrane as a function of log K(Hp0) for
Pb2+-macrocycle interaction. Transport data are taken from
reference 15 and log K data from reference 19.

these particular hydrophobic groups does not alter complex
stabilities. The log K(Hp0)aye values for the interaction
of the two isomers of DC18C6 with alkali and alkaline earth
cations is equal to or slightly higher than log K(Hp0) values for
18C6 interaction with alkali and alkaline earth cations.'9 The
slightly higher log K(Hy0) values for DC18C6 interactions would
increase transport if the log K(H»0) maximum for most efficient
transport has not been reached. However, the large increase in
transport with DC18C6 relative to 18C6 cannot be accounted for
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Log JM* (moles of Pb(NO3)2 transported X 107/24 nr) by unsubsti-
tuted macrocycles in a HpO-CHC13-HpO bulk membrane as a function
of log K(Ho0) for Pb2+—macroeycle interaction. Transport data are
taken from reference 7 and log K data from reference 19. *Refer
to legend footnote of Figure 2.

by this factor alone and the partitioning factor plays a major
role, No log K data for cation-DD2.2 interaction are available
for comparison with those for 2.2.

Addition of benzo groups to unsubstituted macrocycles should
decrease aqueous solubilities and thereby increase transport if
complex stabilities are not altered. The aqueous solubility of
DB18C6 (9 x 1075M20) is less than that of DC18C6 (0.036 M20) and



16: 55 30 January 2011

Downl oaded At:

32 IZATT ET AL.

18C6 (>50g/100g solution2!). However, salt transport by DB18C6 is
lower than that with either 18C6 or DC18C6.7:22724 Reduced trans-
port was attributed to the much lower log K values for cation-
DB18C6é interactions due to the electron withdrawing effect of
benzo groups.23

4, Transport of complex anions by MPM*-macrocycle
carriers in emulsion systems

The anionic complexes Al(OH)y~ and AgBry™ were trans-
ported25126 through a water~toluene~water emulsion membrane system
using XK*~DC18C6 carriers in the case of Al(OH)y™ (see Fig. 5) and
MD*-DC18C6 carriers in the case of AgBr,™, where MU' = X*, Na*,
Li*, and Mg2*, AgBr2~ transport by MN*-DC18C6 gave the following
MMt transport order: Kt > Na* > Li* > Mg2*. This order was found
to be the same as the order of decreasing log K(H»0) values for
MN*-DC18C6 interaction (see Fig. 6). Silver was concentrated
approximately ten-fold in the aqueous receiving phase by being
driven against its concentration gradient. The latter was
accomplished by adding a large excess of K* or Na' to the source
phase and by the presence of 82032' in the receiving phase to
complex transported silver.26 It should likewise be possible to
transport metal complex anions using neutral macrocycle carriers
capable of protonation (e.g. 2.2).

5. Proton= or MN*-coupled cation transport by ioniz-
able macrocycles

Macrocycles with ionizable protons are capable of facili-
tating cation transport by a cation exchange mechanism. Acidic
functional groups attached to a macrocyclic carrier permit a
cation to be' transported against its concentration gradient by
reverse proton or M transport. There are three kinds of proton
ionizable macrocycles based on the position of the ionizable
proton, The ionizable proton either is attached exterior to the
macrocycle ring of donor atoms (Fig. 7a), is attached to a donor
atom of the ring (Fig. 7b), or is attached to an atom which, in
turn, is attached to the ring and this unit is directed towards
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FIGURE 5

Plot of % Al(OH)j~ (upper curve) and % K* (lower curve) trans-
ported as a function of time by DC18C6. Hp0-Toluene-Hs0 emulsion
membrane. Reference 25,

the interior cavity (Fig. 7c¢ and Fig. 7d). The position of the
proton in these cases would be expected to have an effect on
cation-macrocycle complex stabilities and selectivities.

Izatt, et al.2T found that alkali cation fluxes were
increased sharply (Fig. 8) as the pH of the source phase increased
beyond approximately 12 using calixarene carriers of the type
shown in Fig. 1. Alkali cation flux data of Table I show greater
cation transport by the proton ionizable calixarene c[8]a than by
18C6 from basic source solutions. However, 18C6 is much more
effective than c[8]a in transporting alkali cations from nitrate

source solutions. In addition to transporting alkali cations from
basic solution, calixarenes exhibit high competitive transport

selectivities for Cs* over other alkali cations.28
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FIGURE 6

MN*-DpC18C6 Mediated AgBrp,~™ Transport, HpO-Toluene-HpO emulsion
membrane. MM*=Mg2* 6 Li*, Na*, or K*, Reference 26. Log K values
for MN*-DC18C6 interaction for MA*=K*, Na*, and Li* are taken from
reference 19 and are for the cis-syn-cis isomer of DC18C6. Log K
values for the cis-anti-cis isomer are ~0.4 log K units lower in
each case.

A crown ether containing an acidic 4-pyridone group (Fig. 1)
facilitates alkali cation bulk dichloromethane liquid membrane
transport, with flux increasing as the source phase bH increases
and the receiving phase pH decreases.?29 Fyles, et al. have trans-—
ported alkali30,31 and alkaline earth32? cations in bulk chloroform
membranes using crown ethers containing monocarboxylie and
dicarboxylic functional groups, such as those shown in Fig. 9.
Bartsch, et al. have synthesized a number of carboxylic crown
ethers, such as those shown in Fig. 10, and have used them as
carriers to transport alkali cations, including L1+,33"36 in both
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Different types of proton ionizable macrocycles.

bulk and emulsion membrane systems and alkaline earth cations36 in
emulsion membrane systems. Under correct pH conditions these
types of carriers are capable of producing large cation fluxes
because small hydrated anions need not be extracted with the
cation. Moreover, H' is an inexpensive reagent so that proton
coupled transport of this type has potential industrial applica-
tions.
6. Macrocycle concentration

Reusch and Cussler37 found that the flux of KCl and NaCl
across a chloroform membrane was linearly related to the concen—
tration of DB18C6 carrier. Sugiura and Shinbo38 found that the

picrate ion transport rate increased across a dichloromethane
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FIGURE 8

Plot of Cs* flux, Jy (moles of Cs* transported X 108/5+m2), in a
bulk membrane as a function of source phase pH. Membrane = 0,001
M c[8la in 16% v/v CHsCl>/CCly solution. [Cs*] = 1 M. Anion =
NO3~/OH™. Reference 27.

membrane as the concentration of the carrier increased. Fyles, et
gl.31 found that for a carboxylic crown ether carrier, the rate
of K* transport was a linear function of carrier concentration
when the K* concentration was in excess of the carrier concen-
tration. Pb(NO3)239 and 'I’1N03uo transport rates in emulsion
membranes increased as the concentration of the DC18C6 carrier was
increased. The increase in transport is often, but not always
linear with increasing carrier concentration. The relationship
between these parameters is dependent upon the transport mechanism

and system.
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TABLE I

Alkali Cation Flux (moles X 108/s-m?) Through
Bulk Liquid Membranes2

Source Phase 18C6 c[8]a
LiCH b 2.0
NaOH b 9
KOH b 10
RbOH b 340
CsOH b 996
NaNO3 25 c
KNO3 645 c
RbNO3 48y c
CsNO3 161 ¢

41,0 M MOH or MNO3 aqueous source phase solutions. Membrane =
0.001 M macrocycle in 25% v/v CHpCly in CCly solution for MOH
source solutions. Membrane = 0.001 M macrocycle in CHClz for
MNO3 source solutions. Data are from reference 27.

bLess than 0.9.
CLess than 0.7.

C. Effect of Anion Type on Salt Transport

Salts are transported by neutral macrocyclic carriers via a
cation-macrocycle-anion pair in the membrane. Salt transport
varies greatly with anion type for a given cation-carrier
combination. The salt transport rate has been found to be a
function of anion hydration free ener*gy,l”r“2 anion lipophili-
city,41,%2 and anion interaction with the benzo group of benzo-
substituted crown ethers.“3 The measured K* transport rates of
various potassium salts through a bulk chloroform membrane by
DB18C6 gave the following anion order of decreasing transport:“1
picrate™ > PFg~™ > ClOy~ > IOy~ > BFy~ > I > SCN™ > NO3™ > Br™ >
Br03~ > C17™ > OH” > F~ > acetate™ > SOuZ'. This order differs
only slightly from that of increasing anion hydration free
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FIGURE 9

Monocarboxylic and dicarboxylic crown ethers of Fyles, et al.;
references 30 and 32.

energles for those anions whose energies are available: Cl0y~ <
BFy~ < I < N03' ¢ SCN™ < Br~ < C1™ (< Br'03' < OH" < F™ < SOuz'
(see Fig. 11). Lehn“?- examined salt transport in terms of the
extraction equilibrium constant Kg. He found that transport of
rubidium salts using [2.2.2,Cqg] as carrier gave a bell shaped
distribution of transport versus Kg. RbX transport, where X =
C17, Br7, I7, or ClOy~ gave the following transport order: Br~ >
Cl1™ > I > Cl0y~. BRbCl was not transported as well as RbBr
because of insufficient extraction into the membrane phase. RbI
and RbCl0y were extracted more than RbBr, but extraction of
RbI and RbClOy into the membrane was so high that there was little
release of RbI and RbCl0y to the receiving phase. Consequently,
RbI and RbClOy were not transported as well as RbBr. The bell
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FIGURE 10

Carboxylic crown ethers of Bartsch, et al.; reference 35.

shaped distribution of RbX transport versus K, is also obtained by
plotting transport versus hydration free energy of the anion. The
results of Lamb, et gl."’ suggests that Ko optimum has not been
surpassed even with the very extractable picrate anion because
transport rates increase linearly with anion hydration energies
and lipophilicities and do not pass through é maximum. The
presencé of a stronger cation complexing carrier, such as
[2.2.2,010],u2 would be expected to increase the Ko values of the
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log J,,

110

FIGURE 11

Plot of log Jy* (moles of K* transported X 1013/24 hr) in a bulk
membrane vs. -AGgﬁw for several anigns. Membrane = 7.0 X 107% M
DB18C6 in CHCl3. Reference Ui1. Refer to legend footnote of
Figure 2.

salts, in which case salt transport could be expected to pass
through a maximum when going from strongly hydrated to weakly
hydrated and lipophilic anions.

D, Effect of Ion Concentration

Reusch and Cussler37 found that the transport rate of KCl by
DB18C6 in a bulk chloroform membrane was linear with the square of
the K* concentration difference across the membrane. Furthermore,
Lamb, et gl."’ found that K* transport as KC1, KI, KSCN, and KNO3
by DB18C6 in a bulk chloroform membrane was linear with the square
of the activity in the source phase at low K' activities (a <
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0.2). At higher K' activities (a = 1) transport was linear only
with KCl1 (see Fig. 12). Cs* flux using calixarene carriers28
increased rapidly and then leveled off as the CsOH source phase
concentration increased (see Fig. 13). The calixarene system is
governed by a different mechanism than those systems containing
neutral macrocyclic carriers because of ionizable protons in the
calixarene cavity. However, in both systems cation fluxes start
to level off with increasing cation source phase concentrations.

It has been observed that an increase in anion concentration
at constant cation concentration increases cation transport.
Izatt, et §1.25 showed that Pb(NO3)2 transport in emulsion
membranes was highly facilitated by the addition of 14 and 300
fold excesses of Sr(NO3)2 to the Pb(N03)2 source phases. Qi, et
gl.”“ found that the flux of KI in bulk chloroform membranes from
salt brine mixtures was proportional to the product of the
concentrations of K' and I”. KI flux was increased by increasing
the concentrations of either K* or I~, or both,

E. Effect of Membrane Solvent

Transport of Na*, K*, Rb*, Cs*, Ca2*, Sr2*, and Ba?* as their
nitrate salts by DC18C6 was studied by Izatt, et al. using a
series of chlorinated methane solvents.45 The ability of the
solvents to transport these salts decreased in the order CHyCls >
CHC13 > CCly. The salt flux decrease through this series of
solvents was parallelled by a similar decrease through the
series for the partitioning of DC18Cé between the organic solvent
and water., The decrease in salt fluxes is probably a result of
the decreasing ability across the series of DC18C6 to extract the
nitrate salts into the organic solvent because of increased
partitioning of the ligand to the aqueous phase. Crown ether and
cation-crown ether partitioning are related to solvent dielectric
constant and dipole moment. In a separate study, Iwachido, et
gl.“G found that the distribution ratios of K(18C6)picrate between
chlorinated methane solvent and water decreased in the order
CHpClp > CHCl3 > CCly. The decrease in DC18C6 and K(18C6)picrate
partitioning, CHxCls > CHCl3 > CCly, is matched by a decrease in
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FIGURE 12

Variation of K* transport (as log JM* (moles of K* transported X
107/24 hr)) in a bulk membrane with potassium ion activity in the
source phase (as log agg) for (a) KCl; (b) KI; (e) KSCN; (d)
KNO3. Membrane = 7.0 X 10~4 M DB18C6 in CHCl3. Reference u1.
*Refer to legend footnote of Figure 2.
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FIGURE 13

Plot of Cs* flux, ln Jy (moles of Cs* transported X 108/5:m2), in
a bulk membrane as a function of Cs* concentration in basic
solution. Membrane = 0.001M ec[6la in 25% v/v CHpClp in CCly
solution. Reference 28.

solvent dielectric constant and dipole moment through the solvent
series. 7

F. Effect of Recelving Phase Composition

Christensen, et 2al.39 noted that the composition of the
receiving phase had a marked effect on salt transport in water-
toluene-water emulsion liquid membrane systems. Lithium compounds

containing nitrate, chloride, formate, pyrophosphate, thio-
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sulfate, or hydroxide ion were incorporated into aqueous receiving
phases and transport rates of the nitrate salts of Na*, K*, Rb*,
Cs*, Ag*, T1*, Mg2*, ca2*, sp2+, Ba2*, Pb2*, and Zn2* were
measured. It was found that those cations that formed the most
stable complexes with both the carrier, DC18C6, and the receiving
phase anion transported best. When the cation complexed well with
the receiving phase anion (e.g. Mg2*-OH", Mg2*-P,07", and Ca2*-
P207”’) there was little transport if the cation did not complex
well with the carrier, Little transport was found using a
noncomplexing anion in the receiving phase even when the cation
complexed strongly with the carrier (e.g. Pb2+-NO3', Baz*—N03’,
PB2*-HC00™),39

IV, IMPROVING SELECTIVITY IN ION TRANSPORT SYSTEMS

A, Selective Extraction into the Membrane Phase

It was pointed out earlier that ion extraction is a function
of both complexation and species partitioning. The selectivity of
diffusion controlled transport experiments is governed by the
extraction step if the diffusivities of the species being trans-
ported are similar, Salts extracted to the greatest extent should
be transported selectively in competitive bulk membrane transport
experiments., It was found that KNO3 was transported selectively
over NaNO3 in binary transport using 2.2.2,"8 even though NaNO3
was transported to the greatest extent by 2.2.2 when NaNO3 and
KNO3 were transported separately.7 Plots of KNO3 transport
versus log K(CH30H) for K*~macrocycle interaction and of NaNO3
transport versus log K(CH3OH) for Na*-macrocycle interaction
are shown in Figs. 14 and 15, respectively. It 1s evident from
the curves that KNO3 transport with 2.2.2 falls on the downward
side of the curve, while NaNO3 transport with 2,2.,2 appears near
the apex of the curve. 2.2.2 binds KNO3 too strongly for ef-
fective KNO3 release to the recelving phase. It can be reasoned
that the selective transport of KNO3 over NaN03 with 2.2.2 is due
to selective extraction of KNO3 into the membrane, thus binding

the carrier so that NaN03 is neither efficiently extracted nor
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FIGURE 14

Log JM* (moles of KNO3 transported X 107/24 hr) by various macro-
cycles in a Hp0-CHC13-HpO bulk membrane as a function of log K
(CH3OH) for K'-macrocycle interaction. Transport data are taken
from reference 7 and log K data from reference 19. ¥Refer to
legend footnote of Figure 2.

transported. Other similar examples exist. For instance, 18C6
transports Pb(NO3), selectively over AgNO3 when both Pb2* and Agt
are present together.22 However, AgNO3 is transported to a
greater extent than Pb(NO3)p, in single salt transport experi-
ments.7 Similarly, 2.2 transports AgNO3 selectively over the
nitrate salts of Ca?*, Sr2*, and Ba?* in binary AgNO3-M(NO3);
mixtures,22 while each of these salts transports more readily than
AgNO3 from single salt solutions.” From these examples, it is
clear that selective salt uptake into the membrane can govern

overall transport selectivity.
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FIGURE 15

Log Jy' (moles of NaNO3 transported X 107/24 hr) by various macro-
cycles in a HpO-CHCl3-HpO bulk membrane as a function of log K
(CH30H) for Na*-macrocycle interaction. Transport data are taken
from reference 7 and log K data from reference 19. *Refer to
legend footnote of Figure 2.

1. Partitioning

The selectivity of a given macrocyclic carrier is influenced
by the selective distribution of both MA and MLA, or in the case
of ionizable macrocycles, ML, Partitioning is a function of ion
type and charge. For example, AgPlcrate and TlPicrate partition
more freely to chloroform than do alkali plecrates,49,50 McBride,
et g;.‘z point out that divalent salts of hydrophilic anions, such
as Ba(N03)2, should partition less to organic membranes than

monovalent salts of hydrophilic anions, such as KNO3, because of
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the higher hydration energies of divalent cations relative to
monovalent cations and because electroneutrality requires that two
anions be partitioned with a divalent cation and only one anion
with a monovalent cation,
2. Complexation

Selectivity of cation transport will be enhanced if the
carrier selectively complexes the cation. Complexation stability
and selectivity are functions of the following: solvent, ratio of
macrocycle cavity to cation radii, and donor atom type. The
selectivity of macrocycles for various cations can vary from
solvent to solvent.'2 For example, T1* is complexed selectively
over K* by 18C6 in H,0 with a difference of 0.24 log K units.
However, the reverse is true in CH30H with a difference in log K
units of 0.80.19 Likewise, 15C5 is more selective for Sr2* over
Na* by 1.25 log K units in Ho0 but this selectivity 1s reversed
in CH3OH with a difference of 0.85 log K units,19 The cryptand
2.2.2 selectively complexes Ag* over K* in H,0 by 4.20 log K
units, but the selectivity is reversed in CH3CN, K* being favored
over Ag* by 1.79 log K units.19 There are numerous other examples
for which selectivities vary from solvent to solvent,19

The macrocycle cavity to cation radius ratio has been used to
rationalize selectivity.“ Among alkali cations, it has been
found that 18C6 is selective for K* and 21C7 is selective for Cs?
in CH30H solvent. Among alkali cations, 2.1.1, 2.2.1, and 2.2.2
are selective for Li*, Na*, and K*, respectively in HyO and 95%
CH30H=5% H»0 solvents.1® 1In each of these cases, the macrocycle
is selective for the cation whose ionic radius most closely
matches the cavity radius of the macrocycle. For many macrocycles
and cations this relationship does not hold (e.g. 15C5) and other
factors must be considered.51:52 Dponor atom type has been shown
to have a dramatic effect on cation selectivities. For example,
in CH30H 18C6 is selective for K* over Ag* by 1.48 log K units but
2.2 is selective for Ag* over K* by 8.14 log K units.'9 Ag* and
ng* have a preference for macrocycles containing nitrogen and

sulfur donor atoms, whereas alkali and alkaline earth cations
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usually have a preference for macrocycles contalning oxygen donor
atoms,19:53 There are also appreciable effects of ligand
substituents and temperature on cation-macrocycle complex
stability. The effects of ligand substituents? and temper'aturesu
have been discussed elsewhere.

B. Selective Release into the Receiving Phase

Cation transport is affected by the presence of complexing
anions in the receiving phase.39 In emulsion membrane transport
of the nitrate salts of Pb2* and Ag*,39 it was found that Pb2* was
transported selectively over Ag* when OH™ or P207“' was incor-
porated into the receiving phase. However, when 82032' was in the
receiving phase Ag* was transported selectively over Pb2+,
When a non-complexing anion, like NO3', was present in the
receiving phase little transport of either Pb2* or Ag* occurred,
even though Pb2* interacts more favorably with the carrier,
DC18C6, [log K(Hy0) ~4.8'9] than Ag*[log K(H;0) ~2.1'9]. The
great affinity of Agt for 82032‘ [log K(Hp0) = 8,87 for 1:1 Ag*-
S2032” interaction] as compared to Pb2*[log K(Hp0) = 2.56 for 1:1
Pb2*-5,032~ interaction] provides selective Ag* transport when
82032' is present in the receiving phase.39 Ag* could also be
transported selectively over T1*, Sr2*, and Ba2* with 82032‘ or
OH™ in the receiving phase even though T1*, Sr2*, and Ba?* all
have higher log K(H»0) values for MP*-DC18C6 interaction than
Ag+.39 These results indicate that log K for cation-receiving
phase anion interaction is a very important parameter for deter-
mining cation transport selectivity. At least for the cases
above, the transport selectivity appears to be governed by the sum
of log K(Hy0) values for cation-macrocycle interaction and for
cation-receiving phase anion interaction.

c. Switching Mechanisms

A switching mechanism is a chemical process whereby transport
may be turned "on" or "off" reversibly without destruction of the

liquid membrane components. This transport switching may be
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TABLE II
Flux of Eu3*, Eu2*, and Sr2* Nitrates?

Eu(N03)3 Eu(N03)2 Sr(NO3)2
18C6 1 620 460
Blankb 0.4 0.5 0.4

aFlux values are given as moles MP* X 108/s.m2, Membrane =
0.001 M 18C6 in CHCl3. Data are from reference 56.

PNo macrocycle present.

achieved through redox reactions, photochemical reactions,
proton coupled transport, ete.
1. Redox mechanisms

A reduction-oxidation gradient may be used to facilitate ion
transport across a liquid membrane, 55 For example, Brown, et
33.56 reduced Eu(NO3)3 to Eu(N03)2 with zinc amalgam, afterwhich
the Eu(NO3), was transported across a bulk chloroform membrane
using 18C6 (see Table II). Very little transport of Eu(N03)3 was
observed using 18C6. Attempts to transport other trivalent
lanthanide cations have generally been unsuccessful using neutral
macrocycle carriers. The lack of transport of Eu(NO3)3 is thought
to be due to the small size of Eu3* and its corresponding large
hydration energy. Eu(NO3)2 transport comparable to that of
Sr(NO3)p, is not surprising in light of the similar ionic radii
and chemistry of Eu2* and Sr2*,56

Redox~-induced conformational changes in the macrocycle
carrier itself are important to cation transport. Shinkai,
et §1.57 synthesized a crown ether with a redox-functional thiol
group as shown in Fig. 16. From extraction experiments with this
crown ether it was found that cation-crown ether stabilities and
selectivities were different for the reduced and oxidized forms.

Redox-sensitive podands were also synthesizedd” and used as alkali
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i

reduced oxidized
FIGURE 16

Crown ether containing a redox functional thiol group; reference 57.

FIGURE 17
Nitrobenzene-substituted lariat crown ether; reference 58.

cation ocarriers in a bulk chloroform membrane. K% transport
increased ~7.5 times as one of the carriers was changed from the
reduced to the oxidized form.

Reversible electrochemically controlled processes may lead to
"on" or "off" ion transport. For example, Kaifer, et 21.58 found
that electrochemical reduction of a nitrobenzene-substituted
lariat crown ether produced an anionic ligand that binds Na* 750
times more strongly than does the neutral ligand (see Fig. 17).

2. Photochemical mechanisms

Shinkai, et 23.59 have developed two different methods for

photochemically altering the ability of crown ethers to bind
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FIGURE 18

Azobenzene-bridged crown ethers; reference 59.

cations. One method makes use of a conformational change in the
crown ether moiety in conjunction with a photoinduced configura-
tional change in an attached azobenzene moiety. Azobenzene
derivatives can exhibit photoinduced cis~trans isomerism. The
trans forms of two such azobenzene-~bridged crown ethers are shown
in Fig. 18. The second method is associated with a photoinduced
change in the spatial position between two crown rings which leads
to interconversion between 1:1 and 2:1 crown:cation complexes.59
An example of such a transformation involving an azobis-(benzo-
crown ether) is shown in Fig. 19,60 yse of such photo responsive
crown ethers has allowed for control of membrane transport of
alkali and alkaline earth cations and Cu2* by an on-off light
switeh.59 a photoresponsive crown ether with an anionic cap (see
Fig. 20) has been used to transport ca2* across a membrane.61 The
transport is driven by both light energy and a counter-current of
proton flux. Na* transport selectivity over Ca2* in the dark was
reversed in favor of Ca2* under UV light. A recent review by
Shinkai and Manabeb2 covers liquid membrane ion transport by
photofunctional crown ethers.
3. Proton-coupled cation transport
Besides increasing cation transport rates, proton coupled

cation transport selectivities can change as a function of pH.
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Azobis-(benzocrown ether); reference 60.
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FIGURE 20

Photoresponsive crown ether with anionic cap; reference 61,
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Hriciga and Lehn63 showed that cation transport selectivity from a
binary mixture of K* and ca2* could be pH regulated with a
dicarboxylic acid-dicarboxamide macrocyclic carrier (see Fig. 21).
Preferential K* transport was found when the pH of the source
phase was between 2 and 9. Above pH 9, ca’* was transported
selectively.63

D. Temperature

Pannell et gl.6” conducted transport experiments with the
picrate salts of K* and Na* using DB18C6 and a series of substi-
tuted DB18C6 carriers at 0, 23, and 349C. Na* transport decreased
as temperature Increased, but the transport did not follow any
particular pattern. Transport selectivities of X* over Na't were
reversed from O to 349C using cis-(NOp)2DB18C6 and (Cl)gDB18C6 as
carriers. The cation with the larger Ko at a given temperature
would be expected to be transported selectively at that tempera-
ture, but in order to achieve efficient transport, the Ky value
cannot be so large as to prevent the cation from being rapidly
released to the receiving phase. It has been shown that log K
values for K*-DC18C6 interaction decrease from 10 to 25 to 40°C,5%
This is to be expected for reactions that are exothermic.

E. Effect of Cation Concentrations in Cation Mixtures

When competitive transport experiments are conducted for
equimolar nitrate salts, the salt with the highest Ko value is
transported selectively. However, the selectivity can be reversed
by raising the source phase concentration of the less extractable
cation or by lowering the concentration of the more extractable
cation through selective precipitation or complexation in the
aqueous source phase., TIzatt, et gl.65 observed AgNO3 and KNO3
transport by 18C6 as the concentrations of Ag* and K% in AgNO3-
KNO3 mixtures were systematically varied (Fig. 22) while main-
taining the total cation and NO3‘ concentrations at 2.000 M each.
KNO3 was transported selectively over AgN03 by a factor of ~4 from
the mixture containing [K*] = [Ag*] = 1.000 . For other mixtures,

K* transport selectivity gradually decreased as the ratio of
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FIGURE 21
Dicarboxylic acid-dicarboxamide macrocyclic carrier; reference 63.
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Cation flux, Jy (moles of cation transported X 108/s¢ m2). in a
bulk membrane plotted against the mole fraction of Agt. Mem-
brane = 0.001M 18C6 in CHCl3. [Ag*] + [K*] = [NO3™] = 2.000 M.
Reference 65,
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[K*]1/[Ag*] decreased, until [K*]1/[Ag*] = 0.219 when Ag* was
transported slightly better than K*. When the concentration
of the competing cation was low (< 0.010 M), selective transport
of the other cation was high for either K* or Ag*.65

Cation transport from cation mixtures was also studied by
Izatt, et 21.28 as a function of cation concentration for
transport of Cs* and Rb* using a calixarene carrier, CsOH and
RbOH source phase concentrations were systematically varied so
that the total cation and hydroxide concentrations were always 1.0
M. At [Cs*]/[Rb*] ~0.1, both Cs* and Rb* flux were equal. When
{Cs*]/[Rb*] > 0.1, Cs* was transported selectively., When
[Cs*]/[Rb*] < 0.1, Rb* was transported selectively. Transport of
Cs* was greater than that of Rb* in experiments where only one
cation was present in the source phase (See Fig. 23).

F. Related Research

A variety of macromolecules have been synthesized that are
capable of transporting ions through liquid membranes. We have
mentioned only crown ethers, cryptands, calixarenes and proton
ionizable crown ethers in this discussion. Tetrahydrofuran
macr'ocycles66 and multi-armed cyclam367 have also been used as
liquid membrane ion carriers. Ion transport selectivity has been
controlled using remote binding sites on crown ethers.68 oOther
macrocycles are capable of complexing and solubilizing inorganic
ions in organic solvents, showing good stabilities and selectivi~
ties. Some of these are lariat crown ethers,69 double armed crown
ethers,70 bis-crown ethers,%9,50,71,72 pexaaza[18Jannulene,’3
modified cyclodextrins,T4 cavitands,”® anion binding protonated
cryptands and protonated aza-crown ethers,76 and nitrogen-
containing macrocycles.77 The synthesis of new carriers designed
to increase transport and selectivity is an active field of

research.

The combination of a macrocycle with a cation exchange
78-80 The

possibility exists for synergistic cation transport through liquid

reagent has produced synergistic cation extractions.

membranes using the same extractants as carriers. Bartsch, et
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FIGURE 23

Plot of Cs* flux and Rb* flux, ln Jy (moles of Cs* or Rb* trans-
ported X 10 /s'm2), in a bulk membrane as a function of the ratio
of the concentrations of Cs* to Rb* in 1.0 M metal hydroxide
solution. Membrane = 0.001 M c[6la in 25% v/v CHpClp in CCly
solution. Reference 28,
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3&.31 have produced synergistic transport of Pr3* across
phosphatidyl choline vesicles using a carboxylic acid crown ether
in conjunction with lasalocid,

As has been pointed out, ion-macrocycle binding selectivities
vary from solvent to solvent,12 Transport selectivities were
shown to be a function of solvent composition for both neutral82
and ionizable macrocyclic car'r'ier's.3"l However, few studies of ion
transport selectivities as a function of pure and mixed membrane

solvents have been reported.

V. TRANSPORT MODELLING FOR BULK LIQUID MEMBRANES

A mechanism of 1lon pair formation was proposed by Reusch and
Cussler3” to describe salt transport by neutral carriers in
diffusion limited transport. The steps comprising the mechanism

in such transport are:d!

CS+ + Ag” = (C+A-)M (1)
(C*A™)y + Ly = (CL*AT)y (i)
(CL*A™)y diffuses across the membrane (iii)
(CL*A™)y = Ly + (C*AT)y (iv)
(C*A™)y = CRr* + AR~ (v)
Ly diffuses back across the membrane (vi)

C* = cation, A~ = anion, (C*A™) = cation-anion pair, L = macro-
cycle ligand, (CL*A™) = cation-macrocycle-anion complex, S =
source phase, R = receiving phase, M = membrane. Steps (i) and
(v) are described by a partition coefficient, k. Steps (ii) and
(iv) are described by an equilibrium constant, K. Steps (iii),
for diffusion of the complex, and (vi), for diffusion of the
ligand, are assumed to be the rate limiting steps of the
mechanism. The following equation was derived by Reusch and

Cussler37 to describe cation flux, Jy:

DCLAkKCL( CCS2

M [ 1+ kKCCSZ

d 1

In this equation, D, , = the diffusion coefficient of (CL*A7)y,
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% = the length of the diffusion path, C, = the total concentration
of carrier, and Ccg = the concentration of the cation in the
source phase, Two assumptions were made in deriving this
equation: (1) the diffusion of (C*AT)y is negligible and (2)
Ceg >> Cer. If kKCpg2 << 1, then equation (1) can be reduced to

Jy, = ——7— C,.2 (2)

Equation (2) shows that Jy is directly proportional to Ccg2.
Lamb, et gl."1 replaced Cpog by agg (agg = the activity of the
cation) to better account for the transport results. Equation (2)
then becomes equation (3)

JM - aCSZ (3)

Equation (3) could accurately predict cation transport at low log
K(CH30H) values for cation-macrocycle interaction. However, it
did not accurately predict cation transport to decrease from the
maximum Jy at high log K(CH30H) values. Another equation (Equa-
tion (4))

DLKLT (k(M1-(JM21/DW))n'(JM12/DI))

IM T 3R /A0 0y ¥ TRR(K(M;=(3yk; /D) )= (3T /D7)

(4)
k(M8+(A1/A2)(JM16/DW))n+(A1/Az)(JMES/DI)

" T¥K(k (Mg+ (R 782) (Jyhg /D) )1+ (Ay /A2) (Ipi5/D1))

based on equation (1) and in which it is assumed that complexation
takes place solely in the membrane phase was formulated. It
correctly predicted cation transport at low and at high log
K(CH30H) values.!3 A discussion of modelling is given in
references 12 and 13.

In equation (4), Dy, Dy, and Dy = the diffusion coefficients
of the free ligand, the salt in water, and the cation-anion pair
in the membrane, respectively, Lt = total carrier ligand concen-
tration, Ay and Ay represent the surface areas of the source and
receiving interfaces, respectively, %1 and %¢ are the unstirred
water boundary layers on each side of the membrane, %, and %5 are
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unstirred membrane boundary layers, %23 and %y are unstirred
membrane layers farthest removed from the water, My and Mg = molar
concentrations of the metal cations in the source and receiving
phases, respectively, and n = 2 for monovalent cations and n = 3

for divalent cations.

VI. HOW TO PERFORM SEPARATIONS

In Table III are listed liquid membrane systems in which one
cation is transported selectively over other cations or one salt
is transported selectively over other salts. Most of the systems
in Table III apply to bulk liquid membranes that produce small
fluxes. For practical separations requiring large fluxes,
emulsion and supported liquid membranes would be desired.
Carriers from bulk membrane systems may be incorporated into
emulsion or supported membrane systems with expected little change
in transport selectivities. It should also be possible to further
design the systems in Table III so that even more rapid and selec-
tive transport can be achieved for whichever membrane type is
employed. For example, sr2+ transport by 2.2 is Increased using
DD2.2,7 and it would, therefore, be expected that Cs* transport
by 21C7 would increase using dicyclohexano-substituted 21C7,
DC21C7, and Na* transport by 2.2.1 would be increased using
dicyclohexano-substituted 2.2.1, DC2.2.1 or didecycl-substituted
2.2.1, DD2.2.1. The increase in cation transport from unsubsti-
tuted to dicyclohexano and didecyl substituted macrocycles has
been discussed (Section III.B.3) and results from less macrocycle
partitioning to the aqueous phases for those macrocycles contain-
ing these hydrophobic groups. In addition to increasing trans-
port, hydrophobically substituted macrocycles minimize contamina-
tion of the aqueous phases with expensive carriers. In devising
cation separation schemes, it is also desirable to know the
composition of the source phase so that selection of both very
selective carriers and receilving phase complexing agents may be

pursued.
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VII. APPLICATIONS

A. Ion Selective Liquid Membrane Electrodes

K* and NHy* ion selective liquid membrane electrodes are
commercially available based on the antibiotie, valinomycin, and
the antibiotic macrotetrolides, nonactic and monactin, respec-
tively. Also, certain synthetic crown compounds show very good
selectivities for K' over Na* and can thus be used as carrier
components in liquid membrane electrodes.83 Naphtho-15C5 and bis-
crown ether containing electrodes have given K* to Na* selectivi-
ties on the same order as the valinomycin-based electrode. Crown
ethers have been used as carrier components in ion selective
electrodes for K*, Cs*, T1*, ca2*, Cu2*, antibodies, enantiomers,
and cationic surfactants.84

B. Hydrometallurgy, Resource Recovery, and Waste Solution
Cleanup

The 1liquid membrane process provides a possible alternative
to solvent extraction of hydrometallurgical and waste solutions
for the separation and concentration of valuable metals. Major
advantages of supported liquid membrane processes over solvent
extraction are the elimination of problems associated with phase
separations and solvent entrainment85 as well as reduced solvent
volumes for both supported and emulsion liquid membranes. The
possibility of recovering valuable metals from electroplating
rinse solutions86 and synthetiec hydrometallurgical leach
solution585 using tertiary amine carriers has been investigated.
Laboratory scale macrocycle-mediated bulk liquid membrane
transport studies have been conducted on equimolar binary cation
mixtures containing one other cation and either Pb2+,87 Na*, cs*,
Sr2+ U8 pg* 22 g2+ 18 g+ T1+,23 or Hg2*.2% In many instances
one cation was transported selectively over the other. Also, Pb2*
was found to be transported selectively over other cations from
equimolar ternary cation mixtures in bulk membr-anes88 and
binary,39:40 ternary,25 and multi89 cation mixtures in emulsion
liquid membranes. The selective transport capabilities of
macrocyclic carriers have not yet been fully exploited in liquid

membrane separation processes.6
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Synthetic waste solutions matching those found in a Purex
reprocessing plant have been tested in supported liquid membranes
for the purpose of decontaminating the solutions by removal of
radioactive transuranium elements. The results showed that it is
possible to decontaminate the solution from Am3*.8  Other metals,
such as T1*, Pb2*, Cd2*, and Hg2* pose potential health risks when
found in waste solutions that make their way into the environ-
ment. Emulsion liquid membrane studies have been conducted on
factory waste waters for removing toxic heavy metals,90 Liquid
membrane systems offer the potential for toxic element removal
from waste waters, and the possibility for the economic recovery
of important toxic elements because they can be concentrated on
the receiving side of the membrane.

C. Other

Other potential applications include selective electro-
refining,9! isotope separations,'? enantiomer separations,??
separation of organic ammonium salts,93 efficient photochemical
cells,9 removal of scale forming cations from seawater,95 toxic

chemical removal from biological systems,9°’96'97
90,97

modelling of
bilological membranes.98 and drug delivery.

VIII. CONCLUSIONS

The purpose of this paper has been to review our work and
some of the important work of others in the field of macrocycle-
facilitated 1iquid membrane ion transport. We have discussed ways
in which ion transport and selectivity may be improved. Also, a
mechanism of ion pair formation was discussed in the section on
modelling to account for bulk liquid membrane cation transport by
neutral macrocycle carriers. As a summary, Fig. 24 depicts
several types of liquid membrane ion transport mechanisms, many of
which apply to the systems considered in this paper. The flirst
four mechanisms of Fig. 24 refer to neutral macrocycle carriers
and the last is for an acidic macrocycle carrier. MY = metal ion,
or cation, A = anion, and L = macrocycle ligand carrier. The
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AQUEOUS ORGANIC AQUEOUS
SOURCE MEMBRANE RECEIVING
PHASE PHASE

MLA
+ A°* + A®
M A L M+ A
MLA
M+ A MB A
-—t
MLM'X
Mt X, — ._—3" M+ M'B 2X°
MLA
M* A“JOH" M A
H0 B HLB H* B°
M+ A“TON® —_ M+
H,0 HL H* A"
FIGURE 24

Possible macrocycle-mediated liquid membrane 1lon transport
mechanisms.

presence of a metal ion complexing agent, B~, in the receiving
phase facilitates transport because of M*-B~ interaction. Metal
anionic complexes, M1X2' can be transported like simple anions.
Some macrocycles, such as pyridine crown ethers and cryptands, are
capable of binding both cations and protons, HY. Finally,
macrocycle carriers containing acidic functional groups provide a
means of transporting cations against their concentration
gradients because of a countercurrent of proton flux.

It is our hope that liquid membrane design information
presented in this paper will be useful for those desiring to
design and develop procedures and systems for making ion separa-

tions.



16: 55 30 January 2011

Downl oaded At:

66 IZATT ET AL.

IX. ACKNOWLEDGEMENT

Financial support of this work by the United States Depart-
ment of Energy (Contract No. DE-AC02-T8ER5016) which funded the
majority of the work presented and by the National Science
Foundation (Grant NO. CPE-8119634) which funded the heavy metal
transport work 1s gratefully acknowledged. We express apprecia-
tion to the authors of the papers cited who made their results
available to us in the preparation of this review and to the many
former students who carried out the synthesis, transport and
thermodynamic studies which form the basis for much of the work
discussed.

X. REFERENCES

1. H.K. Lonsdale, J. Membr. Sci., 10, 81 (1982).

2. J.D. Way, R.D. Noble, T.M. Flynn, and E.D. Sloan, J. Membr.
Sei., 12, 239 (1982).

3. J.D. Lamb, R.M, Izatt, J.J. Christensen, and D.J. Eatough, in
"Coordination Chemistry of Macrocyclic Compounds,™ G.A.
Melson, ed., Plenum Press, New York, 1979, p. 145.

4, J.D. Lamb, R.M. Izatt, and J.J. Christensen, in "Progress in
Macrocyeclic Chemistry," R.M. Izatt and J.J. Christensen,
eds., Vol. 2, John Wiley, New York, 1981, p. 41.

5. A. Ohki, H. Hinoshita, M. Takagi, and K. Ueno, Sep. Sci.
Technol., 18, 969 (1983).

6. E.L. Cussler and D.F. Evans, J. Membr. Sci., 6, 113 (1980).

7. J.D. Lamb, R.M. Izatt, D.G. Garrick, J.S. Bradshaw, and
J.J. Christensen, J. Membr. Sci., 9, 83 (1981).

8. P.R. Danesi, Sep. Sci. Technol., 19, 857 (1984-1985).

9. N.N. Li, U.S. Patent 3,410,794, to Esso Research and
Engineering Co. (November 12, 1968), Chem. Abstr., 70, 39550
(1969).

10. C. Thomas, C. Sauterey, M. Castaing, C.M. Gary-Bobo, J.M.
Lehn, and P. Plumere, Biochem. Biophys. Res. Commun., 116,
981 (1983).



16: 55 30 January 2011

Downl oaded At:

MACROCYCLE-FACILITATED TRANSPORT OF IONS 67

1.

12.

14,

15.

16.

17.

18.

20.
21.

22.

23.

24,

25.

M.P. Biehl, R.M. Izatt, J.D. Lamb, and J.J. Christensen,
Sep. Sei. Technol., 17, 289 (1982).

D.W. McBride, Jr., R.M. Izatt, J.D. Lamb, and J.J. Chris-
tensen, in "Inclusion Compounds," J.L. Atwood, J.E.D. Davies,
and D.D. MacNicol, eds., Vol. 3, Academic Press, Orlando,
Florida, 1984, p. 571,

J.D. Lamb, J.J. Christensen, J.L. Oscarson, B.L. Nielsen,
B.W. Asay, and R.M. Izatt, J. Am. Chem. Soc., 102, 6820
(1980).

M. Kirch and J.M. Lehn, Angew. Chem., Int. Ed. Engl., 14, 555
(1975).

R.M, Izatt, R.L. Bruening, G.,A. Clark, J.D. Lamb, and
J.J. Christensen, Sep. Sci, Technol., submitted.

R.M. Smith and A.E. Martell, "Critical Stability Constants,"
Vol. 4, Plenum Press, New York, 1976.

G. Arnaud-Neu, B. Spiess, and M.J. Schwing-Weill, Helv,
Chim. Acta, 60, 2633 (1977).

R.M, Izatt, S.R. Izatt, D.W. McBride, Jr., J.S. Bradshaw, and
J.J. Christensen, Isr. J. Chem. 25, 27 (1985).

R.M. Izatt, J.S. Bradshaw, S.A. Nielsen, J.D. Lamb, and
J.J. Christensen, Chem. Rev,, 85, 271 (1985).

C.J. Pedersen, J. Am, Chem, Soc., 89, 7017 (1967).

M. Hiraoka, "Crown Compounds, Their Characteristics and
Applications," Studies in Organic Chemistry, Vol. 12,
Kodansha, Tokyo, 1982, p. 32.

R.M, Izatt, D.V. Dearden, P.R. Brown, J.S. Bradshaw, J.D.
Lamb, and J.J. Christensen, J. Am. Chem. Soc. 105, 1785
(1983).

R.M, Izatt, D.W. McBride, Jr., J.J. Christensen, J.S.
Bradshaw, and G.A. Clark, J. Membr. Sci., 22, 31 (1985).

R.M, Izatt, M.B. Jones, J.D. Lamb, J.S. Bradshaw, and
J.J. Christensen, J. Membr. Sci., in press.

R.M. Izatt, D.V. Dearden, D.W. McBride, Jr., J.L. Oscarson,
J.D. Lamb, and J.J. Christensen, Sep. Sci. Technol., 1§, 1113
(1983).



16: 55 30 January 2011

Downl oaded At:

68

26,

27.

28.

29.

30.

3t.

32.

33.

34,

35.

36.

37.
38.

39.

Lo,

W1,

42,

IZATT ET AL.

R.M, Izatt, G.A. Clark, and J.J. Christensen, J. Membr. Sci.,
in press,

R.M. Izatt, J.D. Lamb, R.T. Hawkins, P.R. Brown, S.R. Izatt
and J.J. Christensen, J. Am. Chem. Soc., 105, 1782 (1983).
S.R. Izatt, R.T. Hawkins, J.J, Christensen, and R.M, Izatt,
J. Am. Chem. Soc., 107, 63 (1985).

R.M, Izatt, G.C., LindH, G.A. Clark, J.S. Bradshaw, Y, Nakat-
suji, J.D. Lamb, and J.J. Christensen, J. Chem. Soc., Chem.
Commun,, in press,

T.M, Fyles, V.A. Malik-Diemer, and D.M. Whitfield, Can. J.
Chem., 59, 1734 (1981).

T.M. Fyles, V.,A. Malik-Diemer, C.A. McGavin, and D.M.
Whitfield, Can, J. Chem., 60, 2259 (1982),

L.M. Dulyea, T.M. Fyles, and D.M, Whitfield, Can. J. Chem.,
62, 498 (1984),

W.A. Charewicz and R.A. Bartsch, J. Membr. Sci., 12, 323
(1983).

W.A, Charewicz and R.A, Bartsch, Anal, Chem., 54, 2300
(1982). '

J. Strzelbickl and R.A. Bartsch, J. Membr. Sci., 10, 35
(1982).

R.A. Bartsch, W.A, Charewicz, and S,I. Kang, J. Membr, Sci.,
17, 97 (1984),

C.F. Reusch and E.L. Cussler, AIChE J., 19, 736 (1973).

M. Sugiura and T. Shinbo, Bull. Chem. Soc. Jpn., 52, 68l
(1979).

J.J, Christensen, S.P. Christensen, M,P. Biehl, S.,A., Lowe,
J.D, Lamb, and R.M, Izatt, Sep. Sci., Technol., 18, 363
(1983).

R.M. Izatt, M.P. Biehl, J.D. Lamb, and J.J. Christensen,
Sep. Sci. Technol., 17, 1351 (1982).

J.D., Lamb, J.J. Christensen, S.R., Izatt, K. Bedke, M.S.
Astin, and R.M, Izatt, J. Am. Chem. Soc., 102, 3399 (1980).
J.M, Lehn, in "Physical Chemistry of Transmembrane Ion
Motions," G. Spach, ed., Elsevier, Amsterdam, 1983, p. 181.



16: 55 30 January 2011

Downl oaded At:

MACROCYCLE-FACILITATED TRANSPORT OF IONS 69

43,

4y,

45,

46.

y7,

48,

kg,
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

K.B. Yatsimirskii and G.G. Talanova, Dokl. Akad, Nauk SSSR,
273, 903 (1983).

Z, Qi, T. Sasakura, and E.L. Cussler, Sep. Sci. Technol.,
in press.

R.M. Izatt, D.W. McBride, Jr., P.R. Brown, J.D. Lamb, and
J.J. Christensen, J. Membr. Sci., submitted.

T. Iwachido, M. Minami, H. Naito, and K. Toei, Bull. Chem.
Soc. Jpn., 55, 2378 (1982).

"CRC Handbook of Chemistry and Physics," 46th Ed., The
Chemical Rubber Co., Cleveland, Ohio, 1964,

J.D. Lamb, P.R. Brown, J.J. Christensen, J.S. Bradshaw,
D.G. Garrick, and R.M. Izatt, J. Membr. Sci., 13, 89 (1983).
K. Kimura, T. Maeda, and T. Shono, Talanta, 26, 945 (1979).
T. Maeda, K. Kimura, and T. Shono, Fresenius Z. Anal. Chem.,
298, 363 (1979).

G.W. Gokel, D,M. Goli, C. Minganti, and L. Echegoyen,
J. Am. Chem. Soc., 105, 6786 (1983).

G. Michaux and J. Reisse, J. Am. Chem. Soc., 104, 6895
(1982).

J.D. Lamb, R.M. Izatt, C.S. Swain, and J.dJ. Christensen,
J. Am. Chem. Soc., 102, 475 (1980). .

R.M. Izatt, D.P. Nelson, J.H. Rytting, B.L. Haymore, and
J.J. Christensen, J. Am. Chem. Soc., 93, 1619 (1971).

J.J. Grimaldl and J.M. Lehn, J. Am. Chem. Soc., 101, 1333
(1979).

P.R. Brown, R.M. Izatt, J.J. Christensen, and J.D. Lamb,
J. Membr. Sci., 13, 85 (1983).

S. Shinkai, K. Inuzuka, K. Hara, T. Sone, and 0. Manabe,
Bull. Chem. Soc. Jpn., 57, 2150 (1984).

A. Kaifer, L. Echegoyen, D.A. Gustowski, D.M, Goll, and
G.W. Gokel., J. Am. Chem. Soc., 105, 7168 (1983).

S. Shinkai, Y. Honda, K. Ueda, and 0. Manabe, Bull. Chem.
Soc. Jpn., 57, 2144 (1984),

S. Shinkai, T. Ogawa, Y. Kusano, O. Manabe, K. Kikukawa,
T. Goto, and T. Matsuda, J. Am. Chem. Soc., 104, 1960 (1982).



16: 55 30 January 2011

Downl oaded At:

70

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

.
72.

73.
Th,

75.

76.

7.

78.

79.

IZATT ET AL.

S. Shinkai, T. Minami, Y Kusano, and O, Manabe, J. Am. Chem.
Soc., 104, 1967 (1982).

S. Shinkai and O. Manabe, in "Topics in Current Chemistry,"
F. Vogtle and E. Weber, eds,, Vol. 121, Springer-Verlag,
Berlin, 1984, p. 67.

A, Hriciga and J.M. Lehn, Proc. Natl. Acad. Sci. U.S.A., 80,
6426 (1983).

K.H. Pannell, B.J. Rodriguez, S. Chiocca, L.P. Jones, and
J. Molinar, J. Membr. Sci., 11 169 (1982),

R.M., Izatt, D.V. Dearden, D.W. McBride, Jr., and J.Jd.
Christensen, unpublished results,

Y. Kobuke, K. Hanji, K. Horiguchl, M. Asada, Y. Nakayama, and
d. Furukawa, J. Am., Chem. Soc., 98, T414 (1976).

H. Tsukube, Chem. Lett., 1961 (1984),.

J. Rebek, Jr. and R.V, Wattley, J. Am. Chem, Soc., 102, 4853
(1980).

G.W. Gokel, D.M, Dishong, and C.J., Diamond, J. Chem, Soc.,
Chem, Commun., 1053 (1980).

M. Ouchi, Y. Inoue, K. Wada, and T. Hakushi, Chem. Lett.,
1137 (1984),

K.H, Wong and H.L. Ng, J. Coord. Chem., 11, 49 (1981).

T. Maeda, K. Kimura, and T. Shono, Fresenius Z. Anal. Chenm.,
313, 40T (1982).

T.W. Bell and F. Guzzo, J. Am. Chem. Soc., 106, 6111 (1984).

M. Komiyama, H. Yamamoto, and H. Hirai, Chem. Lett., 1081
(1984).

D.J. Cram, Science, 219, 1177 (1983).

J.M, Lehn, Science, 227, 849 (1985).

Yu.A. Zolotov, G.A. Larikova, V,A. Bodnya, 0.A, Efremova,
S.L. Davydova, K.B., Yatsimirskii, and A.G. Kolchinskii,
Dokl. Akad. Nauk SSSR, 258, 889 (1981).

G.A. Clark, R.,M, Izatt, and J.J. Christensen, Sep. Sci,
Technol., 18, 1473 (1983).

W.F. Kinard, W.J. McDowell, and R.R. Shoun, Sep. Sci.
Technol., 15, 1013 (1980).



16: 55 30 January 2011

Downl oaded At:

MACROCYCLE-FACILITATED TRANSPORT OF IONS

8o.
81.

82.
83.

84.
85.

86.

87.

88.

89.

90.
91.

92,
93.

94,
95.

96.

71

W.J. McDowell, G.N. Case, and D.W. Aldrup, Sep. Sci.
Technol., 18, 1483 (1983).

R.A. Bartsch, J. Grandjean, and P, Laszlo, Biochem.
Biophys. Res. Commun., 117, 340 (1983).

Z. Qi and E.L. Cussler, J. Membr. Sci., 19, 259 (1984).

E. Pretsch, D. Ammann, and W. Simon, Res. Dev., 22, 20
(1974).

M. Yoshio and H. Noguchi, Anal. Lett., 15, 1197 (1982).

W.C. Babcock, R.W. Baker, D.J. Kelly, and E.D. LaChapelle,
International Solvent Extraction Conference, ISEC '80, Liege,
Belgium, 6-12 September, 1980.

K.L. Smith, W.C. Babcock, R.W. Baker, and M.G. Conrad, in
"Chemistry In Water Reuse," W.J. Cooper, ed., Ann Arbor
Science Publishers, Inc., Ann Arbor, Michigan, 1981, p. 311.
J.,D. Lamb, R.M. Izatt, P.A. Robertson, and J.J. Christensen,
J. Am. Chem. Soc., 102, 2U52 (1980).

R.M. Izatt, R.M. Haws, J.D. Lamb, D.V. Dearden, P.R. Brown,
D.W. Mcbride, Jr., and J.J. Christensen, J. Membr. Sci., 20,
273 (1984).

R,M. Izatt, D.V. Dearden, E.R. Witt, D.W. McBride, Jr., and
J.J. Christensen, Solvent Extr. Ion Exch., 2, 459 (1984).
T.H. Maugh II, Science, 193, 134 (1976).

M. Gokalp, K.T. Hodgson, and E.L. Cussler, AIChE J., 29, 144
(1983).

M. Newcomb, J.L. Toner, R.C. Helgeson, and D.J. Cram,
J. Am. Chem. Soc., 101, k941 (1979).

R.M. Izatt, B.L. Nielsen, J.J. Christensen, and J.D. Lamb,
J. Membr. Seci., 9, 263 (1981).

M. Gokalp and E.L. Cussler, J. Membr. Sci., 11, 53 (1982).

F. de Jong, A. van Zon, D.N. Reinhoudt, G.J. Torny, and
H.P.M. Tomassen, Recl. Trav. Chim. Pays-Bas, 102, 164 (1983).
M. Hiraoka, "Crown Compounds, Their Characteristics and
Applications," Studies in Organic Chemistry, Vol. 12,
Kodansha, Tokyo, 1982, p. 206,



16: 55 30 January 2011

Downl oaded At:

72

97.

98.

IZATT ET AL.

R.M. Izatt, J.D. Lamb, D.J. Eatough, J.J. Christensen, and
J.H. Rytting, in "Drug Design," E.J. Ariens, ed., Vol. 8,
Academic, New York, 1979, p. 355.

M. Hiraoka, "Crown Compounds, Their Characteristics and
Applications," Studies in Organlc Chemistry, Vol. 12,
Kodansha, Tokyo, 1982, p. 203



