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COMPARISON OF BULK, EMULSION, THIN SHEET SUPPORTED, AND HOLLOW FIBER
SUPPORTED LIQUID MEMBRANES IN MACROCYCLE-MEDIATED CATION SEPARATIONS

R.M. Izatt, J.D. Lamb, and R.L. Bruening
Department of Chemistry

Brigham Young University

Provo, Utah 84602

ABSTRACT

The advantages, disadvantages, and possible appli-
cations of macrocycle-mediated bulk, emulsion, support-
ed and hollow fiber liquid membranes have been investi~
gated. The relative transport rates of the alkali
metal cations and of Zn{(II), Cd(II) and Hg(II) in sin-
gle and competitive cation experiments are studied and
compared in the different membrane types. The four
membrane types demonstrate similar selectivities but
significantly different cation fluxes under comparable
conditions using analogous macrocyclic carriers, The
degree of distribution of the macrocycle to the organic
membrane which 1is necessary for significant transport
varies dramatically among the membrane types, each of
which requires unique solvent characteristics. In the
experiments, either 18-crown=~6, dicyclohexano-18+~crown~
6, or 4,%'(5)bis(1~hydroxyheptylcyclohexano)=-18-crown=-6
were incorporated into bulk {(chloroform, methylene
chloride), emulsion (toluene), supported (phenylhexane)
and hollow fiber (phenylhexane or 1-~octanol) liquid
membranes with the membrane solvents shown in
parentheses.

INTRODUCTION
Macrocyclic compounds such as the crown ethers have been the
subject of intensive research in recent years due to their selective

interactions with particular cations (1). One way of exploiting the
selectivity of macrocycles to make separations is to use them as
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18-Crown-6
bis-{1-hydroxyheptyl)DC18C6
Figure 2. Macrocycles studied

cation carriers in liquid membranes, We and others have reported
the incorporation of several macrocycles into emulsion and bulk
liquid membranes (2-6). More recently, we have also successfully
included macrocyclic carriers into thin sheet and hollow fiber sup-
ported liquid membranes (7,8). These four liquid membrane types are
illustrated in Figure 1. The experimental procedure for each has
been described in detail (7-10).

In this paper, the four membrane types in Figure 1 are compared
with respect to cation selectivity and permeability, potential areas
of application, ease of use, accuracy of data obtained, and other
parameters. Furthermore, the reliability of predicting the trans-
port behavior of a particular macrocycle in one membrane type from
that observed in another type is discussed. Separations among alka-
11 metal ions and among Zn(II), Cd(II), and Hg(II) using 18-crown-6
analogs are used to illustrate these principles. The discussion is
restricted to neutral macrocycles, although results to date suggest
that similar arguments can be made for proton-ionizable macrocycles.

CROWN ETHER SELECTIVITIES FOR ALKALI CATIONS

Bulk Liguid Membrane(BLM) System

Members of the crown ether class of macrocyclic compounds in-
teract selectively with particular alkali metal cations primarily
according to the fit of the cation into the crown cavity. This type
of selectivity has been observed in homogeneous solution (1), sol-
vent extraction (5,11), and liquid membrane systems (7,8,12-14).
The separations of X* and Cs* from the other alkali cations using
18~crown~6 and 21=~crown=-7 (Figure 2), respectively, in BLM are il-
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TABLE 1

Competitive Alkali Cation Fluxes? Through Bulk Liquid
MembranesP® Containing 18-Crown-6 or 21-Crown-7

18-Crown-6 Fluxes 21-Crown-7 Fluxes
Second Ionic Second Second
Cation Radius {(A)C¢ Cation K+ Cation Cs*
Li* 0.76 1 382 0.2 150
Na¥* 1.02 9 297 4.4 154
K* 1.38 - - 138 166
Rb* 1.52 138 384 161 187
Cs* 1.67 28 239 - -

dMoles-s™'-m 2-10%. DExperiments in 0.5 M NO3~ salts of two cat-
ions/0.001 M macrocycle in CHC13/Hp0 bulk liquid membranes (12,13).
CRef. 15,16. The macrocycle cavity radii are 1,34-1.43 and 1.7 A
for 18-crown-6 and 21-crown-7, respectively (17).

lustrated in Table 1. The fits of K' into 18-crown-6 and Cs* into
21-crown-7 are quite good and fluxes are highest with these cations
(12,13). As expected, the selectivity is greatest when the size of
the competing cation is furthest from the macrocycle cavity size.
These sizes are also given in Table 1. Although the BLM is able to

provide information concerning the liquid membrane selectivities
that can be obtained with macrocycles, transport is quite slow and
the system is not amenable to commercial scale-up and use. Hence,
the BLM has been used mainly as a screening device to ascertain the
cation selectivity of a macrocyclic carrier. Subsequently, carriers
which demonstrate interesting selectivity characteristics can be in-
vestigated in more practical membrane types such as those described
below.

Other Membrane Systems

1. Hydrophobic solvent and substituent group requirements

The alkali metal, crown ether size related selectivities ob-
served in BLM can also be obtained in the other liquid membrane sys-
tems shown in Figure 1, However, usually the macrocycle structure
must be modified before it can be used in the other membranes. Spe-
cifically, in order for the crown ether to remain in the membrane
phase of these other membrane types, hydrophobic substituent groups
must be added to the macrocyclic backbone for two reasons, First,
the ratio of aqueous to organic volumes in these latter membranes is
much larger than in the BLM. These volume ratios are given later as
part of Table 6. Second, the volume ratios of these other systems
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TABLE 2

The Effect of Solvent on Thin Sheet Supported
Liquid Membrane Stability.

Boiling Water
Membrane Point@ SolubilityP Membrane
Solvent (°C) (wt. %) Stability®
Chloroform 61.7 0.71 Minutes
Toluene 110.6 0.063 Hours
Dichlorobenzene 180.5 0.0145 Hours
Phenylhexane 227 d Stable

dRef. 22. PRef. 23. CRef. 7. 9No value reported.

require the use of a more hydrophobic membrane solvent in order to
maintain membrane integrity. As the membrane solvent becomes more
hydrophobic and the ratio of water to membrane volume increases,
substituent groups of greater hydrophobicity must be added to the
macrocycle in order to maintain the ligand in the organic membrane
(18,19). Studies in both the BLM and emulsion (ELM) systems (10,20)
have shown that the addition of alkyl and cycloalkyl substituent
groups increase the hydrophobicity of the macrocycle with minimal
reduction of its complexing ability. On the other hand, benzo,
vinyl, and other electron withdrawing substituent groups reduce mac-
rocycle complexing power, as confirmed by measurements in homogene-
ous solution (1). Hence, the alkyl and cycloalkyl substitution is
preferred.

The necessity of using extremely hydrophobic solvents to main-
tain membrane integrity is most obvious in the Thin Sheet Supported
Liquid Membrane {(TSSLM) where the aqueous to organic volume ratio is
= 1333, In Table 2, the timed length of TSSLM stability is shown as
a function of solvent volatility and, most importantly, aqueous sol-
ubility. The water solubility of phenylhexane is extremely low, but
has not been measured. The extended alkyl chain in comparison to
toluene gives phenylhexane these properties. The less hydrophobic
solvents toluene and T1-octanol have been used successfully in ELM
(11:1) and the Hollow Fiber Supported Liquid Membrane (HFSLM)
(80:1), respectively, due to the smaller volume ratios shown in
parentheses, Of course the stability of the emulsion itself must
also be considered in ELM design. Finally, it should be remembered
that all of the membranes can ultimately become unstable if the
aqueous to organic volume ratio and/or the osmotic pressure differ-
ential between the aqueous phases are too large (21). Surface
activity or acidity of the membrane solvent and other factors can
also be important to membrane stability (21).
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TABLE 3

KNO3 Transport Through a Thin Sheet Supported Liquid Membrane? as a
Function of 18-Crown-6 Type Macrocycle Distribution Coefficients

Partition KNO3
Macrocycle Coefficient Flux?
DC18CH 13.3¢ <1
(t~-Bu),DC18CH >999¢ 360
RoDC18C64 15,0008 360

dTransport in a 0.1 M KNO3/0.05 M macrocyele in phenylhexane on
Celgard 2400 polypropylene support/H>0 thin sheet supported liquid
membrane (7). Pmoles.s.m™2-10'0, CDistribution between toluene and
Ho0 (10). dR = 1-hydroxyheptyl. ©Distribution between phenylhexane
and HpO (24),

The requirement for macrocycle hydrophobicity 1is most pro-
nounced in the TSSLM. In Table 3, the transport of K% by macrocy-
cles containing the 18-crown-6 core (Figure 2), but with varying
amounts of hydrophobic bulk are compared. The need for combined
cyclohexyl and alkyl substitution to maintain the ligand in the mem-
brane is obvious. By comparison, in the ELM (toluene) and HFSLM (1-
octanol) systems which have less strict hydrophobicity requirements,
K* transport can be obtained with DC18C6, but not with 18C6 (8,18).

2. Similar selectivities

While the membrane solvents and hydrophobic macrocycle substi-
tuents required for the various membrane types differ, the select-
ivities observed with the same crown ether core are quite similar.
In fact, when only the membrane configuration is changed, as with
the TSSLM vs. the HFSLM, identical selectivities are observed for
bis{hydroxyheptyl)DC18C6 as is shown in Table U, The similarity
between the systems is remarkable. These selectivities also compare
well with those for 18C6 in the BLM (Table 1) and for DC18C6 in ELM
(Table 5) systems, even though the solvents and macrocycles differ,

The ELM system is unique among those studied in that the source
phase is ten times greater in volume than the receiving phase.
Hence, the presence of a complexing agent in the aqueous receiving
phase is necessary in order for more than 10% of any species to be
transported. The use of hydrophilic macrocycles as receiving phase
reagents for alkall cations is of interest since few reagents inter-
act to such a large degree with these cations. The lack of trans-
port enhancement using P207”’ in Table 5 is an example of this. The
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TABLE 4

Competitive Transport of Alkali Cation Nitrates in Thin
Sheet (TSSLM) and Hollow Fiber Supported (HFSLM) Liquid
Membranes Containing RpDC18C62

FluxD?

Cation TSSLMC HFSLMA
Li* 0 0
Na‘t 5.9 56

K* 350 3400

dR = 1-hydroxyheptyl. DFlux (moles-s !«m 2:1019)

CTransport in a 0.1 M LiNO3, NaN0Oj3, and KNO3/0.05 M macrocycle in
phenylhexane on Celgard 2400 polypropylene/Ho0 liquid membrane (7).
dTransport in a 0.5 M LiNO3, NaNO3, and KNO3/0.5 M macrocycle in
phenylhexane on Celgard polypropylene/Ho0 liquid membrane (8).

TABLE 5

KNO3 vs. NaNO3 Transport in an Emulsion Liquid Membrane®
as a Function of Receiving Phase Complexing Agent

Time

Complexing Elapsed % Transport

Agent (min.) K* Na*
None 30 9 0
LiyP070 30 1 2
18-Crown-60 10 0 0
{COoH)418-Crown-6°€ 10 17 1
(COoH)y18-Crown-6¢ 30 95 34

ap 0.001 M KNO3 and NaNO3/0.02 M dicyclohexano-18-crown-6 in
toluene, 3% v/v sorbitan monooleate/receiving phase membrane (14),
bg,05 M, ©0.02 M,

data in Table 5 also show, however, that the macrocycle must be ex-
tremely hydrophilic (L.g, the depronated carboxylic acid crown--see
Figure 2) or it will quiekly equilibrate (i,e., 18-crown-6) through
the organic membrane between the two aqueous phases. When this is
so, the membrane ligand must compete with the aqueous ligand for a
hydrophilic cation and the transport rate is greatly reduced.

3. Different transport rates

Although the use of the same macrocyclic core yields similar
selectivities in different membrane systems, changes in solvent,
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TABLE 6

Comparison of KNO3 Transport Rate, Flux, and Normalized?® Flux
Using 18-Crown-6 Analogs and Volume Ratios, in Various
Liquid Membrane Types

Membrane Type

BulkP Emulsion® TsSLMd HFSLME
Transport Ratefl 3.2/4,0 5280 0.728 483
Flux8 633/780 - 5.3 35
Normalized®@ Flux 299/369 ~-- 1.0 1.2
Volume Ratioh 1.9 11 1333 4o

dMoles 2+1 33 T.m <-10%., Flux divided by the ligand concentration,
KNO3 activity squared, supported membrane porosity, and a geometri-
cal factor (25) for the HFSLM in order to make comparisons of planar
and cylindrical membrane geometries. For a 1.0 M KNO3 (0.8
ml)/0.001 M 18C6 in CHC13(3 ml)/Hx0 (5 ml) system. For the second
values given, DC18C6 was the macrocycle used (20). CFor a 0.001 M
KNO3 (9 m1)/0.02 M DC18C6 in toluene (0.9 ml) and 3% v/v Span 80/Hp0
(0.9 ml) system (14). The difficulty of measuring the membrane
surface area makes flux calculation inaccurate. KNO3 transport via
18C6 was minimal. 9For a 0.1 M KNO3 (200 ml)/0.1 M bis(hydroxy-
heptyl)DC18C6  in phenylhexane (0.3 ml) on Celgard 2400 polypro-
pylene/Hp0 (200 ml) system (7). KNO3 transport via 18C6 and DC18C6
was minimal, ©®For a 0.5 M KNO3 (200 ml)/0.5 M bis(hydroxyheptyl)-
DC18C6 in phenylhexane (5 ml) on a Celgard poly-propylene module/Hp0
(200 ml) system (8). KNO3 transport via 18C6 or DC18C6 was minimal.
The geometrical data on the HFSLM system used has been reported (8).
fMoles-s™1+1010, EMoles.s™1.m™2.108. Daqueous to organic volumes
(7,8,12,13,26).

macrccycle hydrophobicity, membrane thickness, volume ratios, mem~
brane surface area and species concentrations can drastically alter
the rate of cation transport and/or flux. This principle is illus-
trated in Table 6. The transport rates are primarily a function of
membrane surface area for which the order is ELM>>HFSLM>>TSSLM>BLM.
The large transport rate in the ELM is particularly impressive when
considering the fact that the species concentrations are much lower
than in the other systems. In the flux values, however, the surface
area factor has been divided out. Furthermore, normalized flux
values have been corrected for differences in macrocycle concentra-
tions and KNO3 activities. The more hydrophilic solvent used in the
BLM enhances its K% flux greatly relative to that of the supported
membranes (18,19). The normalized fluxes for the supported liquid
membranes, however, are almost identical. This is to be expected
since the same solvent and macrocycle were used and the membrane
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TABLE 7

Extraction Equilibrium Constants and Macrocycle
Partition Coefficients as a Function of Solvent
Type with Dicyclohexano-18-Crown-6 as Macrocycle

Partition Log Key?
Solvent Coefficientd Pbe* Sp2* K*
CHoCl, 713 5.4 3.3 2.3
CHC13 454 5.1 3.2 1.9
CCly 108 2.1 <0.1 0.1
C2HuClz 196 5.3 3.2 2.3
C2H2Cl)4 90 4.8 3.3 2.6
Toluene 13 3.9 0.9 0.2

4Constant for Ligand,y = Ligandypg partitioning (27). PConstant for
macrocycle(opg) + cation (NO3)pn(aq) = complex(eopg) interaction (11).

thickness is the same. In comparing the supported liquid membranes
to the BLM and ELM, it should also be remembered that there is tor-
tuosity to the pathlength of the supported membranes. This tortuos-
ity has not yet been accurately measured for the celgard membranes
under study. In Table 7, the effects of changing solvent on macro-
cycle partitioning and selectivity for particular cations are illus-
trated. The extraction equilibrium constant differences between two
of the cations in various solvents, where co~anion and concentration
effects are normalized, are slight while the extraction magnitude
for the cations varies greatly. Furthermore, the partitioning of
the same macrocycle between membrane and aqueous phases varies as a
function of solvent with the greatest membrane retention occurring
with the least hydrophobic membrane solvents, Finally, if identical
membrane pathlength, membrane solvent, and macrogycle type could be
used in each of the different membrane types, identical fluxes would
be expected.

CO-ANION EFFECTS ON Cd(II1), Zn(II), Hg(II) SEPARATIONS

When neutral macrocycles are used to transport cations, anions
must accompany the cation-macrocycle complex in order to maintain
electrical neutrality. Hence, the extraction of the anions can play
a large role in determining both transport rates and selectivities.
The effect of anions on transport is two~fold. First, the less hy=
drophilic the anion the greater the rate of transport (26,27,28).
This factor is independent of the cation. 1In this way, anion hydro-
philicity affects cation transport rates similarly, but does not
affect selectivity. Second, the interactions between cations and
anions do affect selectivity. The difference in neutral cation-
anion ion pair concentration between 1liquid membrane source and re-
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TABLE 8

Use of Co-Anion Type and Concentration to Separate Zn(11),
Cd(II), and Hg(II) Using 18-Crown-6 Derivatives in
Emulsion and Supported Liquid Membranes

Selectivity
Cation 1/Cation2
Anion/[Anion]@ Cationl/a,P  Cation2/q5P Emulsion®  Supportedd

SCN™/0.4 Cd/0.47 Hg/9 x 1075 75 w€
SCN™/0.004 cd/2 x 1074 Hg/s0.18 0e 0.026
SCN™/0. 4 Cd/0.47 Zn/0.26 1.8 2.0

Br=/0.3 €d/0.3 Zn/f X €

dAnion concentration in moles/l, DThe fraction of the total amount
of cation present as a neutral ion pair, Calculated using equili-
brium constants for cation-anion interaction (32). CTransport in a
0.001 M in both cations/0.02 M DC18C6 in toluene/Hy0 emulsion liquid
membrane (26). JAverage transport in 0.5 M in both cations/0.5 M
bis(hydroxyheptyl)DC18C6 in phenylhexane on Celgard polypropylene/
H>0 thin sheet and hollow fiber supported liquid membranes (8,31).
Transport of the non-selective cation was undetectable, fcation-
anion interaction is below detection limits.

ceiving phases has been found to be proportional to the rate of
transport for a particular system. The system is defined by the
particalar cation, anion, macroecycle, and solvent combination used.
If the receliving phase ion pair concentration is held near zero, the
proportionality expression only includes the source phase concentra-
tion term (29,30).

Unlike the case of the alkall cations with NO3', the interac-
tions of other anions and cations can be strong and can vary drama-
tically. In these latter cases, source phase anion types and con-
centrations can be controlled to effect important separations. An
example of such selectivities for the Zn, Cd, and Hg family is given
in Table 8. The TSSLM and HFSLM selectivities are listed as aver-
ages since they are within 1% of each other in each case. Analogs of
18~crown—-6 containing sufficient hydrophobic bulk for the parti-
cular membrane system were used, The order of interaction of these
macrocycles (Hg(II) > Cd(II) = Zn(II)) in both solvent extraction
(31) and homogenecus solvent (26) measurements is identical, If the
macrocycle was the only factor in determining selectivity, this
would always be the selectivity order. In this respect, the highly
selective transport of Cd(Il) over Hg(II) is remarkable when 0.4 M
SCN™ is present in the source phase so that Hg(SCN)u2‘ and Cd{SCN),
are the primary specles present., By contrast, the expected macro-
cycle selectivity order, Hg(II)>Cd(II), is obtained with 0.004 M
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SCN™ where Cd2* and Hg(SCN), are the primary species in the source
phase. Furthermore, the 2:1 Cd over Zn selectivity with 0.4 M
SCN™ is due solely to the slight difference in affinity of the
cations for SCN”. The large Cd over Zn selectivity with Br™ is an
example of how proper choice of scurce phase anion type and concen-
tration can be used to make nearly quantitative separations using
non-selective macrocycles as carriers. The similar Cd, Zn, and Hg
selectivities with the different membrane types are further evidence
of how macrocycles containing similar cores, but different alkyl and
cycloalkyl hydrophobic substituents show similar selectivities.

MEMBRANE SYSTEM ADVANTAGES AND DISADVANTAGES

Now that the important differences among the various membrane
systems have been illustrated we can examine their advantages and
disadvantages.

Bulk liquid membrane (BLM)

The BLM is an excellent system for screening macrocycle car-
riers, but its wutility stops at that point. This statement i1s sup-
ported by the particular advantages and disadvantages of the system.
The system requires small amounts of materials and the aqueous to
organic volume ratio is only 2:1. Hence, somewhat hydrophilic mem-
brane solvents and macrocycles can be used. Macrocycle core struc-
tures can thus be tested before the more difficult task of synthe-
sizing highly-substituted hydrophobic analogs is wundertaken. How-
ever, the bulk system is not commercially viable, transport rates
are small, relatively large data standard deviations are observed,
and it is difficult to sort out surface active effects in the
system,

Thin sheet supported liquid membrane (TSSLM)

This system is easy to model due to the relatively small stand-
ard deviations in the data obtained and the regular geometry of the
TSSLM. Hollow fiber membrane data taken under similar conditions
are readily predicted from TSSLM data. However, there are several
disadvantages: transport rates are small; extremely hydrophobic
solvents and macrocycles are required; surface effects can foul the
support; and the system is not commercially viable.

Emulsion liquid membrane (ELM)

This system has a very thin membrane and immense surface area
with rapid transport being the result. Surface activity involving
any ligands is relatively unimportant since an emulsion is already
present. Desired species can be concentrated from the source to the
receiving phase because of the ratio of volumes of the two water
phases. In order to obtain these advantages, a moderately hydro-
phobic membrane solvent and macrocycle along with a receiving phase
complexing agent must be used. Furthermore, the effect on emulsion



13: 01 25 January 2011

Downl oaded At:

1656 IZATT, LAMB, AND BRUENING

stability of factors such as pH, ionic strength, and physical torces
must be closely monitored. The most important industrial disadvan=
tage of the ELM is the need to break the emulsion to recover the
receiving phase.

Hollow fiber supported liquid membrane (HFSLM)

The surface area and membrane thickness of this system yield
rapid transport, although not as rapid as the ELM system. This sys-
tem has the engineering advantage of easy introduction of source and
receiving phases to the system. However, fouling due to surface ef-
fects and the necessity of using quite hydrophobic solvents and dif-
ficult-to-prepare hydrophobic macrocycles are important disadvan-
tages.

CONCLUSIONS

Macrocycle—mediated cation separations can be made using liquid
membranes. Although only the emulsion and hollow fiber supported
liquid membrane systems have potential commercial use, the bulk and
thin sheet supported systems give excellent predictions concerning
which macrocycle structures are needed to make a desired separation.
In particular, all four systems yleld similar cation selectivities
when the same core macrocycle is used. However, cation fluxes and
transport rates are highly dependent on membrane solvent and surface
area, respectively. Finally, the hydrophobicity required of a macro-
cyele for use iIn a particular membrane system is greater for
greater aqueous to membrane volume ratios and/or more hydrophobic
membrane solvents,
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