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This report was prepared as an account of work sponsored by the United
States government. Neither the DOE nor any of their employees, nor any of
their contractors, subcontractors, or employees, makes any warranty, express
or implied, nor assumes any legal liability or responsibility for the accur-
acy, completeness or usefulness of any information, apparatus, product or
process disclosed, or represents that its use would not infringe privately

owned rights.

I. PROJECT OBJECTIVES

Since the inception of the project, the overall objective has been to
investigate the use of liquid membrane systems employing macrocyclic ligand
carriers in making separations among metal cations. Our approach to the
accomplishment of this objective was to define features of the system which
determine the magnitude of the cation flux through the liquid membrane and to
relate these features in as quantitative a manner as possible to the cation
flux. It was intended that this modeling effort would lead to increased
ability either to select or to design membrane systems to optimize the flux of
specific cations across liquid membranes and to the design of experiments to
obtain the data needed to understand the means by which specific cations are
transported selectively across such membranes. The progress made in accom-
plishing these objectives during the past four years is summarized in the

following section.

II. SUMMARY OF RESEARCH RESULTS FOR THE PERIOD 1 SEPTEMBER 1978
THROUGH 31 JULY 1982.
A. SUMMARY OF ACTIVITY
During the project period of 1 September 1978 - 31 July 1982, the fol-

lowing activities with respect to publication, presentation, and student

involvement were accomplished.

1. Number of refereed papers published . . . . . . . . . . . 12

2. Number of refereed papers in press . . . ." . . . . . . . . 3

3. Number of papers submitted, but not yet accepted for
publication

4. Number of manuscripts being'prepared for publication .

Number of presentations made at regiomal, national, and .

international meetings . . . . . . . . . . . . . . . . . . 24



6. Number of seminars presented either in universities or to
industrial groups . . . . . . . . . . . . . . . e . .« . . 13

7. Number of undergraduate students involved on project . . . 15

8. Number of graduate students involved on project . . . . . 7

9. Number of faculty involved on project . . . . . ., . . . . 7

B. SELECTION OF EXPERIMENTAL CONDITIONS
At the beginning of the project we found that relatively little was known

concerning macrocycle-mediated selective transport of cations in liquid mem-

brane systems. We selected for study a H, 0-CHC1l,-H_O liquid membrane since
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carrier-mediated cation transport in these membranes had been shown to occur
1,2

and had been partially characterized by others. The appearance of the
metal ion in the receiving phase was monitored using a Perkin Elmer Model 603
atomic absorption spectrophotometer. The material which follows is a summar&
of our work during the first four years of the project. Greater detail and
more complete discussion of specific results are found in our published papefs
which are referred to in the text and are listed in Section V.B.

Our first effort was to characterize the HZO-CHCIQ-HQO liquid membrane

system with respect to the effect on cation transport rate of salt concen-
PSR el

tration and anion 7type. We found appreciable effects in both cases. 1In

ti-ons.3 Transport in the system was diffusion controlled and all experiments
were performed at a constant stirring rate. We found that a steady state was
reached rapidly and that cation flux was constant over a period of several
days. The variation of the log of the K+ transport with the log of the K
activity was found to be linear with slope = 2 up to a K+ activity of approx-
imately 1 for KCl, KSCN, KI, and KNO,. A typical plot for KNO

3 3
Figure 2.3 Cation transport was found to depend to a remarkable degree on

is given in

anion type. Furthermore, this dependence was found to be directly related to

the free energy of partitioning of the anion between water and CHC13. The
latter quantity was approximated as the free energy of transferring the anion

from the gas phase to the aqueous phase, AGng, for which values were avail-

) +
able for most anions studied. In Figure 3 is given the variation of K trans-
port as a function of anion arranged in order of anion effectiveness.3 It is

seen that there is a variation of approximately eight orders of magnitude in

o
the K transport rate. In Figure 4 is plotted the transport rate vs _AGg+w'3
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This plot shows that a linear correlation exists between transport rate and
hydration energy. These results demonstrate the importance of the anmion in
determining transport rates and the importance of using a common anion in
comparing transport rates. It should be possible to exploit this anion effect
in that the transport of cations may be turned on or off simply by altering
the anion present in the source phase. In addition, this anion effect may
have potential in separating or detecting anions themselves. For example, it
has been suggested to us by personnel at Battelle Northwest that separations
of TcOa- might be feasible using this procedure.

We next made a smaller version of the liquid membrane cell which is
depicted in Figure 5.4 Transport data taken with this smaller cell were found
to be equivalent to those determined using the larger cell, but much less
material was required and several cells could be operated using a common
magnetic stirrer. Repeated determination of the same system allowed us to
estimate the uncertainty of the measured transport data to be *20% or better.
We chose nitrate salts for further study because their transport rates were -
appreciable and they were readily obtained in pure form for the metals we
desired to study. A stirring rate of 120 rpm was selected and 24 hours was
chosen for the length of each experiment because this time interval allowed
sufficient time for easily measureable amounts of each metal to be trans-
ported. In addition, this was a convenient time interval for setting up and
taking down experiments. The total metal ion concentration in the source
phase was 1M in the beginning of each experiment.

c. DEVELOPMENT OF A MATHEMATICAL MODEL FOR CATION FLUX

It had been shown by earlier workers that there was a relationship be-

tween transport rate and the equilibrium constant (K) for formation of cation-

»D

ligand complexes. In addition, an equation relating transport to several

experimental parameters had been developed by Reusch and Cussler.1 No equili-
brium constants were available for CHCl3 solvent, but we and others had detzr;
mined a large number of these values which were valid in CH3OH solvent. ’
Thus, an attractive possibility involved the attempt to relate cation flux to
log K(CH3OH) if log K(CHSOH) values could be used to approximate log K(CHC13)
values. There are two problems associated with this approximation. First,
the magnitudes of the log K values in CH3OH and CHCl3 are likely different.
However, this difference may be expected to be constant, or nearly so, for

similar cations of a given ionic charge such as alkali metal cations. Because
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of increased bond covalency, cations of higher charge (i.e., alkaline earth
cations) or of different type (i.e., Ag+,T1+) may not be comparable to corres-
ponding alkali metal ioms. Second, ion pairs will predominate in CHCl3 or
similar low dielectric constant solvents whereas solvated cations are the main
species in H20 and CH30H. Thus, the reaction in solvents of low dielectric
constant is that of the ion pair (i.e. MX) with the macrocycle.

Our initial approach to modelling cation flux in our bulk liquid mem-
branes was to build on the work of Reusch and Cussler1 who proposed equation
(1) to describe macrocycle-mediated cation flug in the similar membranes used
by them.

J, =D kKL MZ2/2 (0
M c T 1
Where JM = total flux of the diffusing solute across the membrane
D = diffusion coefficient of the free solute

c
k = partition coefficient of the solute between water and
the organic membrane liquid

K = equilibrium constant for the association of the ion pair
with the macrocycle in the membrane

LT = total concentration of complexed and uncomplexed carrier
in the membrane
M1 = concentrations of the diffusing solute in the solutions

adjacent to the membrane

£ = membrane thickness

We were particularly interested in correlations of log K(CH,OH) with JM since

3

a large number of log K(CH,OH) values were available and JM could be measured

3
rapidly for various metal ion-macrocycle combinations using our small liquid

membrane cells. During the first two years of the project, we measured a

large number of J, values for cation-macrocycle combinations for which log

M

K(CH3OH) data were available. Equation (1) indicates that JM should be dir-

ectly proportional to K for cation-ligand interaction in the organic solvent
which was CHCl3 in our case. However, as mentioned before, no lug K(CHC13)
values were available. We demonstrated earlier that log K(HZO) and log
K(CH3OH) values for a large number of Mn+-macrocyc1e interactions differ by
approximately 3 log K units with the log K(CH3OH) values being the larger.7
We now made the assumption that a similar constant log K difference existed
between CH_,OH and CHCl vs log K(CH3OH)

3 3, M
for several metal ions.4 A large number of macrocycles were involved in this

In Figure 6 are shown plots of J



study which confirmed that a log K(CH3OH) region existed for each metal iom in
which optimum transport occurred. The ascending portion of the curve can be
understood by assuming that complex stability is related directly to parti-

tioning of the cation into the CHC1l, by the macrocycle, i.e. the larger log K

is, the more effective is the partitioning. On the other hand, the descending
portion of each curve is understood by assuming that as log K increases, less
metal ion is released to the receiving phase resulting in decreased transport.

The equation of Reusch and Cussler (Eq. 1) was found to be effective in
describing the ascending portion of the curves in Figure 6, but failed to
predict the descending portion. We modified this equation to give the equa-
tion shown in Figure 7a.4 Values for the terms in Figure 7a are given in the
second column of Table 1. This model successfully predicted both the as-
cending and descending portions of the curves as demonstrated in Figure 8
where JM is plotted vs. log K(CHSOH). The equation in Figure 7a was formu-
lated by considering the membrane system to be represented by the process
given in Figure 9. A complete description of the process represented in
Figure 9 is found in references 4 and 11. Two important quantities in this
model for which data are not available are iog K(CHC13) and partition coef-

ficients for the various species between water and CHCl Attempts to opti-

mize the JM-log K fits for plots like those in Figure 8 giing the VAX computer
convinced us that better JM-log K data fits, particularly in the multiple
cation systems discussed below and where metal ions other than alkali and
alkaline earth cations are involved, would be obtained if 1log K(CHC13) and
partition coefficient data were available. For this reason, one objective of
our research for the next contract period is to obtain log K and partition
coefficient data valid for solvents of low dielectric constant.

The transport data used in the construction of the plots in Figure 8 and
similar plots of other cations were published separately.12 Apart from their
use in developing the cation tramnsport model, these data are of interest
because they have provided experience in correlating cation transport rates
with a significant number of ligand structural features, cation charge and
type, and ligand solubilities in CHCl3 and water. The reader is referred to

the original articles for details with only a brief summary being given here.

+ + + + + + +
The metal salts used were the nitrates of Li , Na , K, Rb , Cs , Ag , Mg2 R

Ca2+, Sr2+, B32+, 2

and Pb~ . The macrocycles used are shown in Figure 10. It
was found that among ¢rown ethers and cryptands with cavities no larger than



10

/ \
n H
. ) i , (i
L. DCP\[.T (k(H1 (JNQI/DW)) (JHQZ/DI) ) (MS + (al/az)(JHﬂ6/Dw)) + (al/az)(JMQS/DI)
M o S
- - 1+
2, + (a,/a,)2, U+ K(k(H -(J2,/D))) (Jy2,/0) K(k(M8 + (a,/3,) (I8 /DN + (31/82)(JMQS/D[)
(a)
. n :
; Dee¥elr "\ {7 kel e Upe /O L ~ Tuetae/rg )
- . nf ns_
" 2yv(ay/2))8, 1K L () g=Jyy 2,/0¢) gy e/ Dy IR Lk (1 (mJy 27D -0y 2y 1D

"Lela /a,) Uy pte /0 )

kelMg et(a)/2)) (Jy 2e/00 )] netse

f ns
HKf(kfmsf’(‘1/"2)(Jnf26“’wf)]n +(ala,) Uy 2o /Dy ] + K (K (Mg (2 /3,) Uy 27D, V17 4o /3,3 (Fy 2670 )]

(h)

Figure 7. Equation Correlating Cation Flux (J,,) with Various System Parameters

(a).” Equation Describing Cation Fpux (J,,) in Two-Cation Systems as
a Function of Various System Parameters Eb). Terms are Defined in
Table 1. This Equation is Readily Extended to Multiple Cation
Systems.
600 T T 600 T
K S, Ad
400 - 400 =
’12 o] ﬁz
200 | R 200 ° 1
o
oQ 49/ 1 1\ 1 N
1 S 9 13 1 5 13
tog K Log X
600 T T 600 T T
S 8a
400 " 400 1
“)2 ﬂz
200 | . " 200k i
[P | : fl o
1 5 9 13 1 5 9 13
Log K Log K

Figure 8. J,, as a Function of Log K.4 Points are taken from Experimental J
and Log K Values. Solid Curve Calculated using Equation in Figure
7a.



11

TABLE 1

Values of Parameters for Data Fits in Figures 8 and 11

Parameter Value (Eq. in Fig. 7a) Value (Eq. in Fig. 7b)d

.0 mM

.0 M for K+, Rb+, and Sr2+ 0.5 M for all catioms
.30 M for Ba’'

.245

1
1
0
0
1.0 mM
1
1
1
0
0

=
ot

.57x10n5 cm2/seca
.l»xlo_5 cmz/seca

.8x10-5 cm2/seca
. b

£ o

.013 cm

.0048 cm

em(KT)C 2x10°% em (cshH®

cm (Rb+)C 5x10_6 cm (others)C

2+.c :
)

2+)c

2/mole (KM€ 2.5x107% (csh),© 2107

2/mole (Rb+)C 3x10-6 (others),C 21C7
2 2+.c -6 . c

(2/mole)” (Sr™ ) 2x10 (all ioms),  18Cé6

(E/mole)2 (Ba2+)c

b

o o O O o0 X e

2x10
5x10
3x10
. 2x10
k 3x10
2x10
2x10
8x10

cm(Sr

-5
-6
-6
-6 cm.(Ba
-6
-6
-6
-6

aFrom principles in reference 8. bFrom principles in reference 9. CAdjusted

to give best data fit.11 dOnly values varied from the equation in Figure 7a

are listed.
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that of 21-crown-7, trans?ort selectivit& was observed for those cations which
best fit the ligand cavity as long as the complex stability constant did not
exceed certain values. Open chain analogs of crown ethers were ineffective as
cation carriers. The effects on cation transport rates and selectivity of
substituting sulfur, nitrogen, and pyridine nitrogen for ether oxygen donor
atoms in 18-crown-6 were shown. Benzo-substitued ahalogs of crown ethers gave
lower transport rates than cyclohexano substituted or non-substituted crowns.
Crown ether-diesters were, in general, less effective in transpdrting cations
than their crown ether analogs. Rates and selectivities of cation transport
of several 'of the synthetic macrocycles rivalled those of the antibiotic
valinomycin. Addition of large aliphatic groups to crown ethers and cryptands,
which serve to minimize loss of carrier to the water phases, did not signifi-
cantly alter tramsport rates or selectivities. An example is provided by the
transport data in Table 2 where it is seen that substitution of long chain
aliphatic grounps on dicyclohexano-18-crown-6 (DCy18C6) does not appreciably
alter the cation transport rate.

We extended the study of transport to mixtures of cations involving
either two or three cations present in the source phase. The total cation
concentration in each case was maintained at 1 M. This portion of the study
involved determinations of cation fluxes for the following two and three-

cation systems: Na+-Mn+, K+-Mn+, Ag+-Mn+, T1+-Mn+, Sr2+-Mn+, Ba2+-Mn+,
2+

+ + + + + +
sz - (two-cation); Na ,K+,Cs ; Na ,K+,Sr2+; Na+,K+,Pb ; Na+,Cs ,Sr2 ;
+ 4+ + o+ o+ + o+ 4+ + 4 + + 4+ o+ +
kYot osT; kLRt se?t; kT reT,ep2t; kY,cst,se?t; kT, csT,ca?t; kT, st et
2+

k¥, ca®t,se?t; x',ca?t, 2t kT,se?ep?t; mbt,osT,Po?t; mbt,sc?t,pv?t

Rb+,Cs+, Ph2+; Rb+,Sr2+,Pb2+; Cs+,Ca2+,Pb2+; Cs+,Sr2+,Pb2+ (three cation).

Manuscripts presenting the data for these two- and three-cation mixtures
are being prepared in two ways. First, the transport data themselves either
are being or have been prepared for publication. The Pb2+- n+

M
+ +
lished,13 the Na+-Mn+, Cs -Mn+, and Sr-M"" data are accepted for publica-

data are pub-

tion,14 the Ag+-Mn+ data have been submitted for publication,15 and the re-
maining data are being prepared for publication (see Section V.B.). These
transport data show which macrocycles are selective for which cations in the
mixtures. Selectivity by the macrocycles follows expected patterns in most
cases. For example, the better the cation-macrocycle cavity size fit, the
better the transport. This effect is illustrated by the transport data in

+ .+ + .
Table 3 for Cs , K, and Na in their mixtures with other alkali metal cations



TABLE 2
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Rates of Cation Transport by DCyl8C6 and its Analogs Containing

Aliphatic Chains of Various Lengths.12

Cation Log (moles transported x 107/24 h)?
DCy18C6 DMCy18C6 DDeCy18C6
Na® 1.36 1.41 1.41
K 2.53 2.45 2.54
Rb’ 2.37 2.10 2.23
cst | 1.92 1.57 1.65
Ag’ 2.61 2.61 2.51
se2t 2.65 2.62 2.47
pp2t 2.50 2.44 2.51

aUncertainties ~0.10 log K unit.

Structures of

TABLE 3

macrocycles given in Figure 10

Comparison nf Cation/Macrocycle Diameter Ratios, Log K(CH30H)a
and JM (moles/sm2 X 108) for M+ Transport from Cs+-Na+ Mixtures.1
[2.2.1] 18C6 21C7
Diameter log K J Diameter log K J Diameter log K J
+ . M ) M ) M
M ratio ratio ratio
cst 1.48  3.90 0 1.17  4.79 12 0.92 5.03 154
Na© 0.89 8.84 131 0.70 4.36 117 0.55 1.71 4.4

aLog—K(CH3OH) values are used because log K(CHC13) values are not available.
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with 21C7, 18C6, and cryptand 2.2.1. These macrocycles match the radii of
these cations best of'thé macrocycles studied. The variety of macrocycles and
cations used in the study of each mixture has allowed conclusions to be drawn
with respect to the effect of macrocycle structural parameters, cation size,
cation charge, and cation type on cation flux in these membrane systems.
These transport data will be useful in evaluating our model for these systems.
For example, the model should be able to predict the effect of these cation
and ligand parameters on cation flux. To the extent that we are able to build
this type of recognition into the model, it will be useful as a device to
design systems for cation separations. During the next contract period, the
remaining two-cation and three-cation data will be prepared for publication.

Second, the transport data for these systems are being fitted to a modi-
fied form of the equation in Figure 7a. A version of this equation modified
for the two-cation case is given as Figure 7b. This equation incorporates K
and other data involving the second cation salt. By a similar process, equa-
tions can be written involving three or more cation salts. In the few cases
where attempts have been made to fit JM and log K(CHBOH) data to the model for
two-cation11 and three-cation systems, the, results have been satisfactory
(see Figure 11). It is intended to proceed in the next contracﬁ period to
develop this model with the extensive two- and three-cation system data we
have collected. In addition, we will incorporate log K(CHC13) data and cor-
rect partition coefficient values for the species which partition between H,O

2
and CHCl, as these are determined. These K and partition coefficient data

will be 3etermined for selected systems, the model will be refined and it is
anticipated that several publications similar to reference &4 will be prepared
during the next contract period.

D. Eu’  SYSTEM

We found that Eu3+ was not transported by 18-crown-6 in our liquid mem-
brane system. However, Sr2+ is transported rapidly by 18-crown-6 and the
similarity . in the chemistry of Sr2+ and Eu2+ suggests that Eu2+ should be
transported in our cell. Accordingly, we designed an experiment in which Eu3+
was reduced in situ to Eu2+ which was then found to transport with 18C6é at a
rate comparable to that of Sr2+. Representative data taken from a paper which

+ + +
has been accepted for publication16 for the Sr2 , Eu2 , and Eu3 systems are
given in Table 4. These results suggest that separation of trivalent europium

from other trivalent lanthanides using a selective reduction step followed by
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TABLE 4
Cation Fluxes through HZO-CHC13-H20 Liquid Membranes 1 mM in 18-Crown-616
Flux (moles x 108/second-meter2)

Metal
Nitrate " Blank 18-Crown-6
Sr(N03)2 0.4 0.4 460 * 50
Eu(N03)2 0.5 0.05 620 * 90
Eu(NO3)3 0.4 + 0.07 1+ 0.5

carrier-mediated transport through a liquid membrane may be feasible. It is
1iﬁely that similar separation. procedures could be designed for other metals
such as certain of those in the first transition, lanthanide, and actinide
series where lower oxidation states have ionic radii of a size suitable to
form stable macrocyclic complexes. In the next contract period it is intended
to investigate the Eu2+ and related systems further as has been done with Sf2+
(single-cation and two-cation. studies).

E. COUPLED H'-M' TRANSPORT USING CALIXARENES

The cation transport properties of a new group of macrocyclic ligands
called calixarenes were investigated. These ligands are illustrated in Figure
12. They have three characteristics which cause them to be of interest to us.

First, they are relatively insoluble in CHCl_, but soluble in a 25% CH,Cl, in

3’ 2772
CCl4 solvent. They are also insoluble in water. The mixed CH2C12-CC14 sol-
vent works well in our liquid membrane cell. Second, they transport cst
selectively over other alkali metal ions. Finally, cation transport occurs

from basic solutions (~1 M OH ), but not from metal nitrate solutions indi-
cating that cation transport is probably coupled with H+ transport. Repre-
sentative data showing the selectivity for Cs+ over other alkali metal ions of
several of these macrocycles are given in Table 5.17

It will be recalled that neutral macrocycles of the 18C6 type do not
transport cations well from basic solutions because of the high solvation
energy of OH (Figures 3 and 4). On the other hand, neutral macrocycles
transport cations well from nitrate solutions. The opposite is the case with

+ .
the calixarenes. Cs transported exceptionally well from a CsOH solution, but
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TABLE S

Cation Fluxes through HZO'(ZSVV% CH2C12—CC14)-H20 Liquid Membranea

Containing 1 mM p-tert-Butylcalixarene

Flux(moles x 108/second-meter2)

Compound 4 2 2
[4] [6] (8]

NaOH 1.5 13 9
KOH 0.4 ' 22 10
RbOH 5.6 71 340
CsOH 258 811 1200

3yalues t 20%. T = 25°C. bSee Figure 12 for calixarene structure.

not at all from a CsNO3 solution as is illustarted by the plot of pH vs Cs+'
transport in Figure 13. We are now determining fluxes of individual alkali
metal cations from two-, three-, and four-cation mixtures involving these
cations. During the next contract period, these mixture data will”’be eval-
uated, log K and partition coefficient data for the M+-ca1ixarene systems
valid in CH2C12-CC14‘solven£ will be determined and the model described in
Section II.C. will be extended to these systems.

F. EMULSION MEMBRANE SYSTEMS

In the early years of the study, we investigated several means for in-
creasing the surface area of the membrane systems in order to increase the
cation transport. A system which caught our attention was developed by Li.18
In this system a water in SN 100 o0il in water emulsion was stabilized by a
small amount of Span-80. This system was used by Li for several separation
processes such as removal of phenol from waste streams , but none involving
selective cation separations using macrocycles.

Our modification of his apparatus and procedure which allowed us to study
the rapid transport of cations is shown in Figure 14. Features of this system

which are essential in the cation transport process are the presence of a

macrocycle in the organic phase and the presence of an appropriate anion in
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the receiving phase capable of complexing the cation to be transported. As in
the case of the bulk liquid membrane system, we first set out to characterize
the ewulsion mewbrane syStem;lq The disappearance of the cation from the
source phase was measured using a Perkin Elmer Model 603 atomic absorption
spectrophotometer. Repeated determination of the same system including pre-
paration of new emulsions allowed us to estimate the uncertainty of the metal
enrichment data as *10% or better.

We found that Li+ did not transport in our system, probably because Li+
does not complex7 with dicyclohexano-18-crown-6 which was the carrier used.
Since it was desirable to minimize loss of the receiving phase anion only Li+
salts were used. To determine the extent of membrane breakage with time,
experiments were performed where the emulsion was formulated with Li+ only in
the receiving phase and distilled, deionized water as the source phase.
Therefore, any Li+ appearing in the source phase would be due to membrane
breakage. Initially, the source phase contained 0.0 pg/mL Li+. After 30
minutes the concentration of the Li* approached 10 pg/L, indicating that ~69%
of the receiving phase was lost due to breakage in this time interval.

Evidence that dJdisappearance of Pb2+ from the source phase reflected
actual transport of Pb2+ by DCy18C6 through the liquid membrane is given in
Table 6. The results in Column A demonstrate that no change in Pb2+ concen=-
tration occurred in the absence of DCyl8C6 when all other experimental con-
ditions remained unchanged. Comparison of these results with those when
DCyl8C6 was present (Column B) show that DCyl8C6 is indeed necessary for Pb2+
transport. In order to test whether transport or solvent extraction alone
occurred, the crown-containing organic phase was mixed with the aqueous source
phase in a solvent -extraction-type experiment. No receiving phase was pre-
sent. Samples from the source phase were taken at the same time intervals as
before. Following an initial equilibration with the o0il phase, the amount of
Pb2+ remained constant indicating that vefy little solvent extraction of Pb2+
by the o0il phase occurred. Further evidence for Pb2+ transport was obtained
by breaking down the emulsion membrane after 30 minutes and measuring the Pb2+
concentration in the receiving phase to check the mass balance. The amount of
Pb2+ in the receiving phase consistently corresponded with the amount of Pb2+
which disappeared from the source phase.

.. L . 2+
The known selectivity characteristics of macrocyclic compounds for Pb

as well as other cativns make Lhese results particularly interesting. It
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TABLE 6
Pb2+ Transport under Several Experimental Conditionsa’19
Time (min) pg/mLAPb2+ » pg/mLBPb2+ pg/mLCPb2+
0 75 103 127
3 69 55 109
6 75 17 111
10 73 5 18 111
15 75 : 11 109
20 75 i 6 111
25 75 3 107

30 75 6 110

%A: No DCy18C6 present. B: Membrane system as shown in Figure 1.
C: Solvent extraction (no receiving phase present).

should be possible to either select an existing macrocycle or design one to
effect desired cation transport using emulsion-type liquid membranes. Such
transport would not be limited to inorganic cations inasmuch as crown ether
selectivity has been shown among arenediazonium,20 areneammonium,21 and alkyl-
ammonium21 cations. This work has been published in Separation Science and
Technology.19

We next modified the emulsion system by substituting the better defined
organic component toluene for the SN10O o0il used by Li. Using this system,

) . . + + + + +
relative transport rates of metal cation nitrates (Na , K, Rb, Cs , Ag ,

* a2+, Sr2+, Ba2+, and Pb2+) in a water-toluene-water emulsion membrane
system were measured.22 The toluene component contained the surfactant Span
80 and the crown ether dicyclohexano-18-crown-6. The aqueous receiving phase
contained Li4P207. When each metal cation was individually presept in the
aqueous source phase, metal extraction was complete within 10 minutes with the
order of extraction being T1+>Cs+>Ag+>Rb+>K+ZNa+ and Pb +.>Ca2+>Sr2+>Ba2+ for
uni- and bivalent cations, respectively. Significant extraction was found for

- + + . w 2t .
all cations except Na , K and Ba”™ . Some metal ions were concentrated nearly
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10-fold in a ten minute period (the receiving phase volume was 0.1 that of the
source phase). Relative transport rates were determined when binary cation
mixtures of either Tl+ or Pb2+ were present in the source phase at equal
concentrations with each of the remaining metal ions in the source phase.
T1+, when present with either Na+, Cs+ or Rb+ was selectively extracted from
the source phase. Complete and nearly exclusive extraction of Pb2+ was ob-
served in the presence of all cations including T1+. The enrichment ratios of
Pb2+ in the binary mixtures were approximately 10 while those of the second
cation were less than 0.5 except for Sr2+. which was 0.86. Corresponding
separation factors for Pb2+ ranged from 1000 to > 6000. Particularly inter-
esting were the results of experiments in which large amounts of Ca2+ were
present in the source phase as compared to Pb2+. These data are given in
Table 7. Comparison of the enrichment ratios of these cations shows that the
separation factor is very large even when the initial concentration of Ca2+ in
the source phase was 300 times greater than that of Pb2+. Thus, separation of
Pb2+ from Ca2+ is quantitative even under these extreme conditions. This
reéult is particularly surprising since the enrichment ratio of Ca2+ in the
single cation transport experiments was 7.40 which is nearly as large as that
for Pb2+, 9.53. The selectivity for Pb2+ over Ca2+ is probably a result of
the much greater affinity of P2074- for Pb2+ (log K = 11.24) than for Ca2+
(log K = 5.00).23 A manuscript reporting this work is in press in Separation Sci-

ence and Technology.22

TABLE 7
Initial (i) and Final (f)a Mn+ Concentration (ug/mL) in the Source Phase

+ )
for sz and Ca2+ Together with the Enrichment Ratios (E) for Each Cation22

Vel i £ E Vel i £ E
pp2* 130 1 9.92 ca?t 5,000 5,000 0
pb2? 130 1 9.92 ca?t 10,000 10,000 0
pp2* 130 1 9.92 ca?t 40,000 40,000 0

a After ten minutes.
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In another series of experiments transport rates of metal nitrates (Na+,
K+, Rb+, Cs+, Ag+, T1+, Mg2+,'CaZ+, Sr2+, B32+, Zn2+, and Pb2+) were measured
alone and in combination with either Ag+, T1+, or Pb2+ in a water-toluene-
water emulsion membrane system.24 The toluene phase contained the surfactant
Span 80 and the macrocycle dicyclohexano-18-crown-6. The aqueous receiving
phase contained the lithium salt of one of the following anions: pyrophos-
phate, thiosulfate, hydroxide, chloride, formate, nitrate. It was shown that
unless significant complexation occurred both between the transported cation
and the anion in the receiving phase and between the cation and macrocycle in
the membrane phase, there was little or no transport of the cation from the
source phase to the receiving phase. Selective removal of either Pb2+ or Ag+
from cation mixtures was demonstrated using this emulsion membrane system. A

manuscript based on this work has been submitted to Separation Science and

Technology_.24

Further work involving these and other better defined vesicle emulsion

membranes is planned for the next Contract period. The proposed studies are
outlined in the accompanying Proposal.
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III. INTERACTION WITH OTHER DOE CONTRACTORS

During the contract period we have exchanged information and insights

with several other DOE contractors such as J.W. McDowell at Oak Ridge National
Laboratory and Chris Babcock at Bend Research Laboratory. We have found these
interactions to be enlightening and useful and exchange visits have been ar-

ranged.

IV. EDUCATIONAL BENEFITS

The concept of applying membrane technology to making inorganic separa-

tions is being developed in this work. The success of the project requires
involvement from many disciplines--inorganic chemistry, membrane science,
organic chemistry, physical chemistry, macrocycle chemistry and chemical
engineering. This project has stimulated the intellectual involvement of
professors, graduate students, and undergraduate students involved with the

project from widely separated fields.

| V. PRESENTATION AND PUBLICATION OF RESULTS
A. PRESENTATION OF RESULTS

The following papers reporting results obtained under this contract were
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