Project No. 09-821

Development of Alternative
Technetium Waste Forms

Fuel Cycle R&D

Dr. Ken Czerwinski
University of Nevada, Las Vegas

In collaboration with:

Idaho National Laboratory
Laboratoire Subatech

Los Alamos National Laboratory

James Bresee, Federal POC
Gordon Jarvinen, Technical POC

7
=]
\ p— : Nuclear Energy
W, r— University Programs

U.S. Department of Energy




Development of Alternative Technetium Waste Forms (09-315)

Quarterly and Final Report (July 2012 to September 2012)

Maryline Ferrier, Ed Mausolf, Erik Johnstone, Frederic Poineau, Jenna Starkey, Eunja Kim, Ken
Czerwinski (University of Nevada, Las Vegas)

Gordon Jarvinen, Brian Scott and Dave Kolman (Los Alamos National Laboratory),

Al Sattelberger (Argonne National Laboratory)

Rory Kennedy (ldaho National Laboratory),

Massoud Fattahi, (Laboratoire Subatech, France)

O o (0] [=To A @ o =T ot L =TSSR 1
2. Path t0 ACCOMPIISN SCOPE......eiiiiiieiieeie ettt nae e 1
2.1.  Task 1: Investigation of ternary and quaternary OXides .........ccccevveveereeresienseereseennenn, 2
2.2.  Task 2: Investigations of pertechnetate SaltS...........ccccooiviiiiiieiiie e, 2
2.3.  Task 3: Investigation of Dinary NItHAES..........ccovveieiiereecc e 3
2.4.  Task 4: Investigations of binary SUIPIJES ...........cccoririiiiiiiii e, 3
2.5.  Task 5: Investigations of metallic alloyS.........cccevviieiieiicie e, 3
T 1ol 1 <o (1|1 TP P TSRS 3
4.  Work Performed in Previous Quarter (April 2012 to June 2012) ........ccccovevveveiieenesiennnnns 4
5. Work Performed in Current Quarter (July 2012 to Sept 2012).........ccccevvererierieeiieseennenn, 4
6. FINANCIAIS ..ot 5
N 2 (c3 (=1 1=] 0 [0TSR 5



1. Project Objectives

In the US advanced fuel cycle program, a number of processes are proposed to separate
transuranic elements from spent nuclear fuel. The fission product **Tc will be extracted into an
organic phase containing tributylphosphate together with uranium within the first process steps.
Treatment of this stream requires the separation of U from Tc and the placement of the Tc into a
suitable waste storage form. A potential candidate waste form is to immobilize the Tc as an alloy
with either excess metallic zirconium or stainless steel. Even if Tc-Zr alloys seem to be promising
waste forms, investigation of alternative materials is needed. Innovating studies related to the
synthesis and behavior of different class of Tc materials will permit to increase the scientific
knowledge related to development of Tc waste forms; it will also permit to have a better
understanding of behavior of **Tc in repository conditions. In this context, a literature survey was
performed and technetium metallic alloys, nitrides, oxides, sulfides and pertechnetate salts are
proposed as alternative waste forms. The goals of this project are to: i) synthesize and structurally
characterize relevant technetium materials that may be considered as waste form. ii) Investigate
their behavior in solution under different condition of temperature, electrochemical potential,
radiations and predict their long term behavior in environments relevant to DOE.

The project evaluated a range of Tc containing alloys™?, salts® and binary compounds
potential waste forms. The results were published in the literature and as a Ph.D. thesis8. The
results show that suitable waste forms, depending upon the expected repository conditions, can be
prepared from a range of starting Tc compounds. A variety of metallic waste forms, ranging from
pure Tc metal to ternary Tc alloys combined with stainless steel (SS) and Zr were examined.
Three different methods were studied to convert the Tc stream to the metal: thermal treatment
under hydrogen atmosphere, electrochemical and chemical reduction of pertechnetate in aqueous
media. The thermal treatment of the Tc stream under hydrogen atmosphere is the preferred
method to produce Tc metal. Three different waste forms were produced for corrosion studies in
this work as part of this project: Pure Tc metal, SS(Tc 2 wt%)Zr and SS(Tc 1.34 wt%) alloys.
Corrosion rate measurements indicate that both SS(Tc 2 wt%)Zr and SS(Tc 1.34 wt%) alloys
corrode more slowly than metallic Tc in the solutions tested.

4,5,6,7 as

2. Path to Accomplish Scope

Studies in this project will examine the synthesis, characterization and solution behavior of
Tc materials relevant to waste form. The studies will focuses on:

e Synthesis and characterization of new ternary technetium oxides and pertechnetate salts,

e Development of new routes for the preparation of technetium nitrides and sulfides,

e Production of Tc-Ru and Mo-Tc-Ru-Pd-Rh alloys and comparison with transmutated

alloys and "epsilon phases”,

e Behavior of these materials in solution under different condition of temperature,

electrochemical potential and alpha radiations.

The project is composed of five tasks, each one corresponding to one class of materials (i.e.,
oxides, nitride, sulfides, salts and metallic alloys). In the different task, we will initially
investigate the synthesis and structural characterization of the materials. Synthesis will be
performed on the milligram scale and then scale up to the gram for stability studies. In parallel to
the synthetic studies, chemical and structural characterizations will be performed. The
stoichiometries will be determined by: Energy Dispersive X-ray Analysis, Electron Probe Micro
Analysis (EPMA) and Laser Ablation/ICP-Mass Spectroscopy. Nano-structures will be studied by
Transmission Electron Microscopy. Structures will be characterized by: powder and single crystal
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XRD and X-ray Absorption Fine Structure spectroscopy. The structure and properties of the
different materials, along with their formation mechanisms, will also be investigated by DFT
modeling and massively-parallel molecular dynamics simulations. Mechanical properties of the
materials will be systematically calculated as a measure of the stability of the waste forms. These
materials properties include the bulk modulus and its pressure derivative, zero-pressure elastic
constants, shear modulus, Young’s modulus, and Poisson’s ration. Molecular dynamics
simulations with also track possible thermally-driven phase transitions occurring in the proposed
waste form materials under repository conditions.

In the second part each task, we will investigate the behavior of the proposed materials in
aqueous media under different conditions of temperature, electrochemical potential and radiations.
Solubility and dissolution rates (T = 25 °C, 60 °C and 90 °C) will be determined under aerobic
and anaerobic conditions. In order to study influence of electrochemical potential, electrodes will
be constructed; voltammetry and open circuit potential measurements will permit to determine
dissolution potentials and electro-corrosion rates. The behavior of the proposed materials under
alpha radiation will be investigated. In the various studies, speciation of Tc in solution will be
performed by UV-visible spectroscopy, and the surface of pellets or electrodes characterized by
Scanning Electron Microscopy and EPMA.; it will permit to understand the corrosion /dissolution
mechanism of the different materials. Using modeling and ab initio molecular dynamics
simulations, we will investigate the role of O, and H,O molecules at the surface of the proposed
waste forms. In particular, the possible reaction pathways leading to surface degradation and
materials dissolution will be studied for several crystallographic planes of the waste form
materials. The effects of phase transitions on the overall stability of the materials will be analyzed.
This work will be conducted in accordance with the requirements specified in the GNEP Quality
Assurance Program Document.

2.1. Task 1: Investigation of ternary and quaternary oxides

Synthesize and structural characterization of RE,;Tc,07, RE3TcOg, RE,TcxZr,-4x07, (RE = Gd,
Sm, Dy, Eu, Lu, Nd, Pr, Ho), SrTcO3 and Cs,TcOs. The synthesis of RE,;Tc,0;, SrTcO3 and
Cs,TcO3 will be performed by solid state reaction between TcO, and RE,O3, SrCOzand Cs,CO3
at 700 °C under inert atmosphere. Soft methods, such as the coprecipitation of Tc(IV) with
RE(IN) in agueous media will be investigated. RE3TcOg will be synthesized by oxidation of
RE,Tc,07 under an oxygen atmosphere. The incorporation of Tc(IV) into [RE].Zr,0; will be
performed by reaction between TcO, and RE,Zr,0;. After the synthesis and characterization, we
will investigate the behavior of the various oxides in aqueous media under different conditions of
temperature, electrochemical potential and radiations.

2.2. Task 2: Investigations of pertechnetate salts

Synthesis and structural characterization of [A]TcO,4 (A= ferricenium, cobalticenium and
tetraphenylpyridinium cations). The synthesis will be performed by precipitation of TcO,” with the
corresponding cation in aqueous media. We will investigate the physico-chemistry of [A]TcO4
and determine solubility constants. We will further examine the thermal stability of [A]TcO,4 and
characterize their decomposition products (metal, oxide...). Thermodynamic (solvation free
energy) properties will also be calculated using DFT.



2.3. Task 3: Investigation of binary nitrides

Synthesis and structural characterization of TcN. The synthesis will be performed by thermal
decomposition of [NH4].TcXs (X= Cl, Br) under inert atmosphere or by reaction between
NH;TcO,4 and ammonia gas. Alternative routes to technetium nitride will be investigated;
technetium tetrabromide and technetium tribromide will be reacted with ammonia gas or LizN and
the reaction products characterized. Finally, we will construct electrodes and investigate the
behavior of Tc nitride in solution.

2.4. Task 4: Investigations of binary sulphides

Synthesis and structural characterization of Tc,S7 and TcS,. Tc,S7 will be prepared by
reaction between TcO, and H,S in an acidic solution; TcS, will be synthesized by thermal
decomposition of Tc,S7 under an inert atmosphere. Alternative route to technetium sulfides will
be investigated, the thermal decomposition of ammonium pertechnetate under an H,S atmosphere
will be examined. The solution behavior of TcS, will be investigated in details. Solubility
measurements will be performed in aerobic and anaerobic conditions and the speciation of
technetium will be performed by UV-Vis spectroscopy. We will determine solubility constant as
well as dissolution mechanism of TcS; in aqueous media.

2.5. Task 5: Investigations of metallic alloys

Synthesis and characterization of Tc-Ru and Mo-Tc-Ru-Pd-Rh alloys. For Tc-Ru alloys, the
following composition will be investigated: TcxRui« (x = 0.1 to 0.9). For the "epsilon phases”,
composition will be taken from literature.® We plan to receive transmuted Tc from the
ANTICORP1 experiment (CEA, France).*® We will investigate the structure of the transmuted Tc
and compare with the simulated Tc-Ru alloys. Also, "epsilon phases™ will be received from the
CETE experiment, characterized and compared with the simulated one. DFT calculations will be
performed to investigate the electronic and thermodynamic properties of Tc-Ru and Mo-Tc-Ru-
Pd-Rh alloys with various compositions. The corrosion behavior of the different samples will be
investigated; corrosion rates, dissolution potentials and corrosion mechanism will be examined.
The solution behavior of simulated Tc-Ru and Mo-Tc-Ru-Pd-Rh alloys will be compared with
transmuted Tc and “epsilon phases” from spent fuel.

3. Schedule

The proposed schedule work will take place within a 3 years period from contract award under
schedule:

Task 1: Synthesis and characterization of RE,Tc,07 , SrTcOzand Cs,TcO3 (by month 3)

Task 1: Synthesis and characterization of RE3TcOg and incorporation of Tc(1V) into
RE»Zr,0; (RE = Gd, Sm, Dy, Eu, Lu, Nd, Pr, Ho). (by month 6)

Task 1: Investigation of the solution behavior of the synthesized oxides (by month 12)

Task 2: Synthesis and characterization of: [A]TcO,4 (A = ferricenium, cobalticenium and
tetraphenylpyridinium) (by month 14)

Task 2: Thermal stability and solubility measurements of the synthesized salts (by month 16)

Task 3: Synthesis and characterization of Tc nitride and exploration of new routes (by month
19)

Task 3: Investigation of the solution behavior of TcN (by month 25).

Task 4: Synthesis and characterization of TcS; and Tc,S; using methods reported and
development of alternative routes to TcS,. (by month 28).
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Task4: Investigation of the solution behavior of TcS; (by month 34)

Task 5: Synthesis and characterization of Tc-Ru and Mo-Tc-Ru-Pd-Rh alloys. (by month 30)

Task 5: Characterization of transmuted Tc (ANTICORP1) and "epsilon phases" (CETE) (by
month 30)

Task 5: Fabrication of electrodes (Tc-Ru and Mo-Tc-Ru-Pd-Rh alloys, transmuted Tc,
"epsilon phases™) and corrosion studies in aqueous media. (by month 36)

4. Work Performed in Previous Quarter (April 2012 to June 2012)

Synthesis and characterization of technetium compounds for waste form consideration
continued in this quarter. Efforts on technetium sulfides included characterization efforts. The
work performed demonstrated that UV-visible spectroscopy and X-ray Absorption Spectroscopy
(XAS) are viable routes for solution and solid phase characterization. It was found that in solution
technetium is still present after 20 minutes in the polymeric state, but with different coordination
environments depending on the concentration of the acid used for the reaction. Energy Dispersive
X-ray Spectroscopy and XAS analyses indicated that the product was a pure binary technetium
sulfide at equilibrium.

The research on the synthesis and characterization of technetium binary halides and related
technetium compounds has been continued. The focus has included work on the chloride and
bromide systems, improving and better understanding the synthesis of precursors to these
materials, i.e. (TBA),Tc,Cls. This research leveraged an undergraduate student participating in
the DOE-NE sponsored Radiochemistry Summer School at UNLV. Additionally collaboration
studies with Los Alamos National Lab (LANL) on XAS of Tc-Cl compounds were also
performed. This work has provided a better understanding of the fundamental chemical properties
of technetium and its compounds and can provide a better understanding of potential waste form
properties of TcCl..

5. Work Performed in Current Quarter (July 2012 to Sept 2012)

Efforts in the final quarter focused on the preparation of two manuscripts for publication.
One manuscript is titled “Speciation of technetium after the reaction between pertechnetate and
hydrogen sulfide in various sulfuric acid concentrations”. In this work pertechnetate dissolved in
various sulfuric acids was reacted with hydrogen sulfide gas. Speciation started to vary at the
dissolution step and during the reaction technetium sulfide was precipitating from a polymeric
technetium compound present in solution. The solid was analyzed by elemental analysis, EDS and
XAFS spectroscopy and revealed that the solid was similar for all reactions and corresponded to
the known Tc,S7. While the supernatants were analyzed by UV-Visible and XAFS Spectroscopy
showing that technetium speciation varies with the acid concentration. The results demonstrate a
simplified route to produce an insoluble Tc compound from pertechnetate.

A second manuscript, entitled “Technetium Chemistry in the Fuel Cycle: Combining Basic
and Applied Studies”, was developed from an invited contribution on to Inorganic Chemistry. In
this manuscript the chemistry of technetium is shown to be intimately linked with nuclear
reactions. An example of technetium chemistry is given through examination of the technetium
halide compounds. Binary metal halides represent some of the most fundamental of inorganic
compounds. The synthesis of new technetium halides demonstrates trends with structure,
coordination number, and speciation. Emphasis is placed on how these results can be utilized in

the nuclear fuel cycle. Examples are provided for technetium-zirconium alloys as waste forms



and the formation of reduced technetium species in separations, highlighting results obtained in

this project.

6. Financials

Q3-Y3 QTR CUM
July 2012 Aug 2012 Sept 2012 TOTAL TOTAL
4/1/2012
- 6/30/2012 | 12,970 12,970 12,970 38,910 628,648
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