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Front-End and Back-End Electrochemistry of Molten Salt in Accelerator-Driven 
Transmutation Systems 

Mark A. Williamson and Francesco Venneri, Los Alamos National Laboratory, 
Los Alamos New Mexico, 87545, USA 

Abstract 

The objective of this work is to develop preparation and clean-up processes for the &el 
and carrier salt in the Los Alamos Accelerator-Driven Transmutation Technology molten salt 
nuclear system. The front-end or &el preparation process focuses on the removal of fission 
products, uranium, and zirconium from spent nuclear &el by utilizing electrochemical methods 
(i.e., electrowinning). The same method provides the separation of the so-called noble metal 
fission products at the back-end of the he1 cycle. Both implementations would have important 
diversion safeguards. The proposed separation processes and a thermodynamic analysis of the 
electrochemical separation method are presented. 

Introduction 

The Los Alamos National Laboratory Accelerator-Driven Transmutation Technology 

The fissile material in the ADTT 
(LANL-ADTT) project has conceptually developed a nuclear system that consists of an 
accelerator-driven sub-critical molten salt nuclear reactor. 
system is a plutonium fluoride, PuF,, dissolved in molten 0.67 LiF - 0.33 BeF,. The Pu fuel for 
the system could be from weapon disassembly, Pu-process residues, or spent nuclear firel. This 
discussion addresses the PU contained in spent nuclear &el and the conversion of-rhat Pu-to-a 
form that could be used in the ADTT system. A similar process could be used for the Pu-process 
residues while minimal processing is required for weapon Pu. The spent fuel consists of fission 
products, uranium, and zirconium that are undesirable constituents as feed for the ADTT system 
that is geared towards the destruction of existing plutonium, and where no fbrther production of 
plutonium from 238U is desirable (i.e., Accelerator Transmutation of Waste, ATW). The 
separation of these constituents from the fuel is the focus of the proposed front-end fuel 
processing and electrowinning. 

I 

As the 1 fissions in the ATW system, the transition metal fission product concentration in 
the molten salt increases. A class of fission products that poses several problemsis the so-called 
noble metal fission products: Mo, Nb, Ru, Rh, Ag, Cd, etc.2 They possess deleterious nuclear 
properties, and, potentially, could plate out in the heat exchanger and elsewhere in the system. 
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c The on-line removal of the noble metals from the molten salt is crucial to the operation of the 
reactor. Again, electrowinning is envisioned fcr removing the noble metal fission products at the 
back-end of the fuel cycle. The proposed separation processes and a thermodynamic analysis of 
the electrochemical separation process are presented. 

Separation Processes 

The ATW fuel preparation and on-line noble metal separation processes are described in 
this section. Each process employs electrochemical separation or electrowinning methods to 
purify the molten fuel sdt for use in the ATW system. Each separation process, with an emphasis 
on the electrochemistry, is described below. 

ATW Fuel Preparation 

The preparation of ATW fuel from spent nuclear fuel is accomplished as follows. The 
spent nuclear fuel pin consists of uranium oxide, fission product oxides, and probably Zircalloy 
cladding material. After the fuel has had sufficient time to cool, the fuel pins are chopped by 
conventional means. Alternatively, the fuel could be decladded and only the oxide fuel chopped. 
The fission product gas released during the chopping is trapped in activated charcoal or on 
molecular sieves. The gas is primarily xenon and krypton but may also contain iodine and tritium. 
Provision for the destruction of gaseous fission products in the ATW system could be included in 
this process but only with a more complex gas handling system. The chopped fuel is fed into a Ni 
or Ni-alloy chemical reactor that contains 0.67 LiF - 0.33 BeF2 molten salt at 1000 K. 

Next, the chopped fuel is hydrofluorinated, in the presence of excess hydrogen, by 
bubbling HF into the molten salt at 1000 K. Excess hydrogen is required to prevent the formation 
of volatile metal fluoride species, for example uF6, PuF,, MoF6 etc. The equations that describe 
the processes are: 

where MO, is a metal oxide of metal valence n, M is cladding metal, and MF, is the metal 
fluoride dissolved (d) in the LiF - BeF,. The reactions are spontaneous. The rate of oxide to 
fluoride conversion depends on the oxide fuel particle size, the radiation damage to the oxide 
matrix, and the thermal history of the oxide. Fission product gases released during this process 
must also be trapped. The resulting fluoride mixture is transferred to the electrochemical cell. 

Finally, electrochemical processes are used to separate the metals dissolved as metal 
fluorides in the molten salt. Electrowinning methods have been used extensively to produce pure 
metals from oxide or halide feed material that has been dissolved in molten salt (e.g., Al, Mg 
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production). In this application of the method one is interested in purifjring the molten salt and 
not in producing a pure metal. The cell consists of a consumable anode, either Zr or Be, and a 
nickel cathode onto which the metals are deposited. The equations that describe the processes 
are: 

n Zr (s) + 4 MF, (d) = n ZrF, (d) + 4 M (s) 

n Be (s) + 2 MF, (d) = n BeF, (d) + 2 M (s) 

(3) 

(4) 
and 

where MF, is a metal fluoride dissolved (d) in molten LiF - BeF,. The reactions are spontaneous 
because of the fi-ee energy difference between metal fluorides (see Thermodynamic Analysis 
Section). Therefore, in principle, the cell could be operated in a passive fashion (i.e., no external 
voltage source required). However, the rate of mass transfer to the cathode may be enhanced by 
applying an externally generated voltage. A Zr anode is used to deposit transition metals on the 
cathode while a Be anode is used to deposit U and Zr on the cathode. The metals collected at the 
cathode could be oxidized, blended with silica, vitrified, and sent to a central storage facility. If 
desired, the U and Zr collected at the cathode could be stored, for fbture use, as metals. 
Plutonium, higher actinides, lanthanides, Sr, and Cs remain in the molten LiF - BeF,, and are fed 
into the ATW system and transmuted. 

One of the unique features of the LiF - BeF, molten salt is the built-in Pu proliferation 
resistance. Plutonium cannot be isolated in this system because the Be electromotive force (EMF) 
falls below the Pu EMF which means that the Be must be removed fiom the system before any of 
the Pu could be isolated by electrochemical methods. In addition the Pu is never separated from 
the lanthanides, thus if one is able to remove the Be, a pure Pu stream could only be produced 
afler a Pu and lanthanide separation. Methods are available that could produce a pure Pu stream 
fiom the LiF - BeF, molten salt but the application of these methods to this system would require 
extensive chemical process equipment and would be easily detected. 

~ - -- - ___ - - - - 

Noble and other transition metal fission products are removed on-line by electrowinning 
methods. The equation that describes the process, equation (4) , has been given in the previous 
subsection. The concepts described for the spent fbel electrochemical process are also applicable 
to the on-line fission product removal system. Maintenance of the system would consist of the 
periodic replacement of the anode and cathode and must be completed by remote operations. The 
cell is located before the heat exchanger system to prevent the deposition of fission products on 
the heat exchanger tubes. Depositing fission products on the heat exchanger tubes poses no 
safety threat to the reactor system, in terms of materials interactions, but would degrade the 
efficiency of the heat transfer system. The fission product metals that are collected on the cathode 
could be oxidized, bIended with silica, vitrified, and sent to a central storage facility. 
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Thermodynamic Analysis 

The proposed electrowinning process was developed from an analysis of the 
thermodynamic data available in the literature for the metal fluorides of interest. The main 
sources of data were the JANAF Tables3, Kubaschewskii and Alcock', Fuger et al?, and 
Thoma.6 The analysis was completed in two steps. First, the free energy of formation data for 
the pure components was analyzed to establish the general trends for separation. The free energy 
of formation data, and standard EMF, E", relative to the HF/H2 electrode at 1000 K are given in 
Table I. One can observe in Table I that at unit activity it is not unreasonable to expect to 
separate transition metal fission products, uranium, and zirconium from the Pu according to 
equations (3) and (4). However, because the species are not at unit activity in the molten LiF - 
BeF, salt, a second more detailed analysis was completed to establish the activity coefficient and 
hence the E for the selected species at a given concentration. The details of the second analysis 
are given below. 

Consider equation (3), the equilibrium constant for the reaction is 

where a is the activity of the species. The activity of the pure metal is unity in equation ( 5 )  so that 
the expression for the equilibrium constant simplifies to a ratio of the activity of ZrF, to that of 
MF, and the change in free energy, AGO, for the reaction is 

AGO = -RT In K = -RT In (aZrF4, / am:) 

where R is the gas constant and T is the temperature. The activity is the product of the mole 
fraction and the activity coefficient. If the mole fraction of the species in the molten salt is known, 
then the problem of evaluating the equilibrium constant, and the free energy change, for equation 
(3) becomes one of determining the activity coefficient of the species in the molten salt. 

The activity coefficient, yi, of a species is related to the partial molauxcess fi-ee-energy of -- 

mixing, giss, by the expression 

G~~ = RT In yi (7) 

where R is the gas constant and T is the temperature. The partial molar excess free energy of 
mixing is derived from the integral excess free energy of mixing, e'', by 

where xi and 9 are the mole fractions of component i and j. Integral excess free energy of mixing 
data can be derived from EMF measurements, solution calorimetry data, solubility data, and phase 
diagrams. An extensive set of phase diagrams are available for the molten salt systems of interest 
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to this study and were used to complete this analysis6 

The phase diagrams, and heat and temperature of fusion data for the components were 
used to evaluate the integral free energy of mixing by fitting the data to the Redlich-Kister 
expression.' The Redlich-Kister expression for a binary system is 

(3- = (x2-x?) % (1 -2x2)n (9) 

where x2 is the mole fraction of component 2 and k, is a polynomial of the form (a, + b,T). If 
only a single coefficient, & = %, is used in the expression, then the Gxs follows the usual regular 
solution model. Mulford has fitted the phase diagram data for many of the systems of interest in 
this study to the Redlich-Kister expression and those data were used in the subsequent analysis.' 

The Redfich-Kister data for the binary systems were combined in the Kohler equation for 
ternary systems to evaluate the ternary integral excess free energy of mixing, Gxst. The Kohler 
equation is given by 

Gsst = (1 -N,)2 G23xs + (1 -N,), G13" + (1 -N3)2 G12" 

where Ni is the mole fraction of component i in the ternary system and G i F  is the binary Redlich- 
Kister expression for the integral excess fiee energy of mixing for components i and j. Ternary 
interaction terms are not included in the Kohler expression because in most cases the binary data 
accurately reproduce the ternary phase diagrams. 

Partial molar excess fiee energy of mixing data were derived from the Kohler equation 
using a modified form of equation (8) as suggested by Darken. lo The equation suggested by 
Darken is 

where Ni is the mole fraction of component i in the ternary system and the defivative isTvaluated 
at a constant Nj / Nk ratio. The activity coefficient data, y, and EMF data, E, for selected species 
at the stated mole fraction are given in Table 11. The utility of Table I1 is described below. 

As an example, consider the separation of U from a solution that contains a mole fraction 
of 0.05 UF, dissolved in 0.67 LiF - 0.28 BeF, with a Be anode. The equation that describes the 
process is 

2 Be (s) + UF, (d) = 2 BeF, (d) + U (s) 

The data in Table II &e an EMF for BeF2 of 1.8 15 V and UF, of 1.533 V. The free energy 
change for the reaction is -(4*F*2.097V), where F is the Faraday constant, or -809 kJ/mol. Thus, 
the U could be electrochemically removed from the solution using a Be anode. Similar 

log 162 5 



calculations could be completed for other species of interest. 

Future Directions 

We have developed the separation processes for the front-end fbel preparation and on-line 
fission product removal for the ATW system. The fbndamental thermodynamic properties 
associated with the processes have been evaluated and the results are encouraging. The work will 
now move from the analysis stage to an experimental stage. Electrochemistry experiments would 
allow us to establish the EMF of each species of interest, the actual degree of separation that can 
be achieved in the process, and the limiting kinetic and mass transfer characteristics of the 
proposed system. The experimentally determined EMF data will be used to enhance our 
thermodynamic analysis of the system and perhaps will allow us to extrapolate our results to 
chemical species for which we do not have any data (e.g., Ru, Rh, etc.). Moreover, kinetic and 
mass transport models will be developed for the electrowinning process from the experimental 
data. Additionally, spent &el dissolution experiments will be completed to establish the kinetics 
of the process. 
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Table I 
Standard Thermodynamic Data 

Oxidation Potential vs HF/H2 Electrode, T= 1000 K 
&g& -A Go (kJ/mol> Eo (volts) 
LiF 244.2 2.53 1 
CeF3 703.7 2.43 1 
P u F ~  532.7 1.840 

702.1 1.819 
328.5 1.702 BeF2 

NPF3 483.7 1.671 
468.7 1.619 
555.8 1.440 
531.1 1.376 
492.2 1.275 ZrF, 

NPF, 484.0 1.254 

TW, 

u F 3  
p*, 
UFJ 

M o F ~  -154.0 -0.399 
NbF5 -1364.0 -2.827 

Table I1 

Oxidation Potential vs HF/H, Electrode, T= 1000 K 
Saecles X Y E (volts) 
LiF 0.70 0.839 2.594 
LiF 0.67 0.739 2,592 
LiF (ZrF4) 0.67 0.839 2.581# 
CeF3 0.005 0.845 2.588 
PuF, 0.005 1.612 1.979 

0.12 0.0387 1.934 
0.325 0.201 1.820 BeF, 

0.18 0.275 1.831 BeF, 
NPF3 0.01 2.292 1.779 

0.05 1.812 1.688 
0.005 1* 1.554 
0.05 0.0132 1.533 
0.05 0.0199 1.423 ZrF, 

NpF4 0.005 I *  1.368 

. - Calculated Thermodynamic data 

TW, 

w 2  

u F 3  **, 
uF, 

- -- --- 0.28 - 0.260 1.815 -. -_- - 

MoF, 0.01 1* -0.300 
NbF5 0.01 1* -2.748 

* y  assumed to be unity 
## 0.67 LiF - 0.28 BeF, - 0.05 ZrF4 
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