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Silver-iodine Secondary Waste Stabilization: Multi-scale Evaluation

lodine-129 is a key risk driver in most low-level waste cementitious waste repositories. The objectives of

this study were to determine iodine speciation in cementitious materials with slag (Grout.s..g) and

without slag (Grout_sag) and its impact on iodine immobilization. Additional studies were conducted to

determine if grout was compatibility as a

waste form for the most common adsorbent Adueous Ehase

used to remove aqueous and gaseous Surface g Exchange - |
L. . . Complexed - | » ) 2 3

radioiodine, silver-impregnated granular ( ; 3

activated carbon (Ag-GAC). Rankings of

iodine species by their tendency to bind to

grout were: jodide << organo-iodine < iodate.
Similarly, ranking of grout formulations by
their tendency to immobilize iodine were:
Grout.siag < Grout_saq. Organo-iodine

il Ago(s)
2 1710,/ org-l

comprised >40% of the leachate solution from :
Ag-impregnated Granular

grout samples initially hydrated (cured) with Acticated Carbon

(aq)

iodide. The origin of the organic ligand
comprising the organo-iodine was organic carbon in the grout material (~1200 mg/kg). lodine in the
solid phase, as determined by K-edge X-ray Absorption Near-Edge Spectroscopy, and aqueous phases
were not in equilibrium and essentially no iodine speciation transformations occurred within the grout
after one month of curing, irrespective of which iodine species was initially added to the mix. For the first
time, these studies demonstrate that multiple iodine species can co-exist simultaneously in grout
porewater, the iodine species initially added to the grout can greatly affect immobilization, and that Ag-
GAC can be safely disposed in grout formulation, but not in the presence of slag. These results help
explain previous data and reduce uncertainty associated with the disposal of nuclear waste.
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Silver-iodine Secondary Waste Stabilization: Multi-scale Evaluation

lodine-129 is a key risk driver in most low-level waste
cementitious waste repositories. Rankings of iodine
species by their tendency to bind to grout were: iodide <<
organo-iodine < iodate. Similarly, ranking of grout
formulations by their tendency to immobilize iodine were:
Grout.siag < Grout—ag. A significant fraction of the iodide
hydrated (cured) with the grout had converted to organo-
. iodine in the leachate. For the first time, these studies
Project Start Date: October 1, 2016 demonstrate that multiple iodine species can co-exist
Project End Date: September 30, 2018 | simuitaneously in grout porewater, the iodine species
initially added to the grout can greatly affect

Project Team: D. I. Kaplan (Primary),
D. Li, D. Diprete

Subcontractor: Texas A&M University

Thrust Area: ES

immobilization, a large fraction of the hydrated iodine was strongly bound into the structure of the grout,
and that Ag-GAC can be safely disposed in grout formulation, but not in the presence of slag. These results
help explain previous data and reduce uncertainty associated with the disposal of nuclear waste.

FY2018 Objectives

e Determine jodine speciation in cementitious materials with slag (Grout.sqs) and without slag
(Grout—slag)

e Determine the impact of iodine speciation on immobilization by grout

e Determine if grout is compatibility as a waste form for the most common adsorbent used to
remove aqueous and gaseous radioiodine, silver-impregnated granular activated carbon (Ag-GAC)

Introduction

lodine-129 (¥°1) is commonly the single greatest risk driver in high-level and low-level nuclear
repositories.! This risk stems from several basic properties of 1%°|, including that under many
geochemical conditions, it can move as an anion at nearly the rate of water through the subsurface
environment. ¥ is also extremely radiologically toxic because over 90% of body burden accumulates in
the thyroid, which weighs only about 14g in an adult.? To illustrate how the properties of 2°| magnify its
risk, 2°I accounts for only 0.00002% of the radiation released from the Savannah River Site in Aiken,
South Carolina, but contributes 13% of the population dose, a six orders of magnitude magnification of
risk with respect to its radioactivity.® There is also a large worldwide inventory of radioiodine as a result
of its high fission yield and this inventory is rapidly increasing as a result of nuclear energy production.!
Radioiodine is produced at a rate of 1 Ci per gigawatt of electricity produced by nuclear power.*

Low-level agueous radionuclide waste is presently being disposed as a cementitious waste form in
the vadose zone of Savannah River Site® and is being evaluated at several other locations around the
world.®”® The radioactive liquid waste is blended into the cementitious dry mix and then disposed in the
vadose zone. The resulting waste form binds the radionuclide through a wide range of mechanisms,
while at the same time reducing water flux.”° Slag is a common ingredient in cementitious waste forms
because it reduces porosity, alters set time, and creates a strongly reducing environment that promotes
the immobilization of several redox sensitive radionuclides, including Np, Pu, Se, Tc, and U. Slagis a
glass-like by-product from smelting raw ore. Upon activation of the slag by the high pH of cement
porewater, the redox condition decreases and is poised by sulfide species, mainly $%.2%! The reductive
capacity of slag varies depending on its source, but is quite high and comparable to that of pyrite, in the
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range of 799 and 820 meq/kg.'?® The impact of the strongly reducing conditions created by slag-based
cementitious waste forms on iodine immobilization has not been evaluated.

To the best of our knowledge, there have been no measurements of aqueous iodine speciation in
cementitious systems. This can be in part attributed to the fact that the analytical methods of choice for
speciation measurements, such as XANES/EXAFS and ion chromatography, require much higher iodine
concentrations than commonly exists in these systems. Thermodynamic calculations predict that iodide
(I') should be the dominant species, especially under subsurface repository conditions. Atkins and
Glass concluded that iodine in cementitious systems will likely exist as I because |- oxidation to iodate
(1057) by molecular oxygen is extremely slow. In slag-containing cement blends, the strongly reducing
environment would favor the | species.!!

Approach TABLE 1. Grout Samples Formulations.

W1t-% Dry Blend
Slag Cement FlyAsh Agl-GAC® Liquid:Dry

A series of batch adsorption and
desorption experiments were

Blend
conducted utilizing grout samples Grout.yeg 0 25 75 0 0.29
with slag (Groutusig) and without slag  Grout.ssg 45 8 47 0 0.45
(Grout_sisg) and with and without Grout.siag/agi-Gac 0 25 55 20 0.29
silver impregnated granular activated = Groutisiag/agréac 45 8 27 20 0.49

carbon (Ag-GAC) that had been

- . . aAgl-GAC =10 wt% Ag i ted I tivated bon. Th
equilibrated with dissolved I (Agl- g wt% Ag impregnated on granular activated carbon. The

Ag-GAC was loaded with ~9 mg/kg iodide.

GAC) (TABLE 1). Solutions used in
the batch experiments were created to simulate grout porewater. These solutions were created by
equilibrating a 1:10 grout:water suspension for 2 weeks, then pass the suspension through a 0.1-um
filter (TABLE 2). All experiments involving the slag-free

grout samples were conducted on the benchtop, TABLE 2. Grout and Grout Leachate Characterization:
whereas all the slag-containing grout samples were Grout.., GroUt..,
conducted in an inert glovebag (5%H,/95% N,). Solid Phase® Total | {mg/kg) 0083 0177
. - P Organic C (mgfkg) 1,200 1,300
lodine spec'latlon was conducted by the derivitization noE Cimg/ke) 15400 14,500
method described by Zhang et al.1* The hydrated grout FeaOs (wit-%) 447 304
samples were characterized by standard methods, fgr{m'%} ?-23%9 i::}:a
including XRF, XRD, and CHN analyses (to quantify —Forimmee  Tomimer 180 2008
organic and inorganic carbon). All measurements were pH 1221 1237
. . Eh [mV) +423 307
conducted in duplicate. DOC /L) 108 aom
K-edge XANES spectra of grout samples, together Ca {me/L) 831 3848
with several reference materials (i.e., KI, KIOs and 4- Fe (me/L) 010 - 048
. . . . K (ma/L} 3147 2350
iodoaniline), were collected using the Materials Research Na (mg/L} 1135 512
Collaborative Access Team Sector 10-BM beamline at the 5i [mgé}# 1360 8.4l
. cl [mgfL) 5.44 23.60
Advanced Photon Source (Argonne National Lab, NO= (mefL) 287 c 02
Argonne, IL). Statistical analyses were performed in the 504 (mg/L) 3234 4167

software R version 3.5.0 (2018-04-23),** using the 5‘2“1‘3‘[]"355;1::1“1’1;“‘3&“‘313“?55 G"G‘;““tfz:hmdata,m
. al: -IO-WaLET SUSPEns1od; oL 2 SUEPENE10n
Student’s t-test or Tukey’s Range Test in the STATS eqmﬁhi:;dfmm -:ia'_r'soiabeuchb::-p md'ﬁmﬁt_m

package (version 3.6.0).1° suspension equilibrated for 14 days in an inert glovebox.

Results/Discussion

Kinetic Desorption Experiment with lodide, lodate, and 4-lodoaniline Hydrated in Grout.
A ranking of the iodine amendments based on their tendency to release iodine into the aqueous phase
was: I' >> 4-iodoaniline (representative of an organo-iodine species) 2 105
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(FIGURE 1). Forthel or

4-iodoaniline amended é) iodide - Grout E) iodide - Grout,,,
< 800 = 800
grout samples, there E i <00
were no significant d " ® A
. g 400 € 400
difference between the p . @ p
. . = 200 = 200
amount of total iodine g ° 2
T 0 E 0
released from the Grout- £ o ; " a1 5 B 0 ; " a1
slag and GrOUt+sIag Duration (day) Duration (day)
suspensions. For the 105 O iodate - Grout ,,, D) iodate - Grout.,,
3 800 g 800
amended samples, total ) S
iodine concentrations 5 % g
leached from the Grout_ € 400 S 400
g 2
slag Were about twice that g g 200 7
of the Grout.siag. g 0 ER ;
= 0 7 14 21 28 - 0 7 14 21
Appa rent (non' Duration (day) Duration (day)
steady state) desorption E) organoiodine - Grout F) organoiodine - Grout.
distribution coefficients 2 800 g 800
(Ka. solid:liquid iodine 2 600 S 600
. . = =
concentration ratio) g 400 € 400
@ @
(TABLE 3) were between £ 200 g0 - .
3 and 40 times greater 3 0 : T 0 %
£ 0 7 14 21 28 £ 0 7 14 21

than the adsorption Ky
values (on average ~ 3
L/kg). Furthermore, the I
, 1037, and 4-iodoanaline
apparent desorption Ky
values for Grout.s.; Were
significantly less than
corresponding Ky values
for the Grout.siag
suspensions (Student’s t-
test at p < 0.05) (TABLE

Duration (day) Duration (day)

FIGURE 1. Total aqueous iodine concentrations desorbed from 6 grout
treatments: (a) Grout-siag amended with I, (b) Grout.siag amended with I, (c)
Grout-siag amended with 1037, (d) Grout.siag amended with 1037, (e) Grout-siag
amended with 4-iodoanaline, and (f) Grout:siag amended with 4-iodoanaline.
Error bars were calculated from duplicate samples and propagated error and may
be hidden by symbol. Grout samples were hydrated with 190 umol/L iodine as I,
103" and 4-iodoaniline, cured for >3 months, and the solid:liquid ratio during the
28 day desorption period was 1:20. The aqueous phase was the grout leachate
described in Table 1.

28

28

28

3). Furthermore, I Kyvalues were less than 105 or 4-iodoaniline Ky values. 4-iodoaniline K, values were

less than or equal to 103 Ky
values (Tukey’s Range Test at p
<0.05).

lodine K-edge XANES
Analysis. lodine K-edge XANES
analysis was conducted on
Grout_sag and Grout.s.g Samples
that had been hydrated with I,
103, or 4-iodoaniline (FIGURE
2). Potassium iodide (KI),
potassium iodate (KIOs), and 4-
iodoaniline were included in
the analyzes as reference
materials. Irrespective of
whether slag was or was not

TABLE 3. Desorption K, values (L/kg) as a function of grout formulation and
iodine species added to mix prior to curing.

iodide iodate 4-iodoaniline
amended amended amended
Grout_g e 6.14 £ 0.07° 30.62+0.17 aB 32.28+1.15aB
bB®
Grout.y,, 7.50+0.10cA 121.78+9.54aA  42.07+2.47 bA

2 Ky values (Cpp,y/Cag) were calculated using the 28-day data from Fig. 1 (C,,) and the
solid concentration at the end of the 28-day equilibration period (). Initially, the
total iodine in Grout_,;,, was 9.077 + 1.030 pg/g and in Grout,,, was 9.460 + 1.981
ug/s.

& Different lowercase letters within a row represent significantly (p £ 0.05, n = 2)
different values according to Tukey’s HSD Range Test. Different uppercase letters
within a column represent significantly (p < 0.05, n = 2} different values according to
Student’s t-test.
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present, iodine speciation in the grout samples did not change
between the time it was added and the time it was analyzed by
XANES (about 1 month later). This lack of iodine transformations
noted in the aqueous

phase (TABLE 2 and FIGURE 2). Clearly, the solid and aqueous
phases were not in equilibrium. Under these experimental
conditions, measurement of the solid phase iodine speciation
provided little insight into the aqueous iodine speciation.

Kinetic Desorption of lodine from Ag-GAC imbedded in Grout.
Much more iodine was released from the Grout.siag/agi-cac Samples
than from the Grout_sjag/ag-cac Sample (FIGURE 3 and TABLE 4).
Geochemical modeling (Geochemist’s Workbench) suggested that
the release of iodine may be attributed to the strongly reducing
conditions created by the slag (TABLE 4), which promoted the
reduction of the Ag* in the Agl to Ag®. This reduction process
resulted in the dissolution of the Agl solid, thereby releasing the
iodide. Furthermore, in the presence of slag, the concentration of
Ag in the aqueous phase was <2 pg/L, XRD and geochemical
modeling indicated the Ag had precipitated as nano-Ag® particles.

>
0

Grout,gjag/agl-Gac
120

120

Absorption (arbitary unit)

Kl

lodide grout

lodide grout, ;g

KIo,

lodate grout_

slag

lodate grout

+slag

4-iodoaniline

4-iodoaniline grout .,

4-iodoaniline grout, ..

33150 33200 33250 33300 33350

Energy (eV)

FIGURE 2. Iodine K-edge XANES spectra of
grout with and without slag. that were hydrated
with iodide, iodate, or 4-iodoaniline. Also
presented are reference standards of KI, KIOs,
Iand 4-jodoaniline.
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FIGURE 3. Percent aqueous iodine speciation in suspensions of grout with slag, Grout.siag ag-cac, and
without slag, Grout_sagag-eac. The Grout.siag agicac €Xxperiments were conducted in an inert atmosphere,
whereas the Grout_g,g agicac €Xperiments were conducted on a benchtop. Total aqueous iodine (ug/L)

is noted above histogram. Results are averages of duplicate measurements.
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TABLE 4: Comparison of Aqueous Chemistry after 60 days of the Suspensions Containing Grout

with and without Slag that were Amended with Agl-GAC.

Variable Grout.siag/agl-GAC Grout-sjag/agl-GAC
Eh (mV) -392 + 37 439 + 1*

pH 12.41 £ 0.04* 9.34 £ 0.08.
Ag (ug/L) 0.82 +0.96 92.11 + 11.37%
DOC (mg/L) 7.66 £0.53 13.60 + 1.56*
Tot | (ug/L) 19,269 + 26263* 33+1.1

I- (Wt%) 80* 12

103 (Wt%) 0 0

Org-1 (wt%) 20 88*

* Indicates a significant greater value according to the Student t-test (p < 0.05, n = 2).

FY2018 Accomplishments

Developed a new analytical protocol that permits identifying iodine speciation in high salt
environments.

Demonstrated that multiple iodine species exist at the same time in grout leachate.
Demonstrated that the iodine speciation of waste may influence cementitious waste form
effectiveness.

A fraction of iodine that is hydrated in grout cannot be readily released from the grout (data not
shown here), suggesting that the single low distribution coefficient (K4) approach to describing
radioiodine release may not be appropriate for all cementitious iodine.

Future Directions
Two Proposals Stemming from Seed Data Generated from this Study:

1.

Kaplan, D. I., and D. Li. 2018. lodine and Ruthenium Removal from the Advanced Liquid
Processing System (ALPS) Multi-nuclide Removal Facility. TEPCO. $270k for FY19

Nichols, R., and D. I. Kaplan. Solid Secondary Waste, C. A. Langton. 2018. Response to Request
for Information on HEPA Filter Waste Form Development and Testing Related to Radioiodine
Immobilization to Support the IDF PA. Washington River Protection Services, Hanford. $700k for
FY19.

FY 2018 Publications/Presentations
Publications

1.

3.

4.

Kaplan, D. I, Xu, C,, Li, D., Lin, P., Xing, W., Nichols, R., Schwehr, K., and Santschi, P. H. (2018).
Radioiodine Speciation in Cementitious Environments. Environmental Science & Technology
(Submitted).

Kaplan, D. I., K. Price, C. Xu, D. Li, P. Liu, W. Xing, R. Nichols, K. Schwehr, J. C. Seaman, P. H.
Santschi. (2018). Radioiodine Speciation in a Silver-Amended Cementitious Environments.
Environmental Science & Technology (In Review).

Tanaka, K., Kaplan, D. I., and Ohnuki, T. (2017). Radionuclides in the Environment. Applied
Geochemistry 85: 119-120.

Arai, Y.; Powell, B. A.; Kaplan, D. 1., (2017) Sulfur Speciation in Untreated and Alkali Treated
Ground-granulated Blast Furnace Slag. Sci. Total Environ. 589, 117-121.
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Presentations

1.

Kaplan, D. I.; Santschi, P. H.; Ohnuki, T.; Li, D.; Nichols, R.; Price, K.; Xu, C.; Lin, P.; Xing, W.;
Schwehr, K.; Tanaka, K.; Seaman, J. (2018) Radioiodine Speciation in Cementitious Environments.
In International Conference on Heavy Metals in the Environment, Athens, GA, 2018.

Kaplan, D. I., Xu, C,, Lin, P., Li, D., Schwehr, K., Tanaka, K., Ohnuki, T., and Santschi, P. H. (2018).
Radioiodine Speciation in Cementitious Environments. /In "Goldschmidt 2018". Geochemistry
Society, Boston, MA.

Kaplan, D. I., Price, K. A., Seaman, J. C,, Li, D, Lin, P., Xu, C., Schwehr, K., Tanaka, K., Ohnuki, T.,
and Santschi, P. H. (2018). lodioiodine Speciation Impact on Ag-Activated Carbon Immobilization
in Cementitious Environments. /n "Goldschmidt 2018". Geochemistry Society, Boston, MA.
Qafoku, N. P, Kaplan, D. I, Lawter, A. R., Neeway, J. J., Szecsody, J. E., Bagwell, C. E., and Truex,
M. J. (2018). lodine conceptual models at the Hanford and Savannah River sites: Similarities and
differences In "Goldschmidt 2018". Geochemistry Society, Boston, MA.

Ohnuki, T., Kozai, N., Tanaka, K., Tokunaga, K., Utsunomiya, S., Ikehara, R., Komiya, T., Takeda,
A, Kaplan, D. I., and Santschi, P. H. (2018). Alkaline-activated metakaolin solidification of iodine
sorbed by layered double hydroxides. In "Goldschmidt 2018". Geochemical Society, Boston, MA.
Kaplan, D. I., P. Santschi, T. Ohnuki, K. Roberts, D. Li, K. Price, C. Xu, P. Lin, K. Tanaka, J. Seaman.
(2018). Influence of Aqueous Radioiodine Speciation on Uptake by Silver-Granulated Activated
Carbon. 19" International Conference on Heavy Metals in the Environment — 2018, Athens, GA,
July 21 - 25, 2018.

Ohnuki, T., N. Kozai, K. Tanaka, K. Tokunaga, S. Utsunomiya, D. . Kaplan, P. Santschi. (2018)
Sorption and Solidification of lodate. RadChem 2018. Marianske Lazne, Czech Republic, May 13 -
18, 2018.

Kaplan, D. I.; Powell, B. A.; Um, W.; Seaman, J. M.; Kukkadapu, R.; Qafoku, O.; Du, Y.; Bowden,
M. E.; Li, D.; Arai, Y. (2017) Radionuclide Leaching and Mineral Characterization of Core Samples
Recovered from the Saltstone Disposal Facility, Aiken, SC USA, Migration 2017 - 16th
International Conference on the Chemistry and Migration Behaviour of Actinides and Fission
Products in the Geosphere, Barcelona, Spain, September 10-15, 2017, 2017; Barcelona, Spain,
2017.
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Acronyms
Ag Silver
Ag® Zero valent silver
Agl Silver iodide
APS Advanced Photon Source
CHN Analyzer Carbon, Hydrogen, Nitrogen Analyzer
GAC Granular activated carbon
Groutssiag Grout containing slag
Grout siag Grout without slag

Groutisiagagi-cac
Grout_sagiagi-Ac

Grout with slag and silver impregnated activated carbon
Grout with slag and silver impregnated activated carbon
lodide

103 lodate
Kg Distribution coefficient
Kl Potassium iodide
KlOs Potassium iodate
XANES X-ray Absorption Near-Edge Spectroscopy
XRF X-ray Florescence
XRD X-ray Diffraction

Intellectual Property
None

Total Number of Post-Doctoral Researchers
2 Post-Doctoral Researchers were funded under this project: Dr. Chen Xu and Dr. Peng Liu from Texas

A&M University
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