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Abstract

Result of this study indicate that two criteria must be met in order to have effective
macrocycle-mediated transport in these emulsion system. First, one must effective extrac-
tion of the post transition metals, Cd’"* Pb** and Hg?*,into toluene membrane. The effec-
tiveness of this extraction is greatest if log K values for the metal-macrocycle interaction
is large. Second, the ratio of the log K values for the metal ion-receiving phase to the
metal ion-macrocycle interaction must be large enough to ensure quantitative stripping
of the metal ion at the toluene phase interface. Control of the first step can be obtained
by appropriate selection of macrocycle donor atom, substituents, and cavity radius. The
second step can be controlled by selecting the proper complexing agent for inclusion in
the receiving phase. The order of the transport, when using the several A~ species such
as SCN™,I",Br™ and Cl” is the order of the changing degree of solvation for A~ and the
transport of the metals is also affected by the control of concentration for receiving spe-
cies because of solubility-differences. In this study, we can seperate each single metal ion
from the mixture of Cd**, Pb?", and Hg’* ions by using the toluene membranes controlled
by optimized conditions. Transport of the single metal is also very good, and alkaline and
alkaline earth metals as interferences ions did not affect the seperation of the metals in
this macrocycle-liquid membrances but transition metal ions were partially affected as in-
terferences for the post transition metal ions.

Key words : Heavy metals, Macrocycle-emulsion Liquid membrane, Transport, Seperation,
Concentration.

1. Introduction tal ions in the environment(Hirosh : et al, 1989).

The development of new techniques for metal

Heavy metal cation like Ti*, Cd**, Hg’*, Pb**
are very toxic(Bremer, 1973 : Catshetal, 1975).
The design of highly selective ligands which may
remove hamful cations(Williams, 1976) while only
minimally affecting the levels of the biologicaly
important ones(Na*, K", Mg’*, Ca?", Zn*")(Wil-
liams, 1970 ; Martell, 1975) is both fundamental
interest providing strategies for selectivity control
and potential practical importance for therapeuti-
cal decorporation or administration allowing the
selective removal of toxic cations from their tran-

sport into organisms as well as the control of me-

recovery from waste solutions has received a
great deal of attention in recent year. One of the
techniques for use in recovering metal cations
from solution is the water-oil-water emulsion me-
mbrane.

Such membrane systems containing macrocyc-
les of the cyclic polyether type can be designed
to facilitate the carrier-mediated selective trans-
port of cations from mixtures of two or more me-
tal ions. The advantages of the emulsion memb-
ranes over liquid-liquid extraction in separation
systems have been noted(Nakatsuji et al., 1985).



62 Oh-Jin Jung

Transport in the emulsion membrane system
requires that the cation bind with the macrocycle
at the source phase-membrane interface, move
across the organic phase due to a concentration
gradient, and be released by the macrocycle and
complexed by a complexing agent in the receiving
phase. Transport is most effective (1) when mac-
rocycle partitioning is favored by the organic
phase due to a decidedly higher macrocycle solu-
bility in the organic solvent than in water, and
(2) when the macrocycle binds strongly with the
cation to be transported, but binds less strongly
to the cation than the receiving phase complexing
agent does. Hence, the important parameters in-
volved in choosing a macrocycle to transport a
particular cation are the relative magnitudes of
the log K values of the cation-macrocycle and ca-
tion-complexing agent complexes, and the distri-
bution coefficient of the macrocycle beteen the
organic solvent and water. In competitive trans-
port experiments involving mixtures of ions, sele-
ctive cation-macrocycle interaction becomes an
important createrion for choosing a macrocycle to
achieve transport selectivity.

The effects of the following factors on cation
transport in emulsion membranes were studied :
receiving phase anion type{Christensen et al., 19
83), macrocycle concentration{Christensen, (Izatt
et al, 1983, 1982), receiving phase anion concent-
ration{Christensen et al, 1983), source phase ca-
tion mixtures(lzatt et al, 1983, 1984) source
phase anion concentration, Izatt et al, 1984), and
source phase cation type(lzatt et al, 1983, 1984).
The transport of heavy metals by emulsion mem-
brane that has not been studied in the other la-
boratory was studied by using the macrocycles
that the log K value of cation-macrocycle are va-
rious and that the distribution coefficient various.
In the present paper, macrocycles of varying size,
substituent groups, donor atoms, and ring number

are compared with their ability to transport of
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Figure 1. Stuctures of macrocycles

post transition metal ions. All other parameters
are held constant. The selection of post transition
metal ions was based on the obserd ability of ca-

tions to transport well in this emulsion systems.

2. Experimental

Emulsion Liquid Membrane Transport of Cd**,
Pb*" and Hg** by Macrocycles Materials . The

emulsion membrane(Figure 2) was prepared

BULX LIQUIL MEMBRANE

ORTED LIQUID MEMBRANE

Figure 2. Representation of Bulk, Supported, and

Emulsion Liquid Membrane Type.
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from an organic membrane phase and from
aquous source and receiving phase as described.
The organic phases consisted of a 10-2M-macroc-
ycles(Figure 1) solution in toluen (Fisher), which
was 3%(V/V) in the nonionic surfactant, sorbi-
tant monooleate. Blank experiments were perfor-
med with macrocycles absent from the pure to-
luene phase. One set of source phases contained
either 0.2M Li(SCN), LiCl, LiBr or Nal (Millinc-
krot). The source phases also contained either 107*
M Hg(NO,) for competive transport experiments.
The lithium and sodium salts were used because
it has been shown that macrocycles(Figure 1)
form weak complexes with Li* and Na'. Thus,
Li" and Na" in the receiving phase would not co-
mpete with the cations of the source phase for
the macrocycle carrier in the membrane. For the
experimenters to discuss the effects of coexten-
sive ions, the source phase contained 2X10"'M
NaSCN along with 10 *M Cd(NO,); Pb(NOj),,
Hg(NO,), and/or Cu(NO;), Zn(NOs), Li(NO,),,
Na(NO;), Ca(NO),, Mg(NO), Fe(NO,),, and Li
(NO,) (Fischer, Baker and Sargent-Welch) at a
concentration of 10”*M. Experiments were perfo-
rmed with all of the above the source phase both
with and without 3.0X10 'M Na,S,0, and Na,P,O,
(Fluka) in the receiving phase(lzatt et al., 1986)
as need, to balance the ionic strengths of these
phases.

Experimental Procedure and Analysis 5 The
blended emulsion(1.2mé) was then place on top of
6mé of the aqueous source phase in each of six
small bottles with ground glass tops. The bottles
had an internal diameter of 24mm and a height of
51mm. The aqueous source phase contained 0.0002
M Pb(NO,);, Cd(NOy),, or Hg(Ns),(Aldrich). The
emulsion was stirred into the source phase solu-
tions(see Figure 2) with a teflon magnetic stirrer
bar at 600 rpm at room temperature(25+0.1°C).
The magnetic stirring bars were 22mn long. Stir-

ring was stopped at a different time for each bot-

tle corresponding to 3, 6, 9, 15, 20, and 25 minute
intervals. After stirring was stopped, a settling
period of 3 minutes was allowed for separation of
the emulsion and sorce phases before sampling
the source phases. A sample of the source phase
solution was taken also, at zero time, before ex-
posure to the emuision. Metal concentrations
analyses were carried out using a Thermo-Janeral
Ash-Environ-1I type ICP emision spectrophoto-
meter. Each experiment was done at least in trip-
licate with preparation of fresh emulsions for
each determination at the six different time inte-
rvals.

The effect on metal ion analysis of small amou-
nts of Li,P;O; from emulsion breakage was deter-
mined by adding known amounts of Li)P;O; to a
known metal ion solution and analyzing the resu-
lting solution for metal in by ICP emission spret-
rophotometry. Each sample taken during the emul-
sion membrane transport was analyzed for Li" as
well as metal ion so that the effect of Li,P,0; could
be subtracted from the readings in order to dete-

rmine the true metal ion concentration.

3. Results and Discussion

The effects of source and receiving phases for
separation of post metals : The @i values presen-
ted in this paper are defined as the fraction of
the toal M(m) concentration present as an MAi
complex(i. e ai=[MA;] JZO[MA,] where the char-
ges are omitted for simplicity). In table 1, the a,
value for M(m)(M(m)=Cd(1l) Hg(1l), and Pb
(I1)) is given where A=SCN~, I, Br , or CI
and the [A~] is such that a, for Cd(11)—Hg(1l)
separation is predicted from the values in Table
1. For A=1" or Br~, selective transport of Cd
(1) over both Hg(I1) and Pb(Il) should occur,
but the rate of Cd(1I) transport should decrease
compared to the case where A=SCN since a, is
less when A=I" or Br . When A" =Cl , Cd(II)-
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Pb(Il) separation should be poor and there
should be less Cd(I1)-Hg(Il) separation than in
the order A~ cases.

As stated in the introduction, M(m)-nacrocycle
and M(m)-receiving phase agent interaction also
influence selectivity. The constants for M(m) in-
teraction with macrocycles (carrier) in water and
methanol-aceton were given earlier(Jung, 1993)
and those for M(m) interaction with S04  and
P,0.' (receiving phase agent) in water are ob-
taind from references(lIzatt. et al, 1987), where
M(m)=Cd(I1), Pb(11), Hg(1I), and Zn(1I). we
expected that post metal ion-selectivity would be
higher than Zn*'-selectivities because the consta-
nts for Zn(II)-interaction with macrocyles stu-
died are lower than those of post transition me-
tals.

The results of the transport experiments were
given in Figure 3-4 and Table 1-2. when NO;~
is present in receiving phase, the relative trans-
port rates of the Cd**, Pb**, and Hg** match well
the a,°” based predictions. The effect of NO*™ in
the receiving phase is minimal since M(I1)-NO*"
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Figure 3. Plot of % -Transport of Cd*" vs. Conce-
ntration of SCN-as Source Phase in
NOsf(O), SzOggg(A),’ and onfk(l:])

as Receving Phase after 15 Minutes.

interaction is weak for all three cations(Izatt, 19
87). we expected that the selective transport of
Cd** over the Pb*" and Hg®* would be improved

if the concentration and varieties of the source
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Figure 4. Plot of % -Transport of Cd**(Q) Pb?*
(&) and Hg?" () vs. Stirring Time in
04M SCN™ and 0.56M Cl™ as Source
Phase using the 0.02M Macrocycle 4 in
Toluen/0.282M NO,;~, S,0s*", and PO/
~ Emulsion Membrane, the M(m) are
present at 0.001M.

and receiving phase are optimized in emulsion
membrane with macrocycles.

Separation of Cd** over Pb** and Hg* ; The
selective transports of Cd** over Pb*" and Hg*
were enhanced under condition of 04M-SCN-
and NO,™ as source and receiving phase, respec-
tively. And the selective transport of the other
post transition metal ions could be improved by
proper selection of carrier agent. The addition of
S:04%” to the receiving phase enhances the trans-
port of all three metals due to the interaction of
all three with S,0y" for the macrocycles studied
in this section. As predicted, however, the selecti-
vities of Cd®* transport compared to Pb** trans-
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Table 1 Fraction of CA(II), Pb(Il), Hg(II) Present as MA; in the Source Phase

as a Function of A~

ac,
A [A-IM Cd®’ Pb** Hg*
SCN™ 0.40 0.47 2X1072 9X107°
I 0.04 0.26 1.2X107* 1X10°°
Br®” 0.30 0.303 0.22 1Xx1073
Cl 0.56 044 0.16 0.02

a®, : The fraction of M(m) presen as MA,.[The a°, values were calculated from logB(,O)
values for formation of MAn?> "(Izatt, 1982) ]

Table 2 Competive Transport of Cd(II), Pb(II), and Hg(II) with Maximum CdA,
in the Source Phase and NO;~, S;0:, and P,Os*" in the Receiving Phase

as a Function of A~

Percent Transport

NO,. S.02 PO
A~ [AIM tme(mn) Cd&** Pb* Hg® Cd** Pb* Hg" Cd" Pb**
SCN' 04 5 8 8 2 9 64 32 10 86
. 0.04 5 8 5 12 98 82 87 12 8
Br 03 20 46 16 4 24 39 9 4 90
Cl 0.56 20 28 18 8 18 32 9% 19 87

a . percent transport in aquous source phase/0.02M-macrocycle 4 in toluen/0.2840 NO;~

or P 207

Time . equilibrium time.

port is enhanced. While those of Cd** transport
compared to Hg*" are reduced because the stabi-
lities of Hg?" with macrocycles used as carrier
are too high.

From the transport results of Table 2, it can be
seen that the time requied to reach equilibrium
is longer and the amount of Cd®" transport at
equilibrim is smaller when A" =Cl" or Br as
compared to A" =SCN or I". These results can
not be explained by the relative magnitude of the
Cd’ -a,° value. The results in Table 2 were deter-
mined in souce phase with no other M(m) pre-
sent. Thus the Cd, Pb, and HgA.(agq)(A-=SCN",
[, Br
and the equilibrium of each post metal ions reach

or Cl) concentrations were maximized

emulsion membrane, the m(m) are present at 10°M.

after 5 minutes, for Cd*" by using the SCN™ and
I", after 20 minutes, for Pb*' and Hg®" by using
the halogen ions (I*, Br', and C1*), by contacting
the source phase with the emulsion. The order of
the transport, when using the several, A apecies
is also the order of the changing degree of solva-
tion for A . The same results are observed for
the other sets of emulsion membrane such as DC
18C6-toluene (Izatt, 1987).

Separation of Hg?* over Cd*' and Pb*’ ; When
A =SCN and SCN =04M, Cd(SCN), and Pb
(SCN)*", Hg(SCN) 2
sent in the source phase. Under these conditions,

are the major species pre-

Cd®* transport in macrocycles-mediated membra-
and Hg’" transport

2

nes is favored over the Pb*
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(Table 2). However, when [SCN~]=0.004M in a
source phase that is 200ppm in post transition
metal ions, the major species presented in source
phase, in almost quantitative amounts, will be Hg?
* and 20 values for Hg**, Cd?**, and Pb** are 0.
48, 2X107%, and respectively. Under the condi-
tion, we would expect Hg’* to be transport over
Pb** and Cd** in macrocycles-mediate membrane
systems.

With S;0s*" in the receiving phase, 63% of the
Hg** was transported in 5 minutes and with NOs~
in the receiving phase, 63% Hg’* were transpor-
ted in 5 minutes but 89% of the Hg®* was trans-
ported in 10 minutes, which is compared with the
data of Table 2. Also, we obtained results like
Table 3 with other macrocycles-mediate membra-
nes. The initial slower rate of Hg?" transport with
NO;™ rather than S,05*" in the receiving phase is
a consequence of the reduced Hg{(SCN), concent-
ration gradient in the membrane as the concent-
ration of Hg(SCN), builds in the receiving phase.
Further more, the Hg?* species is concentrated
about 50-fold for NO;,” and 3-fold for SCN™ in
receiving phase. However, after a small amount of
Hg** transport has occurred, Hg(SCN), begins to
precipitate in receiving phase, if S;0:%" is not
present(Izatt, 1978). At this point, the maintena-
nce of the SCN™ concentration gradient in the
membrane when NO;™ species is present in the
receiving phase is prevented from the precipita-
tion of Hg(SCN),.

Separation of Pb** over Cd?* and Hg?" : The
aquouse receiving phase contained 107*M Li,P,0,

was prepared form reagent grade sodium pyro-
phosphate and LiCl by the exchange procedure.
The lithium salt was used because it has been
shown that macrocycles studied in this section
form weak comolexes with Li*. Thus, Li* in the
receiving phase would not compete with the other
cations of the source phase for the macrocycle ca-
rrier in membrane.

The Hg?* was preremoved form mixture be-
cause it is highly interacted with macrocycles.
When A"=SCN", and [SCN~] is 0.004M in sou-
rce phase that is 200 ppm in Cd** and Pb**, the
major species of the Pb?*, Pb(SCN)*, Pb(SCN),
and Cd(SCN), present under this condition.

We expected that Cd** and Pb** will be intera-
cted with P,O;*" in the receiving phase. However,
the stability of Pb**-P,0;*" is higher than that of
Cd?*-P,07~ (Mcdowell, 1983) and the Log K va-
lues for Pb**-macrocycles(expect for L; and Ls)
interaction is significantly smaller than those of
Pb**-P,0;*" interaction. Thus, the Pb*", (PbSCN)*
are interacted with P,O;*" in receiving phase, and
than Pb?* or Pb(SCN)* is removed in the type
of Pb**-complexes with carriers from Pb-P;0;7 -
ion pairs by contacting emulsion membranes.

With P,O:* in the receiving phase, 68% of the
Pb?* was transported in 5 minutes and with NO,~
and S;0;®" in the receiving phase, 2 and 12% of
Pb** was transported in the same time. But 85%
of Pb** was transported in 10 minutes by using
the L, toluene emulsion membrane(Table 2 and
3) and also we obtained results like Table 2 and
3.

Table 3 Competive Transport* of Cd(II), Pb(1I) and Hg(Il) with 0.004 SCN™ in the
Source Phase and with NO;™, S;0,# and P,O;*" in the Receving Phase as a Fu-

nction of Time

Percent Transport

Equlibrium
Time(min) NO.-
Cd?* Pb** Hg**
5 84 2 46
10 9 7 78

20 16 12 89

SZ()B2 N P2074 -
Cd** Pb*" Hg” Cd*  Pb*”
4 14 48 10 68
6 17 89 12 85
12 18 92 18 87
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Table 4 The Single Post Metal lons Concentration and Transport Data of Emulsion Stir-

ring for Different Macrocycles a Function of Time

Macrocycles  Tim Post Metal C(;;entration(ppm) Percent Transport
I S
Cd** Pb** Hg* Cd** Pb** Hg*

1 220
2 132 183 127 40 17 43
5 78 72 48 65 67 78
10 47 53 45 79 76 80
20 45 45 4 80 80 81
2 218
2 140 152 125 36 31 43
5 71 64 41 68 71 81
10 46 4 38 79 80 83
20 42 39 35 81 82 84
3 220
2 130 134 102 41 39 54
5 63 58 31 71 81 83
10 4 42 37 80 81 83
20 42 40 33 81 82 85
4 223
2 103 131 96 54 41 57
5 61 52 26 73 .77 88
10 40 29 13 82 87 M
20 35 22 9.0 86 90 96
5 208
2 129 181 146 38 13 30
5 58 78 42 72 62 80
10 35 56 25 83 68 88
20 31 54 21 85 74 90
6 216
2 143 164 138 34 24 36
5 89 52 31 59 56 86
10 62 38 22 72 83 90
20 60 31 19 73 86 91
7 218
2 157 182 156 38 17 28
5 147 159 72 33 27 67
20 128 144 56 A4 57 74
20 120 141 54 35 58 75
8 220
2 165 173 147 24 22 33
6 165 173 147 24 22 33
10 152 138 78 31 37 75
20 150 132 72 32 40 78
9 216
2 134 170 132 38 22 39
5 114 9% 48 47 56 78
10 92 69 38 59 68 82

20 89 64 30 59 70 86
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Effect of Macrocycle Donor Atoms : Table 4
shows the percentage of post transition metal ion
transported versus time for L, and Ls. The two
macrocycles have the same number of ring atoms
as cyclam, but L; is different from cyclam(L,) by
having S substituted for the two oxygen atoms.
The greater percentage of Hg?* transported(83%
in ten minutes) was found with L;. However, pe-
rcentage of the other post transition metals trans-
ported were reduced as compared with L,. In Fi-
gure 5, the already significant transport of Hg?*
in the emulsion membrane with the macrocycle,
Ls, is enhanced by the substitution of two sulfur
atoms for nitrogen atoms. These results were also
concidence with magnitude of stability constants
of complexes.

However, the Hg*'-transport in Ls-emulsion
membrane was not remarkably increased for L,
despite the fact that the Log K for Hg** -L; inte-
raction is higher than that for interaction of Hg?*
with L;. The substitution of sulfur donor atom re-
sult in reduced water solubility and, apparently,
decreases the distribution conficient enough to
overcome the Log K disadvantage in transport Hg?"
(Friedman et al, 1973). From these Log K va-
lues, we note that the nitrogen containing macro-
cycle(L,) has for affinity for Pb?* and Cd** than
the oxygen donor atoms(L;), and sulfer contai-
ning macrocycles. While L; has more affinity for
Hg'" than all nitrogen macrocycles because Hg*'
has more soft acidic than Pb*" and Cd:" metal
ions.

Effect of Macrocycle Substituents : Table 4 and
Figure 5 show the transport of post transition
metal ions versus time using L, and derivatives
of macrocycle(L,, Ly, Ls, and Ly). In these results,
it is seen that the addition of four or two-carbox-
ylate groups enhance post transition metal ions
transport greatly. However, addition of four me-
thyl and methylpyridine groups for L, were not

markably, increased as compared with post tran-
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Figure 5. Plot of % -Transport of Cd**(0), Ph?*
(A) and Hg”*((J) vs. Ligand Number
in 0.4M SCN™ and 0004 M SCN™ as
Source Phase using the 0.02M Macroc-
ycle in Toluene/0.282M Na,~, S,03%
and P;O/" Emulsion Membrane after
15 Minutes.

sition metal ions transported by L,. These results
can be predicted in magnitude of stability consta-
nts for complexes. However, as predicted in effect
of macrocycle donor atom, Ls-post transition metal
ions transport more readily than L, and L, des-
pite the fact that the Log K for post transition
metal ions-L; interaction is higher than that for
interaction of the post transition metal ions with
L; and L, It is results that distribution ratio is
deceased between water and toluene layer be-
cause addition of organic substituent such as me-
thyl phenyl ring , and result in reduced water so-
lubility.

When macrocycle-cation interaction exceeds in
receiving phase anion-cation interaction for two
different macrocycles with similar distribution
coefficients, in which case will more cation trans-
port occur ? The post transition metal ions trans-
ported by cryptand 221(Ly) and 211(L.) indicates

that the macrocycle with the larger log K value
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for cation interaction will transport the cation
more readily.

Competive transport of post metal ions versus
several other ions ; The transport data of binary
ions containing the post transition metal ions
were given in table 5. The interference ions for
the post transition metal ions were partial transi-
tion metal. In SCN-NO,~ system, transition metal
ions were interfered for the Cd**, but the other
ions were not interfered for the Cd**. The Cu®**
of the transition metals were markably interfered
for the post transition metals. These results, as
predicted in effect of macrocycle substiuent, are
dependent on the magnitudes of the stability con-

stants of complexes.

We would not expect only the low transport of
Ni**. A large fraction of the Ni?* is present in the
source phase as Ni(SCN),, since the interaction
of the with partial macrocycles in methanol are
similar to those of Cd**, significant transport was
expected in case of Ni**.
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Table 5 The Transports® Percent of Binary lons by Emulsion Liquid Membrane after 15

Minutes
Binary Source-Recieving Phase System
Ion SCN™—NO,~ SCN™—S,0:%" SCN™—P,0,*"
A™ Cd At Hg** A™* Pb**
Cu** /M** 32 68 26 74 13 87
Zn* /M** 20 80 4 96 -2 98
Ni#* /M** 18 82 3 97 2 98
Na*/M?* 5 95 2 98 1 99
Li*/M** 4 96 3 97 2 98
Mg** /M?* 4 96 1 99 5 95
Ca™* /M?** 2 98 1 99 6 94
Fe** /M** 15 85 4 9% 8 92

a ! Percent transport in 0.4M SCN~ or 0.004M-SCN™/0.002M-tetramethylacetic cyclam
{Ligand No. 4) in toluene/0.282M- NO;~ or P.0O;*~ emulsion liquid membrane. M**
were Cd**, Hg®* and Pb?*, and A™" were Cu*", Zn**, Ni** Na*, Mg®*, Ca’* and Fe®*

as interference ions.
All of the metal ions were 107°M.
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