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Abstract

Polyethylene glycol (PEG)-aqueous biphasic systems (ABS) and PEG-grafted aqueous biphasic extraction chromatographic (ABEC) resins
have been shown to remove inorganic species from environmental and nuclear wastes. The partitioning behavior of several iodide species (io-
dide, iodine, triiodide, iodate, and 4-iodo-2,6-dimethylphenol (I-DMP)) have been studied for PEG (MW 2000)-salt systems and ABEC resins.
lodide partitioning to PEG-rich phases or onto ABEC resins can be enhanced by derivatization with 2,6-dimethylphenol to form 4-iodo-2,
6-dimethylphenol or by addition of ko form triiodide. Conversely, iodide partitioning to the PEG-rich phase or onto ABEC resins is reduced
by oxidation of iodide to I@. Partitioning studies of iodide, iodate, and iodine in a PEG-ABS are compared to results using ABEC resins.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction In neutral and acidic solutions these species are stable, but at
high pH, iodine (as well agt and k™) can disproportionate
Aqueous biphasic systems (ABS) have been used as a geninto iodide and IQ~ specieq8]. One can predict from the
tle liquid/liquid separation methodology for large and small small negative Gibbs free energy of hydratiaxGyq), that
biomoleculeq1], however, there is an increasing number of the large, soft aniongt and k= would be chaotropic. On
applications of ABS to liquid/liquid separation of inorganic the other hand, 1O~ species having large negativeGhyq
ions and organic moleculg®-7]. Earlier results utilizing would be kosmotropic (water-structuring). Thednion has
both polyethylene glycol (PEG)-ABS and the related aque- a AGyyq that falls between those of the polyiodide anions
ous biphasic chromatographic resin (ABEC) to separate andand the oxo-iodide anions. Since phase preference for an
recover iodide from environmental and nuclear wa$8ds inorganic solute in an ABS depends on £&yyq, the par-
for either remediation or analysis, prompted this study to titioning of iodide in a PEG/salt ABS or onto ABEC will
analyze the effects of iodine speciation on the liquid/liquid greatly depend on the speciation of iodide in solution.
distribution values and compare them to ABEC batch up- Here, we present our investigation of the separation and
takes. A simple separation and concentration procedure us-quantification of iodide species from aqueous samples. Re-
able for all iodide species would be a valuable tool. sults from partitioning experiments in ABS systems and
In solution, iodide can form many species and must be batch uptakes with ABEC resins for iodide, iodine, iodate,
carefully examined in order to control the separation. It is and the derivatized species, 4-iodo-2,6-dimethylphenol
known that in aqueous solutions, the following equilibria (I-DMP), are compared in order to validate the relationship

can exis{8]: between partitioning in a liquid/liquid ABS and uptake onto
ABEC resins.

I” +1 < I3™ (2)

I +2l2 < Is™ 2) 2. Experimental

- 2.1. Chemicals
* Corresponding author. Tel1-205-348-4323,; .

fax: +1-205-348-0823. The chemicals, Nal, NH, 12, PEG-2000, (NH)ZSO4,
E-mail address: rdrogers@bama.ua.edu (R.D. Rogers). K2CQOg, 2,6-dimethylphenol, 2-idosobenzoic acid, ascorbic
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acid, MnG, NaClG;, and CCh, were of reagent grade 2.3 Preparation of 12503~
and obtained from Aldrich (Milwaukee, WI, USA). NaOH
was purchased from EM Industries (Gibbstown, NJ, USA).  25,,Ci of Na'2% was magnetically stirred with 50 mg of
H2SO, and KHCQ were purchased from Fisher (Pittsburgh,  MnO, in 2.0 ml of 4 M sulfuric acid for 1 h to yieldL The b
PA, USA). All chemicals were used as received. The ABEC was then extracted three times with 28@ortions of CC.
resins, ABEC-5000 (200-300 mesh) and IODINE-2000 The CC}, solution was thercarefully evaporated to near
(30-60 mesh), were obtained from Eichrom Industries, Inc. dryness. Two hundred and fifty microliters of 0.2 M NaglO
(Darien, IL, USA). For clarity, the IODINE-2000 resin will  was then added to oxidize the to 10s~. The resulting
be referred to as ABEC-2000 hereafter. All water was deion- solution was then diluted with deionized water to an activity
ized using commercial deionization and polishing systems. of ca. 0.03.Ci/pl. The iodate species was validated by its
The iodide tracer as N&° and the technetium tracer as patch uptake profile in an (NBbSOs/PEG-2000 ABS.
NH4%TcO, in 0.1 M NH;OH were obtained from Amer-
sham Life Science, Inc. (Arlington Heights, IL, USA) and
used as received. lodide as 3 was obtained from Iso-
tope Products Laboratories (Burbank, CA, USA). These
r_agliotracers were pliluted with deionized water to an ac-  1he PEG-2000 stock solutions were prepared on a
tivity of ca. 0.03uCi/ul for the batch uptake experiments. \qightiveight percent basis while the stock salt solutions
lodide-125 was analyzed by its characteristic gamma ray yere prepared on a molar basis. Equal volumes from the
emission utilizing a Packard Cobra |l Auto-G_amma counting g0k solutions were added to form each ABS studied. The
sys.tem (Packard Instrument Co., Inc Meriden, CT, USA). compositions referred to are those of the stock solutions
lodide-129 and teg:hne't|um-9.9 activities were fp”OWGd b)_/ prior to mixing to form each ABS. The corresponding phase
beta decay analys_ls using Ultima G_old_scmt_|lle_1t|or_1 cocktail diagrams for these systems can be found in referfsice
and a Packard Tri-Carb 1900 TR L|qU|d_Scmt|IIat|0n Ana- For the partitioning studies in liquid/liquid ABS systems,
lyzer (Packard Instrument Co., Inc., Meriden, CT, USA). 6 metal jon distribution ratios were determined radiomet-
rically using previously described methof3]. For each
2.2. lodine derivatization determination, equal aliquots of a 40% (w/w) polymer so-
lution and a salt stock solution of varying molar concentra-
Derivatization of iodine was carried out according to tions were mixed. Each system was brought to equilibrium
methods published by Shin et 4B]. The derivatization by vortexing for 2 min followed by 2 min of centrifugation
occurs via the reduction o Iwith the halogen scavenger (2000x g) prior to addition of the tracer. A tracer quantity
2,6-dimethylphenol (DMPScheme 1jgto form the desired  of Nat?™l, Nal?9, 12903, 125-DMP or NH4%9TcO4 was
product 4-iodo-2,6-dimethylphenol. The iodide-125 labeled then added to the system. The ABS was then vortexed for
4-jodo-2,6-DMP tracer was prepared using this method. The 2 min followed by 2 min of centrifugation (2000¢). Equal
iodide species is oxidized to iodine with 2-idosobenzoic aliquots of the top and bottom phases were then removed for
acid (Scheme 1p The oxidizing strength of 2-idosobenzoic radioanalysis. The distribution rati®) was calculated by
acid can be adjusted by changing the pH of the reaction the ratio of the activity in counts per minute (cpm) of the top
solution allowing for the selective oxidation of iodide in PEG-rich phase divided by the activity in cpm of the lower
the presence of other halogens. Any oxidized iodine (in the salt-rich phase, corresponding to the ratio of concentrations
form of 1037) can be reduced back to iodide with ascorbic of the tracer species in the top versus bottom phases.
acid (Scheme 1

2.4. Liquid/liquid partitioning studies for iodide species
in ABS

2.5. Batch partitioning studies of iodide species onto
ABEC resins

OH OH
. M Me Me Me The uptake by ABEC resins was carried out by measure-
2+ . . . . . .
” © -+ H (@ ment of the dry weight distribution ratio®(y) determined
by batch contacts of the resin with a radiotracer-spiked salt
I solution of known concentration. The numeric identifiers in

ABEC-5000 and ABEC-2000 refer to the molecular weight
of monomethyl PEG grafted onto the solid support. Diygs

10 1 were calculated as iRq. (3)
—
2+ oM+ @[ ) R+ HO + @ ® Ai — A contact volumeml)

COO CoO’ Dw = 3
w As x mass of resirig) x dwcf 3)

2,6-DMP 4-Iodo-2,6-DMP

105"+ 3 Celli = T+ 3 CaHle0s +3 HO © whereA is the activity of the solution before contact with

Scheme 1. Derivatization of iodine species. the resin,A; the activity of the solution after contact, and
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dwecf the dry weight conversion factor relating the mass of 10°
the hydrated resin to its dry weight.
The ABEC resins contain a large amount of water

(60—85 wt.%). This amount can vary depending upon tem- 107
perature, humidity, and the treatment of the resins before s
use. Therefore, the ABEC resins were conditioned by wash- "{': 10! - /
ing with deionized water, then filtered on a 2in. diameter v

A

(NH4)2804 NaOH

Buchner funnel with a water aspirator (Whatman #2 quali-
tative filter disk), and then dried for 10 min by passing air 10° - T
first bubbled through a 500 ml Erlenmeyer flask containing
200 ml of deionized water through the resin bed. This en- -\'\-—aﬂ
sures that the water content of the resins is constant from 107 T T
batch to batch. 1 2 3 4 5 6 7
The batch contacts were carried out following previously Concentration of Stock Salt Solution, M
described method@]. The rat_diotracer was added tp 2.2ml Fig. 1. Distribution for'251~ (A), 15105~ (M), and129-2,6-DMP (@)
of the solution of interest, mixed, and a 100 ml aliquot re- i, 409% PEG-2000/(Nt),SO: and 40% PEG-2000/NaOH ABS.
moved for analysis4;). One milliliter of the spiked solution
(contact volume) was added to two separate samples of con-
ditioned ABEC resin of known mass (typically 15-30mg). ative the anion’sAGpyq, the less salt is required to salt-out
The contacted samples are centrifuged for 2min and thena given amount of PEG. A similar but smaller effect can
gently stirred for 30 min, followed by another 2 min of cen- be attributed to the cation, however, here we will focus on
trifugation (to ensure the resin remained in contact with the anionic species.
solution). The solution was stirred for another 30 min after ~ Phase diagrams of PEG-2000/salt ABS reveal that as the
which the solution was filtered through a 048 pipette-tip concentration of polymer and/or salt increase (or if there is
filter. A 100wl aliquot was then removed for radioanalysis an increase in temperature) the phases become increasingly
(Af). The distribution ratios and Dy) reported here are  divergent. That is, if you increase the system components,
the average of at least two measurements and are typicallythe PEG-rich phase excludes more salt and the salt-rich
accurate tat5%. phase excludes more PH®GL,12]
While salts with kosmotropic anions salt-out PEG-2000
to form an ABS, water destructuring, chaotropic, anions

3. Results and discussion with small |-AGnyqg| partition to the PEG-rich phase of
such an ABS. We have previously demonstrated this feature
3.1. Liquid/liquid iodide species partitioning studies with quantitative partitioning oP°TcO,~ to the PEG-rich

phase of several high ionic strength soluti¢Bis a property
The salting-out abilities of inorganic salts on PEG to form Which we have exploited in the removal $fTcOy~ from

ABS can be related to thAGnyq of the salt's anior{10]. simulants of the highly alkaline radioactive waste tanks at
Anions of water structuring, kosmotropic, salts that strongly the Hanford, WA site[4] and from solutions of Mog¥~
interact with water (i.e., have largeA Gnyq) such as PG, in caustic found in®*™Tc-generator technologigd5]. In
SOu2-, CO32—, and even OH, will salt-out PEG-2000 to  addition, the similarities between TgO and ReQ™, has
form a biphasic systeriTable 1provides theA Gpyq for sev- allowed development of effective separations strategies

eral anions for comparison. On a molar basis, the more neg-for ReQ;/WO4*~ and ReQ /MoO4*~ [16], important
separations in radiopharmacy and hydrometallurgy.

Based on the\Gpyq for I~ (Table 1), this ion should par-

Table 1 , , tition to the PEG-rich phase of a PEG/salt ABS, and indeed,
Gibbs free energy of hydration for selected anions this has been demonstratét7]. It became evident how-
lon AGhyq (kJ/molft ever, that the effect of speciation of iodine must he care-
TcO,~ _251 fully examined[18] in order to control the separatiohig. 1
ReQy~ —234 plots the distribution ratios for three different iodine species
I3~ 11 in PEG-2000/(NH)>SO4 and PEG-2000/NaOH ABS. lo-
:(; B *igg date has the lowest distribution ratios (actually preferring
HC3 _ B the lower salt-rich phase) which corresponds to its larger
03 —-368 o )
OH- _439 |- AGhyd|, whereas, iodide with the smaller AGhyqg| has
SOy2- —1090 largerD values, preferring the upper PEG-rich phase.
COsj‘ -1315 Small aromatic molecules (e.g., benzene and substituted
PO~ —2773 benzenes) have been shown in our laboratory to parti-

2 Data from[13,14} tion to the PEG-rich phase in several AB&,7]. These
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small-uncharged molecules partition quantitatively to the

PEG-rich phase in many of these systems and the pref-
erence for the PEG-rich phase tends to increase with the

hydrophobicity of the aromatic solute. In an effort to in-
crease the partitioning of iodide to the PEG-rich phase,
experiments were conducted to utilize this preference of
small, uncharged aromatic molecules for the PEG-rich
phase to enhance Ipartitioning by derivatizing iodide to
4-iodo-2,6-dimethylphenol species (I-DMP). We predicted
an increase in the distribution ratios of iodide upon conver-
sion of the free ion to a covalently bound aromatic species.
This was in fact observed as shown by the distribution ratios
for I-DMP plotted inFig. 1

Trends normally apparent in distribution ratios of solutes
in PEG/salt ABS as a function of salt concentration are read-
ily seen inFig. 1L As the concentration of salt increases, the

difference in PEG and salt concentrations in each phase in-
creases. This increase in phase divergence results in an in

creased affinity of a solute for its preferred phisk12,19]
Thus, the distribution ratios forland I-DMP (which prefer
the PEG-rich phase) increase, while the distribution ratios
for IOz~ (which prefers the salt-rich phase) decrease.
Since the derivatization reaction is best carried out in a
slightly basic solution due to the solubility of the deriva-
tizing reagentg8], the distribution ratios of the same three

iodine species presented above were also examined from

NaOH ABS Fig. 1). While the distribution values of iodate
and iodide mimic the ammonium sulfate system, (when the
lower salting-out ability of NaOH is considered) it is not
readily apparent why the distribution ratios for I-DMP are
not significantly improved over those of iodide in NaOH.

We suspect, however, this may be due to hydroxide substi-

tution of the iodide on the I-DMP reforming free iodide,
indeed the measured distribution values from NaOH are
almost identical to free iodide.

3.2. Effect of pH on iodide species partitioning

The results obtained from the previous experiment led
to the exploration of the effect of pH on the partitioning
behavior of iodide, iodate, and I-DMIEig. 2 (filled sym-
bols) plots the distribution of the three iodine species in a
PEG-2000/2.5M (NH)>SOs ABS where the pH of the salt
solution was modified by adding small aliquots of sulfu-
ric acid or sodium hydroxide. One observes relatively small

changes in the partitioning of the three iodine species as the

pH is increased.

Covalent attachment of PEG to a polystyrene/divinylben-
zene resin bead (the ABEC resins) allows us to carry out
similar separations in a batch mode. The conditions which
allow or improve separations in liquid/liquid ABS also
cause retention on the analogous ABEC reg20,21]

The same experiment described above was conducted using

the ABEC-5000 resinKig. 2, open symbols). There is an
observable decreaseyy for the iodide and I-DMP on the
ABEC resin as the pH of the salt solution is increased. This

ST. Griffin et al. / J. Chromatogr. B 807 (2004) 151156

P

107!
0 2 4 6 8 10 12
pH of 2.5 M (NH4)2S04 Stock Solution

Fig. 2. Distribution for'2%~ (A), 12505~ (M), and'?5-2,6-DMP (@) in
40% PEG-2000/2.5M (N)>SOs ABS (filled symbols) and ABEC-5000
{open symbols) vs. pH.

may be due to the longer contact times in the b&ghex-
periment allowing for hydroxide substitution on the I-DMP,
thus lowering the distribution ratios at high pH. Notice that
changing the pH of a 2.5M (NfJ>2SO4 solution has little
effect on the relative distribution ratios for the iodate species.

3.3. Effect of added iodine on iodide partitioning in ABS
and onto ABEC

We have also studied the effect of the addition ef |
as a complexant. Addition of iodine enhances the forma-
tion of triiodide, which will partition more favorably to the
PEG-rich phase or onto ABEC resins based onAit8hyqg
(Table ). Fig. 3 shows that even small amounts of iodine
can improve the distribution of iodide to the ABEC resin
in 3.5M (NH4)2SOy. Fig. 3also illustrates the effect of the
molecular weight of the polymer attached to the solid sup-
portin the ABEC resins. The higher the molecular weight of
the polymer, the higher the distribution to the ABEC resin,

10¢
v
@
w
(o]
& 108
o
Y-
=
=
102 T .
10 10°% 104 10°

Concentration of I2 in 3.5 M (NH4)2SO4, M

Fig. 3. Dy for 129~ in 3.5M (NH,4)2SQy vs. concentration of added:|
ABEC-5000 @), ABEC-2000 H).
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Fig. 4. Distribution 0f12%~ vs. concentration of stock salt solution onto
ABEC-5000 Dw: open symbols) and in 40% PEG-2000/salt ABZ (
filled symbols) from KHCQ (), (NH4)2SOQs (@), K,COz; (H), or
NaOH (A).
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Fig. 5. Distribution ratios T in 40% PEG-2000/3.5M (Nk)>SO4 ABS
vs. the system concentration of yH

Partitioning for pertechnetate follows the expected trend
based on+4AGnyd| (i.e., D104 decreases in the order

although studies are currently underway to quantify the PEG KoCOz > (NH4)2SO; > NaOH > KHCO3) [15,20,24]

coverage on each resin bead.

3.4. lodide partitioning in ABS and onto ABEC from
different salt solutions

To further characterize the uptake of iodine species in
ABS and to ABEC resins, the partitioning behavior of io-
dide in several salt ABS was investigatddg. 4 plots D
andDyy values for iodide versus increasing concentration of
(NH4)2SO4, K2CO3, KHCO3 (ABEC only), and NaOH in
PEG-2000 ABS, and onto ABEC-5000. It is interesting to
note that the trend for distribution ratios for a chaotropic an-
ion such as pertechnetate increases with increasingsy|
of the salting-out agenf15,20] does not seem to hold true
for iodide with the ABEC resin, i.e., iodide has a lovi&y,
value in the KCO;3 salt system, than in the (NSO, Sys-
tem. However, as discussed earli€ig( 2), increasing pH
has an adverse effect @y. The pH of the KCO3 system

Based on the disproportionation reaction discussed above,
iodide should partition better in KHCOthan in K;CO3
because the ¥COs solution pH is higher and will promote
the formation of hypoiodateFig. 4 shows the uptake of
iodide onto ABEC-5000 from KCOs, (NH4)2SOy, NaOH,

and KHCG;, and indeed partitioning forlis better in the
HCO3~ system than the C§3~ system. Also note that in
the NaOH system which is the most alkaline, the partition-
ing of I~ is the poorest.

3.5. Capacity of a PEG/salt ABS for iodide

Finally, in order to understand the capacity of the ABS,
the partitioning behavior for1 as the concentration of NfH
is increased was examine#ig. 5. There is a noticeable
decline inD; as I~ concentration increases above 0.05M
NHgyl. This would indicate that the amount of NHin the
PEG-rich phase of a PEG-2000/3.5M (NpSO; ABS is

is above 10 and at a pH above 9, the equilibrium favors the approaching its solubility limit. It is interesting to note that at

formation of hypoiodate from triiodidegt, in the presence

a system concentration of 0.5 M NHthe ABS is inverted,

of base[22]. The discrepancy between ABS and ABEC (in that is the PEG-rich phase is now the more-dense bottom
this example) is most likely due to the kinetics of forma- Phase and the salt-rich phase is the less-dense upper phase.
tion of hypoiodate species. In the ABS experiment, the two
phases are in contact with each other for only ca. 4 min and
only a small portion of the present will have time to react

in the highly alkaline KCO;3 solution. In the ABEC exper-
iment, the I is in contact with the KCOs solution for at Several key aspects of iodide partitioning in ABS and ad-
least 60 min allowing for the formation of more hypoiodate sorption onto ABEC resins have been explored in this study.
species, thus lowering the distribution onto the resin. It is lodide partitions to the PEG-rich phase of a PEG-2000/salt
suggested that standardized solutions of triiodide be main-ABS and onto ABEC-5000 and ABEC-2000 resins, while
tained between pH 7-9 to minimize the disproportionation iodate does not. lodide can be separated fror~1@s-

4. Conclusions

reaction[23].
In an effort to try to further understand this partition-

ing these methods. The partitioning of iodide can also
be enhanced by derivatization with 2,6-dimethylphenol to

ing data, the uptakes of the pertechnetate probe onto4-iodo-2,6-dimethylphenol or complexation with, lin-

ABEC-5000 from KHCQ were measured (data not shown).

creasing its preference for the PEG-rich phase of an ABS
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