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ABSTRACT

Understanding the transformations of iodine during sorption to soils present in
redox transition zones is critical for understanding risks from iodine-129 release into the
environment. In this work, sorption of iodine to a wetland soil from the Savannah River
Site was monitored as a function of time and total iodine concentrations from initially
iodide or iodate sources. Batch experiments were performed in order to investigate the
effects of organic matter on total iodine sorption and to investigate the rates of iodate and
1odide sorption and desorption in a wetland soil. Sorption of iodide was slower than
sorption of 1odate. Indirect iodine speciation analysis showed that the formation of
organoiodine on the surface is important in the sorption process, as aqueous organoiodine
is desorbing as iodate continues to sorb to soil. Desorption behavior of initially iodide
and iodate showed similar trends, indicating that iodine transforms into the same species
regardless of starting speciation (i.e. iodide or iodate). Most likely, the iodine is
transforming via a surface-mediated process to organoiodine; due to the indirect methods
of determining iodine speciation, the desorbing iodine species is uncertain, but it is most
likely organoiodine. A numerical solution was created to approximate the desorption
behavior observed in experiments starting with both iodide and iodate and a single set of
forward and reverse rate constants was required to describe all of the data. Multiple rate
laws were examined to fit both the sorption and desorption data but none followed

standard laws with integer reaction stoichiometries.
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1. INTRODUCTION
1.1 BACKGROUND

Todine-129 ('*I) is one of the top three risk drivers in radiological waste disposal.
Anthropogenic %’ is generated mainly through fuel reprocessing, with a small portion
attributed to atmospheric bomb testing. lodine-129 is a concern due to its long half-life
(almost 16 million years), high inventory in radiological waste disposal, high toxicity,
high mobility in environmental systems, and biophilic nature (Chang et al., 2014). In the
human body, 90% of the iodine is in the thyroid where it accumulates as triiodothyronine
and thyroxine (Kaplan ef al., 2011, Zhang et al., 2011).

The Savannah River Site (SRS) is a Department of Energy laboratory located in
Aiken, South Carolina. From 1955 to 1988, the SRS generated radionuclides primarily
for the production of nuclear weapons (Otosaka et al., 2011). Seepage basins in the SRS
F-area were used to dispose of approximately 7 x 10° m® of acidic waste comprised of
dozens of radionuclides (including '*’I, tritium, plutonium-239, and more), metals
(including mercury and lead), and high concentrations of nitric acid that resulted in a
source term with an average pH of 2.9 (SRNS, 2010, Looney et al., 1987). In 1988, the
usage of the F-area seepage basins were terminated. The seepage basins were remediated
by removing approximately a 0.6-meter-depth of sediment, mixing in limestone and blast
furnace slag, refilling it with back fill soil, and then capping it with a low permeability
RCRA clay cap (Denham and Vangelas, 2008, Kaplan ef al., 2011). This combination of

remediation approaches successfully reduced the mobility of plutonium, technetium, and



uranium. However, as pH increased the concentration of aqueous iodine-129 increased
(Kaplan et al., 2011).

Several of the highest concentrations of '*I in subsurface pore waters at legacy
weapons sites in the United States have been measured at the SRS in the F-area Seepage
Basin. Some wells in the F-area at SRS have concentrations as high as 10 to 100 pCi/L,
two orders of magnitude higher than the US-EPA maximum contaminant level in
groundwater of 1 pCi/L (Federal Register, 2000). The highest concentration at SRS was
reported in 2009 at 1060 pCi/L, down-gradient of the largest waste disposal basin. The
radioiodine concentration continues to increase in some wells in the F-area at the SRS,
which is associated with increasing pH at the seepage basins, the source term (Kaplan et
al., 2011). The 1291 concentration in well FSB-95DR increased from 1993 to 2010. Well
FSB-110D has undergone a decrease in '*’I since 1999, and the '*°I concentrations in
other wells in the F-area have been relatively consistent (Kaplan et al., 2011, Figure 1).

Wetland soils have distinctive characteristics in comparison to upland soils. The
most important one for this project is the accumulation of organic matter, which can
serve as a source of electron donors and facilitate the transformation of iodide or iodate to
organoiodine compounds (Schwehr ef al., 2009, Schwehr and Santschi, 2003). The
organic matter content varies between different wetland soils. Wetland soils also have
increased capability to reduce inorganic electron acceptors, which results in accumulation
of reduced species in the soil. There are many parameters that affect the exchange of
dissolved species including 1) the concentration of the dissolved compound in the

groundwater 2) soil type, 3) other physicochemical parameters such as pH, cation



exchange capacity, organic matter content, oxidation-reduction potential, and bulk

density, and 4) the kinetics of the biogeochemical processes between soil and

groundwater.
Well FSB-95DR : 1-10 pCi/L 1291
1 [85.5%
10, [1.6% [ 10-100pcin =1
Org—l 12.7% - >100 pCi/L '*1
Total I | 178 pCi/L
BASIN BOUNDALI
0 s STREAM
== == GROUNDWATER
* FLOW PATH
@ FSB-110D
FSB-130D O
Well FSB-79
I[0.0% R, |
10, | 93.4%

Org-1]6.60% m
Total 1| 13.7 pGi/L

BRANCH

FOUR MILE

SCALE: METERS

Figure 1. Plume of '*°I originating from the seepage basin in the SRS F-area.
Reprinted with permission from Kaplan ef al., 2011. Copyright 2011 American
Chemical Society.

Iodine in soils can be complexed with organic matter via covalent bonding to
aromatic carbon or phenolic moieties in soil organic matter (Zhang et al., 2011 and
references within). lodination of aromatic moieties can be accelerated or obstructed by
adjacent functional groups. The fulvic acid fraction of organic matter tends to have higher
reactivity with iodine due to the lower molecular weight of the organic compounds
(Warner et al., 2000). Iodine bound to organic matter with higher molecular weight, such
as humic acid, is less mobile than iodine bound to the lower molecular weight fulvic acid

fraction (Zhang et al., 2011).



Despite generally weak sorption of iodide as a monovalent anion, there has been
significant sorption of iodine in the SRS subsurface. Geochemical controls on iodine
sorption have been studied as result. Relatively high sorption has been attributed to the
high zero-points-of-charge and clay soil containing iron, which facilitates ion interactions
between iodide and the surface of the soil (Kaplan et al., 2000, Hu ef al., 2005). It has
been found in several studies that pH and iodine concentration significantly affect
sorption. At ambient concentrations, iodide tends to be more immobilized than at
elevated concentrations of iodide (Zhang et al., 2011, Emerson ef al., 2014). Distribution
coefficients (K4) increased with decreased concentrations of iodide and iodate in SRS
upland and SRS wetland soils (Emerson et al., 2014). This is contrary to the definition of
the K4 construct, which states that the partitioning of a solute (radionuclide) between the
aqueous and solid phases remains constant with solute concentrations.

Iodine in soils may exist in many forms under environmental conditions with the
three major species as: iodide (I'), iodate (I05"), or organoiodine (org-I) for both '*'I and
1291, Less common species are hypoiodous acid (HOI) and molecular iodine (I,) (Chang et
al., 2014). The dominant species in freshwater and estuarine environments is iodide (Hou
et al., 2009). Todine-129 is primarily disposed of at SRS in the form of iodide (I"), which
slowly converts to iodate and organoiodine along 0.7 km of subsurface in the F-area
(Chang et al., 2014). The speciation of iodine in soils is dependent mainly on the
geochemistry of the system where variances in oxidation-reduction potential, pH,
dissolved organic carbon, and microbial activity can promote transformation between

iodine species (Chang et al., 2014, Zhang et al., 2011, Li et al., 2013).



Knowing rates of iodine sorption and desorption could aid in the understanding of
iodine transport in the environment. However, in many cases the rate laws must be
independently determined as iodine sorption to soils varies depending on the speciation.
Typically, iodide sorbs measurably less than iodate and organoiodine (Chang et al.,
2014). Humic acid in soil is able to reduce iodate and oxidize iodide, binding the species
that is formed (Bowley ef al., 2016). Aqueous iodine binds with humic substances in a
two-step manner, with an initial rapid complexation and then a slower uptake by humic
substances (Warner et al., 2000). Iodide and iodate in soils is predominantly converted to
organoiodine via enzymatic transformation by bacteria (Suresh et al., 2008). Thyroxine
(the iodine-containing hormone in the human thyroid) and protein iodination follows
Michaelis-Menten enzyme kinetics (Huber ef al., 1989, Pommier ef al., 2005). Enzymes
in bacteria cause iodination of natural organic matter, therefore it is possible that bacterial
enzymes in soil follow the same kinetics as enzymes in the human thyroid (Amachi et al.,

2005).

1.2 KNOWLEDGE GAPS AND OBJECTIVES

Organoiodine formation from iodide and iodate is common in soils. lodine is
expected to bind to aromatic carbon in soil organic matter, specifically phenolic type
structures in humic acid (Xu et al., 2013). Also unknown is how the initial iodine
speciation affects iodine sorption to soils and organic matter. At artificially elevated
iodine concentrations, Emerson ef al. (2014) shows the distribution coefficient (Kg)

varies with iodine concentration. However, this is not the definition of a K4 because there



should be no variability of K4 with sorbate concentrations. Some general information
about iodine sorption rates is available. It has been reported that iodine binding with
humic acid follows a series of reversible first-order reactions (Bowley et al., 2016).
However, this study ignores the soil and the remainder of the organic matter. There are
several limitations of other studies on kinetic iodine sorption including the time
resolution of the kinetic experiment is on the order of days as opposed to hours, and some
are conducted at artificially elevated iodine concentrations (Schwehr et al., 2009). The
detailed kinetics of sorption and desorption of iodine when iodide and iodate are added to
a soil are unknown. Understanding the kinetics and geochemical controls of iodine
sorption is fundamental to predicting the transport of iodine in the subsurface.

This thesis has three primary objectives to gain an understanding of the behavior
of iodine in the presence of a wetland soil from the F-area at SRS. The deliverables from
these objectives will include sorption distribution coefficients and rate expressions
describing iodine sorption versus time and iodine total concentrations. The first objective
is to determine the relative rates at which iodide and iodate sorb and desorb in a high
organic matter soil. The second objective is to determine the distribution between organic
and inorganic iodine species after allowing aqueous iodine to equilibrate in a wetland
soil. The third objective is to create a conceptual model of the kinetic processes occurring
in a system starting with aqueous iodine (as iodide or iodate) and a high organic matter

soil.



2. MATERIALS AND METHODS

All water used in experiments was Distilled Deionized (DDI) water with a
resistivity greater than 18.2 MQ.cm and 2 ppb or less of total organic carbon. All plastic
centrifuge tubes and plastic bottles used for making and storing working solutions and
samples were first soaked in 0.01 M sodium chloride (NaCl) in DDI water solution for
sixteen to twenty-four hours, rinsed with DDI water, and allowed to completely air dry.
The intent of soaking all of the tubes before using them was to minimize sorption of
iodine to the vial walls, to prevent artifacts from colloidal contamination, and to leach

residual organic plasticizers from the plastic tubes.

2.1 SRS WETLAND SOIL CHARACTERIZATION

Organic carbon content on the SRS wetland soil was measured by loss-on-
ignition, based on the standard methods in Sparks et al., 1996. Inorganic dehydroxylation
was assumed to be negligible in the SRS wetland soil, therefore loss-on-ignition percent
was assumed to equal organic matter percent. In order to determine the concentration of
extractable iodine native to the SRS wetland soil, 0.5 g of the soil was weighed out into a
pre-soaked 15 mL centrifuge tube. Ten milliliters of 0.01 M sodium hydroxide (NaOH)
was added to the soil. It was anticipated that the NaOH solution would extract the
exchangeable iodine and the readily extractable organic-bound iodine. Triplicate samples
were made. The soil was allowed to equilibrate in the NaOH solution for thirteen days.
The samples were then centrifuged at 8000 rpm for 30 minutes. Supernatant was removed

and saved for analysis by inductively coupled plasma mass spectrometry (ICP-MS) on a



Thermo XSeries Il ICP-MS. Even after centrifuging, supernatant was a translucent

brown-orange, most likely due to dissolved soil organic matter. Due to the visibly high
amount of aqueous organic matter in the samples, they were run with

ethylenediaminetetraacetic acid (EDTA) on the ICP-MS to protect the instrument.

2.2 BATCH SORPTION EXPERIMENT

The first set of experiments was performed using mixtures of two different soils: a
sandy loam soil from the SRS West Borrow pit which is referred to as the “SRS upland
soil” and a wetland sediment; the wetland sediment was collected on August 15, 2016 by
Dan Kaplan (Savannah River National Laboratory, Aiken, SC) from 0 — 10 cm depth
from the surface near Tim’s Branch creek, and it is referred to as the “SRS wetland soil.”
Subsamples of both soils were sieved to 2 mm and air-dried separately before use in
experiments. Batch sorption experiments were performed in 15 mL polypropylene
centrifuge tubes containing 0.01 M NaCl and 50 g/L of upland or wetland sediments and
a total volume of 10 mL. The 50 g/L of soil was added with different ratios of SRS
wetland to SRS upland soil (5/95, 10/90, 20/80, 50/50, and 75/25) in order to vary the
amount of organic matter in each batch test. Stable sodium iodide (Nal) was spiked into
each sample to achieve a concentration of approximately 5000 ppb. Samples were taken
after three days, fourteen days, and eight weeks after spiking the samples. The pH was
adjusted to 5.0 & 0.05 at the beginning of the batch experiment, to better match the
natural pH of the soil; after the samples were made, the pH was measured but not

adjusted during the length of the experiment. The samples were placed on a mixer for ...



At each sampling event, the batch samples were removed from the mixer, and a
homogenous 1.5 mL aliquot from each suspension was removed with a pipette. Aliquots
were transferred into 1.8 mL centrifuge tubes and centrifuged at 8000 RPM for 20
minutes to separate suspended solids. Aliquots of 1.0 mL of the supernatant were placed
into new 15 mL polypropylene centrifuge tubes, and diluted with an additional 4.0 mL of
DDI water, and saved for analysis. All additions were monitored gravimetrically to
account for dilution. The diluted samples were analyzed on the ICP-MS using the
standard ICP-MS protocol, except that HNO;3 was replaced with DDI water in order to
improve detection of iodine. Sodium iodide standards were made for ICP-MS calibration
in concentrations of: 1 ppb, 5 ppb, 10 ppb, 50 ppb, 100 ppb, 500 ppb, 1000 ppb, 5000
ppb, and 10,000 ppb (see calibration curve in appendix).

The equilibrated solid phase concentration of iodine was calculated using the

following equation:

([I]aq,o - [I]aq,t) * VL * 10010LmL [1]

Mgoir

[I]sorbed,t =

Where: [I]sorpea,c: Solid phase iodine concentration (pg/g) at time ¢
[I]4q,0 : Initial aqueous iodine concentration (pg/L)
[I1aq,t : Aqueous iodine concentration (ug/L) at time ¢
V;, : Sample liquid volume (mL)

My, - Sample soil mass (g)



The solid-aqueous conditional distribution coefficient (Kd) was calculated using the

following equation (Emerson et al., 2014):

[I]sorbed [2]
[Iaq

Kd =
As seen in Emerson et al. (2014), K4 changes with total iodine concentration. A true Ky is
measured at equilibrium and would be linear and independent of concentration. The

conditional K4 is measured before equilibrium is reached, and it will be termed as “Ky”

throughout the study.

2.3 BATCH KINETIC SORPTION EXPERIMENTS

Kinetic batch sorption experiments were performed to gather information on the
rates of iodine sorption and desorption in a wetland soil. Kinetic batch sorption
experiments were completed in triplicate in 50 mL polypropylene centrifuge tubes
containing 0.01 M NaCl background solution and 50 g/L of the SRS wetland soil and a
total volume of 45 mL. Stable iodine ('*'I) was spiked into samples as iodide or iodate at
the following initial concentrations: 0 ppb, 50 ppb, 100 ppb, 500 ppb, and 1000 ppb (in
units of ppb of iodide and ppb of iodate). These spiking concentrations are more typical
of the concentrations of iodine contamination found in groundwater (Li et al., 2013,
Alvarez et al., 2016); because these concentrations ICP-MS detection limit of iodine is
higher than some of the initial iodine concentrations, samples were also spiked with a
radioactive isotope of iodine ('*’I). Iodine-125 was chosen for its relatively short half-life
(59.407 days (chart of nuclides)), but the half-life is long enough to have measurable

activity for the length of the experiment (unlike iodine-131 (8 day half-life)). lodine-125
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decays 100% via electron capture to tellurium-125, which is a stable isotope of tellurium
(International Atomic Energy Agency, 2017). Each sample was spiked with 45,000 Bq
1251 in the same form of iodine as the starting species (i.e. iodide or iodate). The small
amount of '*°T was assumed to be negligible in regards to the concentration of iodine in
the sample, as it was merely used as a radioactive tracer. The '*’I concentration in each
sample was 1,000 Bg/mL (1.55 ng/L).
Todide-125 ('*T') spiking solution was prepared by diluting the stock carrier-free

125 iodide from Perkin Elmer to 4.53 mL and storing it in a 20 mL plastic bottle incased
in lead shielding; the small initial volume of stock solution is unknown, and the total
activity of the stock solution was 4.40 x 10’ Bq. Next, a small portion of solution was
removed and diluted with DDI water until it reached a suitable amount of radioactivity:
20 mL of 45,000 Bg/mL stock solution so that after spiking there would be 1,000 Bgq/mL
in each sample. One milliliter of iodide-125 solution was spiked into each sample.

Todate-125 (**’I05) solution was prepared based on the concept of iodide oxidation

1251 solution was

to iodate in Fox et al., (2008). Approximately 1.98 mL of the diluted
moved into a new glass bottle; the stock solution was diluted to 50 mL with DDI water to
reach 45,000 Bg/mL of solution. An excess of potassium permanganate (KMnQ,) was
added to the '*T" solution (0.0117 g KMnO,) and allowed to react over a period of five
days in the dark. Approximately 800 ug of 0.10 M manganese chloride (MnCl,) was
added to the solution. To enhance precipitation of manganese dioxide (MnQO), the pH

was adjusted from ~2 to a pH of ~5.5 using 110 puL of 1.0 M NaOH. The solution was

still slightly purple, indicating that there was still KMnOQy in solution, thus an additional
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1300 pg of 0.10 M MnCl, was added to the solution until it began to clear up. Then the
solution was poured into a 60 mL syringe and filtered to 0.45 microns into a clean glass
bottle. A 0.5 mL sample of the solution was taken for analysis via liquid scintillation
counter (LSC) by a Perkin Elmer Tricarb 4200 LSC; four milliliters of LSC cocktail was
added to the sample before counting.

In order to check the speciation of the iodate solution, an excess of N-methyldi-n-
octylamine (MDOA) resin (2.0 g) was added to the '*’I0;” solution; the solution was
shaken vigorously by hand for five minutes and then set in a fume hood. The resin was
added to remove un-oxidized iodide left in the '*° 105" solution, leaving only 105" in the
125105 solution. After allowing the resin to react for two hours, the solution was poured
into a 60 mL syringe and filtered to 0.45 microns into a clean glass bottle. A 1.0 mL
sample of the solution was taken and 4.0 mL of LSC cocktail was added for analysis on
the LSC in order to compare the activity before and after the resin was added. There was
a 33% decrease in activity after the resin was added, accounting for radioactive decay.
Because of the excess resin that was added, it was assumed that the 125 105" solution was
truly iodate and not iodide at this point. In order to replicate the same amount of activity
as the '*°I kinetic batch sorption experiment, about 3.30 mL of '*’IO;” solution was
spiked into each sample.

These kinetic experiments were sampled at one hour, three hours, eight hours,
twenty-four hours, three days, seven days, two weeks, four weeks, eight weeks, and ten
weeks in order to increase time resolution compared to previous batch experiments. The

pH and oxidation-reduction potential of every sample were measured and recorded
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during each sampling event. Samples were analyzed via LSC, and all measured activities
were decay-corrected to the beginning of the sorption experiment.

Due to the possibility of iodine transforming to molecular iodine gas (I,), these
experiment were performed in a laboratory hood, and an air sampler was run during the
entirety of the sampling events or any time the samples were open (i.e. when measuring
pH and oxidation-reduction potential (Eh)). Once the manipulation of each sample was
finished, the screw cap was placed on top and tightened to ensure a closed system. This
was a conservative measure during the iodide kinetic batch sorption experiment, as the
iodine in the system was spiked in the reduced form (as Nal) and was added to a reducing
system. Therefore, there was a low probability that I' would oxidize and form I, (g).
During the iodate experiment, there was a higher risk of I, (g) formation, as the iodine in
the system was starting out in an oxidized form in a reducing system. Nevertheless, it was
expected that little to no molecular iodine gas would form, and the activity is low enough
that it would be unlikely to receive a significant radiological dose from inhalation of 125-
iodine gas.

The fraction of aqueous '*°I was calculated using the following equation:

(CR), [3]
[1251]fraction,t = ﬂ
(CR)o/

5,0
Where: [*2°1]fyqction, @ Fraction of aqueous '*°I at time ¢
(CR), : Count rate of '’ measured via LSC (counts per minute) at time ¢
Vs ¢ : Volume of aqueous sample (mL) at time ¢

(CR), : Initial count rate of '*’I measured via LSC (counts per minute)
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Vs o : Initial volume of aqueous sample (mL)
Stable iodine is expected to behave the same way as '>I, therefore it was assumed that
the fraction of aqueous '*’I was equal to the fraction of aqueous iodine-125. The
concentration of aqueous '>’I was then calculated using the following equation:

[127I]aq,t = [1251]fraction,t * [1271]aq,0 (4]

Where: [*271]44.: Aqueous concentration of "' (ug/L) at time ¢

['251) fraction,: : Fraction of aqueous '*I (unitless) at time ¢

['271] 44,0 : Initial aqueous concentration of *'I (ug/L)

A desorption step of the kinetic experiment was begun after ten weeks of sorption.
Immediately following the last sorption sample, all batch samples were weighed and then
centrifuged at 8000 rpm for 30 minutes. As much of the supernatant was removed as
possible without disrupting centrifuged soil, leaving iodine-loaded soil and a small
volume (~0.5 mL) of solution (Figure B1). The supernatant from the iodide experiment
was discarded into radioactive waste, and the supernatant from the iodate experiment was
kept in clean 50 mL polypropylene centrifuge tubes for iodine speciation analysis. The
mass of soil and water in all batch samples was measured gravimetrically so that the
remaining iodine in pore water could be accounted for. After the last sorption sampling
event, approximately 30 mL of solution was left; for each sample, the amount of aqueous
solution was determined individually and subsequently replaced with 0.01 M NaCl to
maintain the same solids to liquid ratio for desorption. After adding the 0.01 M NaCl,
samples were vigorously shaken by hand and vortexed until all soil compacted in the

bottom of the tube had been resuspended. Initial aqueous iodine in the sample was
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calculated based on the dilution of the small amount of solution leftover after removing
supernatant. The kinetic desorption samples were taken following the same methods as
the kinetic sorption samples at approximately the same time points.

In order to determine the concentration of organic matter in the aqueous phase
during the kinetic batch sorption experiments, six samples were made to mimic the
kinetic batch sorption experiment samples: 2.25 g of SRS wetland soil was weighed into
50 mL polypropylene centrifuge tubes and 45 mL of DDI water was added. All samples
were put on a rotator. After twenty-four hours, three of the samples were removed,
centrifuged, and the supernatant was transferred into 50 mL borosilicate glass bottle and
stored in the refrigerator. The remaining three samples were left to equilibrate for ten
weeks before centrifuging them and transferring the supernatant in the refrigerator. Total
aqueous organic carbon content of all samples was determined via TOC analysis.
Standards of hydrogen phthalate were prepared in concentrations of: 0.5 mgc/L, 1 mgc/L,
2 mgc/L, 4 mgc/L, 8 mgc/L, 15 mgc/L, 25 mgc/L, and 50 mgC/L. Note that this is not a
determination of organic matter content for the SRS wetland soil, but rather an estimation

of the amount of dissolved organic matter in the kinetic batch sorption experiments.

2.4 IODINE SPECIATIES SEPARATION
2.4.1 Control Samples

In order to determine the species present in samples from the iodate kinetic batch
experiments, iodine speciation was carried out based on methods adapted from Schwehr

and Santschi (2003). The three main species of iodine being quantified in these samples
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were iodide, iodate, and organoiodine. Separation of these three iodine species was
possible using a resin consisting of MDOA (Grogan and DeVol, 2013).

Preliminary testing of the resin was performed on four separate control solutions
in triplicate: iodide, iodate, 4-iodoaniline, and L-thyroxine. The two organoiodine
standards - 4-iodoaniline and L-thyroxine - were chosen due to their high purity (>98%);
4-iodoaniline is also a representative refractory organic iodine species found in soil (Hu
et al., 2005). All control solutions were prepared in water such that the total iodine
concentration should be the same for all solutions (approximately 1000 ppb total I). Each
solution was sampled after preparation to confirm the initial concentration. Five
milliliters of each sample was removed and filtered to 0.45 microns in order to determine
if there was an effect filtration.

The MDOA resin has a sorption capacity of 7800 Ugiodine/Eresin, therefore an excess
of MDOA resin was added to each control sample, (Grogan and DeVol, 2013). Most of
the iodide is expected to sorb to the resin and be removed in this step. The solutions were
vigorously shaken by hand for 5 minutes and put on a rotator to equilibrate for two hours.
Upon taking the solutions off of the rotator, each solution was individually transferred
into a 60 mL syringe and filtered to 0.45 microns into clean 50 mL centrifuge tubes.
Approximately 5 mL of each sample was transferred into a clean 15 mL centrifuge tube
for analysis by ICP-MS. The same ICP-MS protocol and sodium iodide standard
concentrations were used for calibration as previously used for the batch sorption

experiment.
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Next, about 0.34 mL of 100 mM NaHSO; was added to reduce iodate to iodide.
Each sample was shaken vigorously by hand for a few minutes and then approximately
0.23 mL of 500 mM HCI was added to each sample. The samples were left on a rotator to
react overnight. lodate was reduced to iodide by the following reaction (Grogan and
DeVol, 2013, Kahn and Kleinberg, 1977):

— - 2— -
1057 oy + 3HSO5™ oy = 350, + I (aq + 3H (ag)

(aq)
The next morning, about 0.010 g of MDOA resin was added to each sample, the solution
were vigorously shaken by hand for 5 minutes and put on a rotator to equilibrate for two
hours. Upon taking the solutions off of the rotator, each solution was individually
transferred into a 60 mL syringe and filtered to 0.45 microns into clean 50 mL centrifuge
tubes. Approximately 5 mL of each sample was transferred into a clean 15 mL centrifuge
tube for analysis by ICP-MS. In this step, most of the iodate was expected to reduce to
iodide and subsequently removed via sorption to the MDOA resin. All samples taken
were analyzed by ICP-MS using the same ICPMS methods as the batch sorption
experiments.

The same methods were used to separate the iodine species in the week ten
samples from the iodate kinetic batch sorption experiment. Any iodine removed after
adding the resin the first time was assumed to be iodide; concentration of iodide in the
sample was calculated with the following equation:

1171 = Ulrotar = Dresins >l
Where : [I7] : Concentration of iodide (ug/L)

[]¢otar : Concentration of total iodine in the sample (pg/L)
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[[]resin1 : Concentration of total iodine after adding and removing the resin for
the first time (ug/L)
Iodine removed after adding the reductant and then the MDOA resin was assumed to be
iodate.
[1057) = Uresing — Ulresins o
Where : [I057] is the concentration of iodate (ug/L)
[I]resin1 : Concentration of iodine after adding and removing the resin for the
first time (ug/L)
[I]resin2 : Concentration of iodine after adding the reductant and then adding
and removing the resin for the second time (pg/L)
The concentration of iodine remaining in the sample was assumed to equal the
concentration of organoiodine ([[-OM]):
[ = OM] = [l esin2 ’
Due to the nature of the calculation, the mass balance is always equal to 100%.

There are several limitations of using these methods for iodine speciation analysis
including detection limitations of the ICP-MS, approximating the required additions of
NaHSOs; and HCI, and indirect determination of iodine species. Due to the qualitative
nature of the indirect methods used, the iodine species were operationally defined as the:
iodide-rich fraction, iodate-rich fraction, and organoiodine-rich fraction. It was expected
that most of the iodide would bind to the MDOA resin after the first addition, thus the

iodide-rich fraction is the fraction bound to the MDOA resin. A majority of the iodate is

expected to reduce after additions of NaHSO3; and HCI. Therefore the reducible fraction
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that binds to MDOA is operationally defined as the iodate-rich fraction. The remaining
iodine in the sample after reduction is the non-reducible iodine, and it is operationally

defined as the organoiodine-rich fraction.

2.4.2 lodine Species Separation on Kinetic Batch Samples

In order to determine the species present after allowing iodate to equilibrate with
the SRS wetland soil for ten weeks, the supernatant from the iodate kinetic batch sorption
was kept for analysis on iodine speciation following the same protocol as that from the
preliminary testing above. lodine species separation was also analyzed on the triplicates
with the two highest aqueous concentrations at the end of the iodide and iodate kinetic
desorption experiments; only the two highest triplicates from each desorption experiment
were chosen for speciation analysis because of the detection limitations on the ICP-MS.

The amounts of 5 mM NaHSO; and 20 mM HCI needed for reduction were based
on the calculated aqueous iodine-127 concentration from the last sampling event. Excess
NaHSOs; and HCI were added to each sample; however, in order to prevent the NaHSO3
from reducing additional organic matter, the excess amount of NaHSO; was limited to
about 20% excess needed for reduction. If the organoiodine is reduced in this step, it
could potentially bind to the MDOA resin and be removed, leading to a false increase in
the amount of apparent iodate in the sample. Similarly, if too much additional HCl is
added, it could lead to precipitation or coagulation of organic matter, leading to
prematurely filtering out organoiodine when the resin is being filtered out. Due to the

large range of iodine concentration 