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2.2-Dihydroxyazobenzene (DHARB) was attached to poly(ethylenimine) (PEI) to obtain DHAB-PEL Spectral
titration revealed that uranyl, Fe(l11), Cu(Il), and Zn{1l) ion form 1 : 1-type complexes with DHARB attached to
PEL Formation constants for the metal complexes formed by the DHAB moieties of DHAB-PEI were mea-
sured by using various competing ligands. The results indicated that the concentrations of uranyl, Fe(l11), and
Cu(11) ions can be reduced to 107'-107 M at pH 8 with DHAB-PEI when the concentration of the DHAB
moiety is | residue M. By using cyanuric chloride as the coupling reagent, DHAB-PEI was immaobilized on
Sephadex G-235 resin to obtain DHAB-PEI-Seph. Binding of uranyl, Fe(111}, Cu(I1), and Zn(1[) ion by DHAB-
PEI-Seph was characterized by using competing ligands, A new method has been developed for characteriza-
tion of metal sequestering ability of a chelating vesin. Formation constants and metal-binding capacity of two
sets of binding sites on the resin were estimated for each metal ion, DHAB-PEI-Seph was applied to recovery
of metals such as uranium, Fe, Cu, Zn, Pb, V, Mn, and W from seawater, The uranium recovery from seawater
by DHAB-PEI-Seph does not meet the criterion for economical feasibility partly due to interference by Fe and
Zn ions. The seawater used in the experiment was contaminated by Fe and Zn and, therefore, the efficiency of
uranium extraction from seawater with DHAB-PEI-Seph could be improved if the experiment is carried out in
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a cleaner sea.

Introduction

Metal sequestering from water is important for environ-
mental protection and recovery of resources. Chelating res-
ins are much more effective than simple ion exchange resins
in metal sequestering as they manifest higher selectivity and
greater complexation constants toward guest metal ions.'”
Thus, chelating resins are useful in practical applications
such as treatment of drinking or waste water as well as
extraction of metals from seawater. For these purposes, it is
necessary to attach chelating groups to solid supports. In
addition, it is also desirable to modify surface of the solid
supports to improve chemical and physical properties of the
chelating resins.

2.2’-Dihydroxyazobenzene (DHAB) (1) forms a | : 1-tvpe
complex with vranyl ion.* Complexation of two molecules
of 1 to one metal ion has been reported for some transition
metal ions.” A previous study on pH dependence of forma-
tion constants for the uranyl complex (2) of a DHAB deriva-
tive indicated that the ionization (pK| — 8.19, pK: — 11.19) of

[
[ 5]

the two phenol groups facilitate uranyl binding by DHAB.*

Metal complexing ability ot DHAB is promoted by enhanc-
ing ionization of the phenol groups of DHAB. By providing
DHAB with cationic microenvironment, ionization of the phe-
nol groups can be facilitated. To improve the uranyl-binding
ability of DHAB, for example, we have attempted to create
cationic microenvironments around DHAB attached to solu-
ble or insoluble synthetic polymers.

In the first study, partially cross-linked polystyrene was
used as the insoluble backbone that holds DHAB.*” By
attaching quaternary ammonium groups to the styryl moi-
eties. cationic environment was introduced to the resin. The
cationic character promoted adsorption of UOx(COs)s*
anion to the resin, ionization of phenol groups of DHAB
attached to the resin, hydrophilicity of the resin, and. conse-
quently. the complexation of uranyl ion by the resin. Ura-
nium extraction from seawater was carried out with the
DHAB attached to the polystyrenes.”” The amount of ura-
nium extracted in an open sea was up to 150 pg/g resin.

In the second study, DHAB was attached to branched
poly(ethylenimine) (PEI). a soluble polymer, in an attempt
to create cationic microenvironment around DHAB with
ammonium ions of PEL® PEl (M.W. 60000) contains ethy-
lamine as the repeating unit. Among ca. 1400 amines of PEI,
25% are primary amines. 50% are secondary amines, and 235
% are tertiary amines. The tertiary amines represent branch-
ing points on the polymer backbone, and, therefore, PEI is
highly branched. Since various structural elements can be
incorporated to PEI by modification of the amino groups,
PE] has been used as the backbone of biomimetic catalysts
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or biomimetic metal-sequestering agents.” ™ For the DEHAB
attached to PEI (DHAB-PEI), in which the content of
DIIADB was 1.1 residuc mol % of PEL, log Krofl ca. 17 was
obtained for uranyl binding at pll 8.0.* Thus, Ky for uranyl
binding by DHAB was improved by ca. 10*-fold through
attachment of DHAB to PEL This was mainly atiributed (o
the enhanced ionization of the phenol groups of DIAB in
the microenvironment of PEIL.
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For practical applications in extraction of metal ions from
walcr, the sequestering agent should be immobilized. [n this
study, Scphadex G-25 resin (Seph) was chosen as the solid
support and DIIAB-PE] was attached to Seph to obtain
DIIAB-PEI-Seph. In this paper, preparation and metal-bind-
ing ability of the metal-sequestering agents are reported,
together with results of metal-extraction from scawater.

Experimental Section

Materials.

PEI containing 2,2"-dihydroxyazobenzene (DHAB-PEI):
This was synthesized according to literature™ using 2-(2-
bezenesulfonyloxy-5-bromomethylphenylazenyl)phenyl ben-
zenesulfonate (3). except that dimethyl sulfoxide (DMSQO)
was used as solvent to improve the solubility of 3. The con-
tent of DUHAB in PEI-DIIAB was 5.1 residue mol %, as
determined by spectral titration® with uranyl ion.

Seph-cyanuric chloride conjugate (Cya-Seph): Seph (5.0
g: purchased (rom Sigma; dry bead diameter 50-150 pm).
cyanutic chloride (31 mg) and NaxCO: (6.0 g) were added to
toluene (100 mL). The heterogencous mixture was shaken
for 5 days at 50 °C. The resulting beads collected by filtra-
tion were washed with water (20 mL) [0 times and with acc-
tone (20 mL} 10 times. and dried iz vacuo. Based on the
results (C, EL N) of elemental analysis, the content ol eyanu-
ric moicty in Cya-Seph was estimated as 0.10 residue mol
%. This corresponds 1o incorporation of 20% of the added
cyanuric chloride to Seph.

DHAB-PLI attached to Cya-Seph (DHAB-PEI-Seph):
To solutions of dried DHAB-PEI(0.10 g; 2.3 residue mmol
ol PEI) dissolved in DMSO (50 mL). Cya-Scph (1.0 g) was
added. The heterogeneous mixture was shaken for 5 days at
50 °C. The resulting beads collected by filtration were
washed with water (20 mL) 10 times, 1 N 1ICI (20 mL) 3
times, and acetone (20 mL) 10 times, and dried in vacuo.
Bascd on the results {(C. H, N) of clemental analysis, it was
estimated that 0.019 g of PEI-DIAB was attached to 1 g of
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Cya-Scph. Thus, the content of DHAB moiety in DHAB-
PEI-Scph is 1.8 x 10 * mol per gram resin.

Other Materials. CuCl, and ZnCl> were prepared from
Cu() (99.999%, purchased from Aldrich) and Zn( (99.999
%. purchascd [rom Aldrich) according to the process report-
ed" previously for NiCls. Solutions of FeClx were prepared
from reagent grade FeCls and quantified by back titration
wilth cthylenediaminctetraacetatic acid (EDTA). UO«(CHIs-
COO): 20 (99.0%. purchased from Merck) was used
without lurther purification.

Measurements. Spectrophotometric  measurement  was
performed with a Beckman DU68 UV/VIS spectrophotome-
ter. Temperature was adjusted o 25 L 0.1 °C with a Lauda/
Brinkman Model RC3 circulator. Bulfer solutions (0.1 M)
were prepated with 4-(2-hydroxycthyl)-1-piperazinecthan-
sulfonic acid (HIEPES) at pll 8.02. pll measurcment was
carricd out with a Dongwoo Medical DP-880 pll/ion meter.
[nductively coupled plasma mass spectroscopic ([CP-MS)
measurement was carricd out with a Laptam 8410 plasmas-
can or a VG/PQ2 turbo 1CP spectrometer. Experiments for
uranium extraction from scawater were carried out in Anin-
jin-ri, Kangnung City. Kangwon Province on the east coast
of Korcan peninsula.

Results

Synthesis of DHAB-PEI-Seph. When 3 is added (o PEI,
the amino group of the polymer substitutes the bromo group
of 3, leading 1o alkylation of the polymer. Removal of the
benzenesulfonyl groups from the alkylated polymer pro-
duces DHAB-PEIL. The content of DHAB in DIIAB-PE]
was determined as 5.1 residue mol % by titration with uranyl
ion as described in the next section.

N
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DHAB-PE1

Sephadex resins are manulactured by cross-linking cellu-
lose with epichlotohydrin. Coupling of Seph and the DHADB-
PE] was carricd out as summarized in Scheme 1. The first
chloro group of cyanuric chloride is readily substituted by
hydroxyl groups. One of the chloro groups ol the resulting
cyanuric ether can be substituted by stronger nucleophiles
such as amines.'® The other chloro group. however. resists
further substitution once an amine is incorporated into the
cyanuric moicty. Thus, treatment of cyanuric chloride with
Seph would lead to single attachment of the cyanuric moicty
to Seph. Substitution of one ol the chloro groups in cach
cyanuric moiety of Cya-Seph with an amino group of a mod-
ificd PEI leads 1o conjugation of the PEI derivative to the
cellulose-based resin.
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As indicated in the experimental section, the content of

cyanuric moictics introduced to Cya-Sep is estimaled as 0.10
residue mol %, the content of PEI in DEHAB-PE[-Seph as 1.9
weight %, and the content of DEAB in DHAB-PEI-Seph as
1.8 x 10 * mol per gram resin.

Spectral titration of DHAB-PEI with metal ions. [1lus-
trated in Figure 1 is the absorbance change observed when
uranyl ion was added o a solution containing a fixed con-
centration ol DUAB-PEI Eere, the intersecting point repre-
sents the equivalence point or the titration of the DIIAB
moiety with uranyl ion. Since DEHIAB forms a | : 1-lype com-
plex with uranyl ion.! the amount of DIIAB moiety is calcu-
lated from the equivalence point. The content of DIIAB
maoictics was thus estimated as 5.1 residue mol %.

Because PEI contains cthylenediamine moictics, PEI back-
bone can bind metal ions, although attachment ol hydropho-
bic residues to PEL and cross-linkage of PEI reduces metal-
binding ability ol PEI considerably.'” Metal complexation 1o
the PEI backbone docs not produce appreciable spectral
changes in the visible region. On the other hand, metal-bind-
ing by the DIIAB moicty of DHAB-PEI is accompanied by
considerable speetral changes in the visible region. The plot
illustrated in Figure 1 demonstrates that uranyl ion is bound
by the DIAB moicty when the total concentration ol uranyl
ion does not exceed that of the DIHAB moictics.

For metal ions other than uranyl ion, two or more DIAB
moictics may be bound by one metal ion.” When DIHAB is
randomly atltached to a PEI derivative. however, complex-
ation of two or more DHADB moictics 1o one metal ion is not
likely due to the conformational strain imposed by the poly-
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Figure 1. Absorbance change observed at 483 nm Jor DIAR-PLI
(9.51 x 107 M in terms of DHAB concentration) with various
amounts of urany| ion added at pH 6.00.
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mer backbone. To check the binding modes of other metal
ions. absorbance changes in the visible region were mea-
sured by adding Fe(111), Cu(I1). or Zn(I[) ion to DIIAB-PEL.
The spectral titration data of Figures 2-4 reveal that Fe(Ill),
Cu(1l), or Zn(IT} ion is complexed by one DIHAB moicety and
complexation by the PEl backbone alone is much weaker
than that by the DIIAB moiety. The possibility that Cu{IT),
Fe(T11), Zn(11), or uranyl ion bound by the DIIAB moiety is
also complexed by amine groups of PEI backbone is not
excluded by the data ol Figures 1-4.

Formation constants for metal complexes of DHAB-

0.25
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b [ ]
B 015
2 o
0.10
0.05 ' ! '
0.0 0.5 10 1.5

[Fe(TIT)], / [DHAB-PEI],

Figure 2. Absorbance change observed at 5360 nm for DHAB-PLI
(951 x 107 M in terms of DHAB concentration) with various
amounts of Fe(IlI) ion added at pH 8.02.
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[Cu(IT)], / [DHAB-PEI],

Figure 3. Absorbance change observed at 493 nm tor DHAB-PEI
{9.51 x 107" M in terms of DHAB concentration) with various
amounts of Cu(I1) ion added at pH 8.02.
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Figure 4. Absorbance change observed at 490 nm for DHAB-PEI
(9.51 x 1075 M in terms of DA concenlration) with varous
amounts of Zn{11) ion added at pl1 8.02.

PEL. Various types ol small molecules including metal ions
and organic molecules are complexed to PEI derivatives,
and sometimes a large number of the small molecules are
bound to cach molecule of a PEI derivative. The binding of
small molecules can be simplificd. however, as independent
complexation to individual binding sites. This approxima-
tion 1s valid as far as the complexation (o a binding site docs
not aflect the succeeding bindings appreciably and has been
found to be valid for binding of several types of small mole-
cules to PEI derivatives 31211822

[t was not possible to measure the formation constants lor
metal complexes of DIAB-PEI directly [rom absorbance
change accompanying complexation of metal ions. [nstead.
the formation constants were estimated by using competing
ligands®*** according to Scheme 2. Tere, DHAB™ repre-
sents DHAB attached to PEL The formation constants for
metal complex of DIIAB-PEI can be defined as Eq. (1).
Complexation of the competing ligand (CL) to the metal ion
is expressed as Eq. (2). Literature values™ of # and Ko were
used in the analysis of the experimental data obtained with
both DHAB-PE] and DHAB-PEI-Seph. Equilibrium for
exchange of the metal ion between the DIAB™ and CL is
described by Eq. (3). In the equations, |DHAB™| or [CL|
stand for sum of concentrations ol the DIIAB moictics or
CL. respectively. in various ionization states. The value of
K. was estimated by analysis ol data points. such as those
illustrated in Figure 5. in terms of Scheme 2 with a computer

M + DHABPE M-DHABPE!

M + aCL _ M(CL),

M-DHAB"™ + nCL ——= DHAB'™ + M(CL),
Scheme 2
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Figure 5. Absorbance change observed at 495 nm tor the Cu(ll)
ion complex of DHAB-PEI with various amounts of EDTA added
at pH 8.02. The curve was obtained by analysis of the data
according to Scheme 2,

program lor nonlincar regression. Then, Ky was calculated
(Eg. (3)) from K. and K. The values of Ky thus cestimated
for uranyl. Fe(11l), Cu(IT}, or Zn(IT) complexes of PEI-DHAB
measured at ptl 8.02 and 25 °C are summarized in Table 1.

Kr = [M-DHAB ™)/ [M][DHAB"™] (n
Ko = [M(CLWKIM[ICL]" 2)
Ko = [DHAB™][M(CL),J/[M-DHAB"™[CLT"

= K(’L,-"Kf (3)

Formation constants and sequestering capacity of
DHAB-PEI-Seph. Complexation of U0, Fe(11D), Cu(ll),
or Zn(1) ion to the sequestering site (Seq) on DHAB-PTI-
Seph was examined. In a typical experiment, DHAB-PEI-
Seph (20 mg) was suspended in a solution (20 ml.) contain-
ing a metal ion, a competing ligand (CL.), and HEPES (0.1
M} at pH 8.02, and the mixture was shaken at the speed of
150 rpm for one day. For a given metal ion, the initially
added concentration of the metal ion {[M],) was fixed at ¢a.
0.1 mM. The initially added concentration of Cl. {([CL].)
was much greater than [M],. The resin separated by filtration
was washed with water (10 ml.) thrice, and was washed
again with 1 N HNO:z solution (10 ml.). The amount of the
metal ion released by the HNOs solution was measured by
[CP-MS. from which the amount of the metal ion (MSeq)

Table 1. Formation constants for metal complexes of PEI-DHAB
atpll 8.02 and 25 °C¥

metal Uos~

Fe(lIDy Cu(ll) Zn(ll)
16,10 £ 0.26 23.17 L 0.40 18.62 = .03 8.45 - (1.42

“Competing ligands used were sodium bicarbonate for UQ:. 2-
(hydroxycthyliethylenediaminetriacetic  acid (HEDTA)  for  Te(lll).
EDTA for Cu(Il). and dipicolinic acid (IDPA) tor Zn{I1).

log Ky
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kad
M + Seq MSeq
kde
k,
MSeq + nCL M(CL), + Seq
k.,
Scheme 3

bound 1o Seq was calculated.

Data for complex formation between a guest metal ion and
an insoluble metal-scquestering agent may be analyzed in
terms of Scheme 3 by analogy with Langmuir isotherm®™ for
gas adsorption to solid surfaces.®™ 2 It is assumed in
Scheme 3 that metal complexation is independent of suc-
ceeding bindings. The formation constant (Ky) is represented
by kug'kae. When Ky is very large. it can be estimalted indi-
rectly by measuring the cquilibrium constant (Ko — £1/&.1)
lor the exchange of the bound metal ion with a compeling
ligand. For Scheme 3. Eqs. (4)-(6) are derived. In the equa-
tions. |Seq], |Seql.. and |MSeq]| represent the concentra-
tions of Seq, the initially added concentration ol Seq. and
the concentration ol MSeq. tespectively, obtainable when
Seq and MSeq arc assumed 1o be dissolved. By analyzing
the dependence of [MSeq| on |CL| in terms of Eq. (6). the
values of K and |Seq], can be estimated. Then, Ky{— Kei/
K.) can be caleulated (rom Ko and K.

[MSeql/[Seq] = ko[M]iks = K{M]
=k [M(CLWJk[CL]"
= [M(CL)JICLT Ker @)

Kex ~ 1Seq|[M(CL), |/ MSeq][CL["
~ (ISeql. — |MSeq )| M|, - [MSeq]|MSeq||CL"
(5)

[MSeq] = {o - (o — 4[M].[Seq])'* }:2
where o« = [Seq], + [M]o+ K[CL]" (6)

FFor complexation of uranyl, Fe(lIT), Cu(ll), or Zn{Il) ion
by DHAB-PFEI-Seph, however, Scheme 3 alone does not
account for the experimental data. As illustrated in Figure 6,
the data for dependence of [MSeq] on [CL.] is to be divide
into two parts in order to fit the data with Eq. (6). Thus. the
whole data set does not fit a single equation. [nstead. the data
were analyzed by assuming the presence of two sets of bind-
ing sites as indicated by Scheme 4. Here, two sets of binding
sites are indicated as Seq and Seq* with formation constants
Ky (= kaa'kae) and K* (= kaa™*ika®). respectively, and exchange
constants Kox (= ki'ka) and Koo (= &i*ik®), respectively.

FFor Scheme 4, Tiq. (7) is derived for the dependence of
[MSeq]: (= [MSeq]-[MSeq*]) on [M]. Here, Seq, and Seq*,
represent the initially added concentration of Seq and Seq*.
respectively. The values of [M] were calculated according to
q. (2) from the experimentally measured values of [M{CL)]
(=M, [MSeq],) and [CL]. The dependence of [MSeq] on
log [M] is illustrated in Figures 7-10. The data points were
analyzed in terms of Eq. (7) by putting log [M] as the inde-
pendent variable and values of Seqo, Seq*,. log Kt and log
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[FeSeq];, 105 M

30

[DPA], 103 M

Figure 6. Plot of [FeSeq] against [I3PA] tor the exchange of
Fe(lly ion ([Ee(1N], = 0.990 x 10 * M) between DIAB-PEI-Seph
and DPA at pH 8.02. Curves a and b were obtained by analyzing
the first 4 data points and the last 5 data points, respectively,
according to Liq. (6).

kad
M + Seq MSeq
kde
ky
MSeq + nCL M(CL), + Seq
k.,
kad*
M + Seq* MSeq*
kdc*
ke *
MSeq* + nCL M(CL), + Seq*
k*
Scheme 4

Ky* were estimated by using a computer program [or nonlin-
car regression. The parameter values thus estimated are sum-
marized in Table 2.

[MSeq], —
Ki[M]Seqo/(1 — Ki[M]) + K*[M]Seq*o/(1 + K*[M]) (7)

Metal extraction from seawater. Seawater was passed
for 20 hours through DHAB-PE[-Seph {0.10 g) contained in
an apparatus described® previously. After rinsing the resins
several times with distilled water, the resin was suspended in
I N HNQO; solution for 25-30 min and the amounts of vari-
ous metal ions released by treatment with the acid were mea-
sured by ICP-MS and the results are summarized in Table 3.
Concentrations of various metal ions present in the seawater
used in this experiment and average concentrations of the
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[FeSeq],,10° M

0

14 15 16 17 18 19
-log [Fe(III)J/M

Figure 7. Plot ot [I'eSeq], against log [I'e{111)] for the exchange of
Fe(IT1) jon between DIAB-PLI-Seph and DPA at plT 8.02 with
[Fe(I}]o = 0.990 x 107 M. The curve was obtained by fitting the
data with Eq. (7).

[UO,Seq], 10° M

10 12 14 16
-log [UO,J/M

Figure 8. Plot ol [UO-Seq] against log [UO-] for the exchange of
urany| ion between DIARB-PEL-Seph and carbonate at pll 8.02
with [UOzJe = 1.90 x 10 * M. The curve was obtained by fitting the
data with Fq. (7).

metal ions in various scawater reported in the literature®” are
also presented in Table 3.

Discussion

A molecule of DHAB-PEI contains 71 DIIAB moicties
and 1400 amino groups on the average. The results of Fig-
urcs 1 and 2 indicate that uranyl, Fe(III), Cu(ID), or Zn(11) ion
is preferentially bound by the DETAB moicty when mixed
with DHAB-PEL. Under the conditions of [M], < |DIIAB™|,,
cach metal ion is complexed by one DIHAB moicty and pos-
sibly by some amino groups of PE] backbone. Formation

Won Jong Kwon et al,

[CuSeq],, 10°M

2 . . .
17.0 17.5 18.0 18.5 19.0
-log [Cu(I)}/M

Figure 9. Plot of [CuSeq], against log [Cu([1)] for the exchange
of Cu(Il) ion between DHAB-PCI-Scph and EDTA at pH 8.02
with [Cu(I)]e = 1.44 x 107 M. The curve was obtained by fitting
the data with Eq. (7).

[ZnSeq];, 10° M

7 8 9 10 11 12
-log [Zn(ID)]/M

Figure 10. Plot of [ZnSeq] against log [Zn(IN)] for the exchange

of Zn(I1) ion between DHAB-PEI-Seph and DPA at pH 8.02 with

[Zn(l)Jo=1.37 x 107" M. The curve was obtained by fitting the
data with g, (7).

constants for such metal complexes measured at pll 8.02
and 25° C arc summarized in Table 1.

In a previous study, log Ky of 17.01 L 0.17 was estimated
at ptl 7.99 for the uranyl complex of DHAB attached to
PEL® This is considerably greater than log K¢ (16.10 L 0.26
at pll 8.02; Table 1) measured for the uranyl complex of
DHAB-PEI prepared in this study. The content ol DEHAB in
DHAB-PEI] prepared in the previous study was 1.1 residue
mol % which is considerably smaller than that {5.1 residuc
mol %) prepared in the present study. The content of DEHAB
was raised in the present study to increase the capacity for
metal sequestering.
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Table 2. Formation constants and sequestering capacitv for metal
compleaes of DIAB-PLL- Seph at pl18.02, 235 <C*

log Ky log Av* Seq, Seq*.
U0 12302013 16.18£0.15 4621026 2044010
Fe* 1323£0.10 18244037 6.17+£040 127+020

Cu® 1693+ 127 19.15£036 1.75£033 077+£0.19
7n= DO08£025 1112+ 1.17 333+£086 0631008

“Competing ligands used were sodium bicarbonate tor U0Q:*'. DPA for
Fe(l11). EDTA for Cu(ll). and DPA for Znill). “Units of Seq, and Seq®o
are 107" mol‘g resin.

Table 3. Amounts of various metal ions extracted trom seawater
with DIHADB-PLL-Seph”

amount extracted from conen. in seawater (pph)

metal seawater” (Ug/g resin)  (hiswork® it value!
U I8 2.9 33
l'e 1286 322 1.3
Cu 32 0.8 0.1
n 374 30.6 0.01
Pb 24 1.8 0.013
v 17 1.1 1.9
Mn 1 2.6 0.2
W 16 2.9 0.1

“Amount of resin used: 0.1 2. Amount of scawater passed through: 300 1.
over 20 h (average flow rate: 0.35 km/h). Water temperature: 18-21 VC.
The amount ol metal ions extracted did not increase appreciably when
seawaler was passed through for 24-48 hours. ‘Concentration of the
metal 1ons m the seawater used i this experiment. “Average concent-
ration of the metal 10ns m scawater reported inref. 27.

When hydrophobic pendants are attached o PEL they
form clusters in water.">'"***" When DHAB moictics atiached
1o PEI forms hyvdrophobic clusters. 1onization ol the phe-
nolic hyvdroxyl groups of DHAB should be suppressed duc
1o the decrcased polarity of the microcnyvironment. This
would lower the ability of DHAB to chelate metal ions.

A previous study disclosed that the metal chelating ability
of the amino groups of PEI is diminished when the content
of hydrophobic pendants atlached to PEI is raiscd.!” This has
been explained in (crms of strains imposcd on (he conforma-
tion of the PE] backbone by the cluster formation, An increase
in the content of DHAB would lcad (o formation ol a greater
amount of hvdrophobic clusters. If” the amino groups of PEI
backbone cooperalc with DHAB moiclics in urany]l com-
plexation of DHAB-PEI. cficctiveness of the anuno groups
can be diminished when the DHAB content is raiscd. The
lower valuc of log K for urany] complex of DHAB-PEI pre-
parcd in this study. therefore. can be ascribed to the sup-
pressed 1onization of the hvdroxy] groups of DHAB moictics
and/or the diminished participation of the amino groups in
chelation.

The results summarized in Table 1 indicate that the con-
centrations of uranv]. Fe(IT). and Cu(IT) 1on can be reduced
1o 107'%10* M at pH 8 with DHAB-PEI when the concen-
tration of DHAB moicty is 1 residue M. In view of the ligh
chelating ability of the DHAB moictics attached 1o PEL
DHAB-PEI was immobilized on Scph. Cyvanuric chloride.
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which is frequently used to activaic polvsaccharide carricrs
for the binding of proteins ™ was cmployed in this study for
conjugation of DHAB-PEI with Seph. The content of cyanu-
ric moiety in Cya-Seph is ca. 0.10 residuc mol %. Thus. one
cyanuric group is introduced for 1000 glucose monomers of
Seph. If a DHAB-PEI molcculc is connected to ¢very cyanu-
ric moiety of Cya-Scph. the content of DHAB-PEI in the
resulting DHAB-PEI-Seph can be ca. 30% if an excess DHAB-
PEI is added. If DHAP-PEI uscd in the preparation of DHAB-
PEI-Seph is attached to Cya-Seph quantitatively. the content
of DHAB-PEI in DHAB-PEI-Scph prepared in the prescnt
study would be ca. 9%. The content is. howcver. cstimated
as 1.9%. as described in the experimental scotion, Scph has
pores that accommaodate molecules with M.W. smaller than
5000, Thus. DHAB-PEI would have no access 1o cyanuric
moictics present on the walls ol pores of Scph. Thus. only a
part ol the cyvanuric moictics of Cya-Scph arc exposed to
attack by DHAB-PEI accounting for the low content of
DHAB-PEI in DHAB-PEI-S¢ph. The content of DHAB-PEIL
would be further reduced i DHAB-PE] is connected to Cya-
Scph via multiple attachment.

With DHAB-PEI dissolved in walcr. it was possible to
determine the concentration of the DHAB moicty and to
chsurc that added metal ions were complexed by the DHAB
moictics. With DHAB-PEI-Scph. however. it was not possi-
ble Lo have metal ions complexed exclusively by the DHAB
moictics. Insitcad. an cxcess of a gucst mictal ion was added
to DHAB-PEI-Scph and thermodynamic behavior of the result-
ing complex was characterized.

The results summarized in Table 2 reveal that at Ieast two
kinds of binding sitcs arc present on DHAB-PEI-Seph for
the metal ions. The metal-binding abilitics of the weaker and
the stronger binding sites arc represented by log K and log
Kr*. respectively. The contents of the weaker and the stron-
ger binding sites arc represented by Seq, and Seq*,. respec-
tively. The valucs of log Ky* (Table 2) measured for DHAB-
PEI-Scph arc similar to those of log Ky (Table 1) mcasured
for DHAB-PEI. Morcover. Seq*. (Table 2) mcasured for
DHAB-PEI-Scph arc comparable to the content (1.8 x 107
molc per gram resin) of DHAB in DHAB-PEI-Scph. [L appears
that the stronger binding sitcs of DHAB-PEI-Seph corre-
sponds to the DHAB moictics. On the other hand. cach weaker
binding sitc may be composcd ol two or three cthylencedi-
aming moictics of PE[ backbone without involvement of the
DHAB moicty.

It is noteworthy that log Ky* for DHAB-PEI-Scph is some-
what higher than log Ky for DHAB-PEI in casc ol Cu(Il) or
Zn(IT) binding and lower in casc of Fe(IT) binding. The Seq*a
valucs arc appreciably smaller than the DHAB conltent in
casc of Cu(I) or Zn(11) binding. These complications may
be duc to additional features of metal sequesiering arising
from attachment of DHAB-PEI to Cya-Seph. For example.
conformation of the PEI backbone may be distorted by mul-
tiplc attachment of the PEI to Seph and/or inleraction of
amino groups of PEI with hydroxyl groups of Scph. aflect-
mg the metal binding ability. It 1s also possible that hydroxyl
groups of Sceph cooperate with DHAB or amino groups of
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PEl in metal binding giving risc 1o several new types of
binding sitcs.

In the present study. a new method is presented for charac-
terization of metal scquestering ability of a resin containing
two different sets of chelating sites. I a metal ion bound to
the resin allcets the succeeding binding of a different kind of
mctal ion. simultancous complexation of several different
kinds of metal ions would be more difficult to analyz¢ quan-
titativels.,

Application of DHAB-PEI-Scph io recovery of scveral metal
ions from scawater has been tesied. The results summarized
in Table 3 reveal that various metal ions arc extracted from
scawalcr by passing scawater through DHAB-PEI-Scph. The
total amount of the metal ions extracied is comparable to the
Seq*,. the content of the stronger binding sitcs on DHAB-
PEl-Scph. The amount of a metal ion recovered by the resin
would be greater i the metal ion has greater aflinily (log
Ki*) toward the scquestering siles. [aster rates for complex-
ation. and a larger concentration in scawaler. [n addition. the
presence of 2.3 mM bicarbonate ion in scawaler complicales
the scquesicring of various mctal ions by the resin since
bicarbonatc ion behaves as a competing ligand for the metal
ions.

It has been estimated that extraction of morc than 300 pg
of uranium 1s nceded for 1 gram of scquesicring agent per
day t¢ meet the cconomical [casibility of extraction of ura-
nium from scawater.”*! In addition. (he scquestcring agent
must be reeveled many times, To date. no urany] scquesier-
ing agents meeting these criteria have been designed.™ The
best resulls were oblained with amidoxime resing in (crms ol
the amount (up to 600 ug per day per g resiny of uranium
extracted. ™ The amidoxime resin. however. cannot be recy-
cled for more (han scveral times duc Lo destruction during
reactivation step. ™

The amount of uranium extracted per gram of DHAB-
PEI-Scph docs not mect the alorcmentioned criterion. The
amount of uranium cxtracted from scawater with DHAB-
PEI-Scph is low because most of the metal binding siles arc
occupicd by Fe(11T) and Zn¢1T) ions. The position of scawaler
uptake cmploved n this experiment was about 600 melers
away from the shore and about 100 meters below the sca
level. As summarized in Table 3. (he scawater used in this
experiment 1s heavily contaminated with Fe(111) and Zn(Il)
ion. This is atiributed 1o river water flowing into the sca
from mining and ndustrial arcas in Kangwon Province of
Korcan peninsula, 11 tested with uncontaminated scawater in
another sca. the amount of uranium cxtracted by DHAB-
PEI-Scph might be significantly improved

Acknowledgment. The authors wish to acknowledge the
linancial support of Korca Scicnee and Engincering Founda-
tion (hrough Center for Molccular Catalvsis. SNU.

References and Notes

1. Schmuckler, G. Tafania 1965, 12, 28],
2. Movers, E. M.: Fritz, I S, J Clromatogi: 1976, 176, 189.
3. Kantipuly, C.: Katragadda, S.: Chow, A.: Gesser, [1. D. 7a/-

W

6.

Won Jong Kwon ef .

ante 1990, 37, 491,

Lee, K2 Jang, B.-B.. Suh, ). Brdf. Korean Chem. Soc. 1996,
17 814,

Dutta, S.: Basu, P. Chakravorty, A. fnorg. Chem. 1991, 30,
4031

Jang. B.-B.: TLee, Koo Kwon, W I Suh, 10 Polymer Sci.
A Polvmer Chem. 1998, 37, 3169.

o Lee, Ko Jang, B-Be Kwon, W Lz Sub, 1J0 Polvmer Sei.

A Polymer Chem. 1999, 37,4117,

Noh. Y.-S: Lee, Koo Suh, 1 J Polvmer Sci. A: Polvmer
Chem. 1999, 37, 39306,

Klotz, I. M. ln Enzyine Afechanisms: Page, M. L, Williams, A,
Eds.: Roval Society of Chemistrv: London, 1987: Chapter 2.

. Suh, L ddee. Chem. Res. 1992, 23, 273,

Suly, ). In Pohsneric Materials Encyclopedion. Salamone, .
C., Ed.: CRC Press: Boca Raton, 1996: Vol. 6, pp 4210-4218,
Suh, I: Hah, S. S.J. s Chem. Soc. 1998, 120, 10088,

Suh, L: Hong, S. H.J Am. Chem. Soc. 1998, 120, 12545.

14. Tee, Koz Suh, M. Pz Suh, I Polvmer Sci. 4: Polymer

16.

17.

18.
19.

20.

[SS)

(]
+

- bo

Chem. 1997335, 1825.

Suh, I. Chung, S.: Tee, 8. H. Bioorg. Chem. 1987, 13, 383.
Dudley. J. R Thurston, I Tz Schacter, . €. Holm-Hansen,
D Hull, C. T Adams, P A Chem. Soc. 1951, 73, 2891
Suh, 1. Lee, 8. IL: Kim, S M.: Hah S, 8. Bioorg. Chem.
1997, 25, 221.

Suh, J: Cho, Y.: Lee, K. L /. . Chem. Soc. 1991, 13, 4198,
Suh, I: Lee, S, 1L: Zoh, K. D. J. Am. Chem. Soc. 1992,
114, 7916.

Suly, ). Long, S. 1L J Pobymer Sci. . L.: Polyimer Chem. 1997,

35.533.

. Suh. L Park, H. S, Polymer Sci. Pohvmer Chem. 1997,

351197

Suh. I: Tee. 8. H.J Org. Chem. 1998, 63, 1519.

Martell, A. T Smth. R M. Critical Stability Constants.
Plenum: New York, 1974-1982: Vol. [-3.

Atkins, B W, Phusical Chemistry, 4th ed.. Oxford Univer-
sity Press: Oxtord, 1990: pp 883-888.

. Sul, oz Park, L1 S S Polviner Sei A Pohaner Chem. 1997,

35,1197

. Jang, B.-B.: Lee, K. P2 Min, D. L. Suh. I J Am. Chem.

Soc. 1998, 120, 12008,

Wilson, T. R. 8. In Chemical Oceanography, 2nd cd.. Riley,
I P, Skomow. G Fds.: Academie Press: Tondon, 19752 Vol 1,
Chapter 6 and 7.

Johnson, T. W Klotz, I. M. Macromolecules 1974, 7. 618,

. Suh. I: Kim, M. I. Bioorg. Chem. 1992, 20, 360.
. Kay. G Crook, T M. Natwre 1967, 216, 514
. Kobuke, Y. Tabushi, [.. Aoki. T: Kamaishi. T.: [lagiwara.

L Ind. Eng. Clem. Res. 1988, 27, 1461,

Kabay, N.. Egawa, [ L Sep. Sci. Technol. 1994, 29, 133,
Kage, T.. Goto. A.: Kusakabe, K.. Morooka, S. /nd. Eng.
Chem. Res. 1992, 317, 204,

Egawa, I1: Kabay, N.. Shuto. T.: o, A. Ind. Eng. Chem.
Res. 1993. 32.540.

In previous studics, uranium extraction experiments with
the DHADB-containing cross-linked polystyrenes were car-
ried out 1n the same sca on the cast coast of Korean penin-
sula ® Major portions of the DHAB moictics of the poly-
styrence resins were also oceupied by Te and 7Zn tons. Tn
view of heavy contamination of the sea by Fe and Zn 1ons,
uranium extraction by the polvstvrene resinsg would be
also considerably improved if tested in a cleaner sea.



