ENGINEERING DEVELOPMENT OF

THE MSBR FUEL RECYCLE

M. E. WHATLEY, L. E. McNEESE, W. L. CARTER,

L. M. FERRIS, and E. L. NICHOLSON Chemical Technology
Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830

Received August 4, 1969
Revised October 13, 1969

The molten-sall breeder vreactor being de-
veloped at Oak Ridge National Laboratory (ORNL)
requives continuous chemical processing of the
fuel salt, "LiF-BeF;-ThF, (72-16-12 mole%) con-

taining ~ 0.3 mole% #3UF,. The vreactor and
the processing plant are planmed as an integral
system. The main functions of the processing
plant will be to isolate ¥*Pa from the neutron flux
and to remove the rare-earth fission products.
The processing method being developed involves
the selective chemical reduction of the various
components into liquid bismuth solutions at
~600°C, utilizing multistage counter-curvent ex-
traction. Protactinium, which is easily separated
from uranium, thovium, and the vave eavths, would
be trapped in the salt phase in a stovage tank
located belween two extraction contactors and
allowed to decay to ®3U. Rare earths would be
separated from thorium by a similar reductive
extraction method; however, this operation will
not be as simple as the protactinium isolation step
because the rare-earth-thorium separation factors
are only 1.3 to 3.5. The proposed process would
employ electrolytic cells to simultaneously intro-
duce veductant into the bismuth phase at the
cathode and to veturn extracted malerials to the
salt phase at the anode. The practicability of the

reductive extraction process depends on the suc-
cessful development of salt-metal conlactors,
electrolytic cells, and suitable materials of con-
struction.

INTRODUCTION

Oak Ridge National Laboratory is engaged in
the development of a molten-salt breeder reactor
that would operate on the ®**Th-?**U fuel cycle.
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The reference reactor' is a single-fluid, two-
region machine containing ~1500 ft* of carrier
salt having the composition 71.7 mole% ’LiF, 16
mole% BeFz, 12 mole% ThF,, and ~0.3 mole%
23%JF,. The reactor system would be fabricated of
Hastelloy-N, and would use graphite as a modera-
tor; corrosion of the Hastelloy is very low when
~1% of the uranium in the salt is present as UFs,.
Calculations have shown that single-fluid molten-
salt reactors designed to operate economically at
reasonable power densities and fuel inventories
will not breed unless neutron absorbers such as
fission products (mainly xenon and rare earths)
and ?*Pa (which is formed from 2**Th and decays
to %®U) are continually removed from the salt.
Protactinium-233, which has a neutron-capture
cross section of ~43 b, must be removed from the
neutron flux on a short time cycle (3 to 5 days).
Rare earths should be removed on a cycle of 30 to
60 days. The chemical processing system for ef-
fecting these separations must be close-coupled to
the reactor to minimize fuel inventory.

The salt from the reactor, even after allowing
1h for decay of very short-lived nuclides, has a
specific heat generation rate of ~10 kW/ft%. At
various places in the processing plant the protac-
tinium and fission products will be concentrated,
giving rise to heat generation rates that are 3 to 5
times this value. The protactinium isolated in the
processing plant will generate ~5 MW of decay
heat. Thus, the chemical processing system must
be designed to handle much higher levels of radia-
tion and heat generation than are encountered in
the existing aqueous processes for water-cooled
reactor fuels. The separations process being
evaluated involves the selective reduction and ex-
traction at ~600°C of the various species from the
salt into liquid bismuth that contains lithium and
thorium as the reductants. Progress in the devel-
opment of this process is the subject of this
paper.
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CHEMISTRY OF THE REDUCTIVE
EXTRACTION PROCESS

Bismuth is a noble metal that does not react
with the components of the fuel salt, but will dis-
solve metallic lithium, uranium, thorium, and the
rare earths to a reasonable extent. (Beryllium,
on the other hand, is almost insoluble in bismuth.)
Bismuth has a low melting point (271°C) and a
high boiling point (1477°C); its vapor pressure is
negligible in the temperature range of interest,
500 to 700°C. These properties, and the fact that
it is almost completely immiscible with a variety
of molten-fluoride salts, made it the first choice
for the metal phase in the reductive extraction
process.

The relative extractabilities of the important
actinide and lanthanide elements were determined
by measuring equilibrium distribution coefficients
in the two-phase system. The extraction of a
metal fluoride, MF, , from the salt into a liquid
bismuth solution can be expressed as the equilib-
rium reaction '

MF,, (saly + 7 Li(Bi) = Mj) +7 LiF(sal0 »

in which # is the valence of the metal in the salt
phase. An equilibrium constant for this reaction
can be written as

n
XMYM ALiF
n
XumE, YMF, X3 T4

n
K= 2MOLE,
auF, 21

(1)

in which a denotes activity, X is mole fraction,
and v is an activity coefficient. Under the experi-
mental conditions used, g ;rand the individual ac-
tivity coefficients were essentially constant; thus,
Eq. (1) reduces to

XM

K'=—"M
= .
XuF, XLi

(2)

The distribution coefficient for component M is
defined by

_mole fraction of M in bismuth phase _ Xm

" mole fraction of MF, in salt phase XuF,
(3)
Combination of Eqgs. (2) and (3) gives
D=X[; K' , (4)
or, in logarithmic form,
log D= nlog X; + log K" . (5)

Thus, a plot of log D vs the logarithm of the lith-
ium concentration in the metal phase (mole frac-
tion or at.%) should be linear with a slope equal to
n. The ease with which one component can be
separated from another is indicated by the ratio of
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their respective distribution coefficients, i.e., by
the separation factor a. If the separation factor
for two components designated A and B (a =
Da/Dp) is 1, no separation is possible; the greater
the deviation of o from 1, the easier the separa-
tion. '

Data®™® obtained at 600°C using LiF-BeFz-ThF,
(72-16-12 mole%) as the salt phase are summa-
rized in Fig. 1 as plots of log D vs log Cr; . The
slopes of the lines show that, under the conditions
used, zirconium, thorium, and protactinium exist
as tetravalent species in the salt; uranium, pluto-
nium, and rare earths other than europium are
trivalent; and only europium is reduced to the
divalent state prior to extraction. Uranium and
zirconium are the most easily reduced of the spe-
cies shown. In fact, except for the difference in
valence, their behavior is almost identical. Thus,
zirconium, which is a fission product of high
yield, will coextract with uranium in the reductive
extraction process. Uranium and protactinium
should be easily separated, and, under the proper
conditions, a Pu-Pa separation is possible. Under
one expected operating condition, where Dy is ~1,
the corresponding U-Pa and Pa-Th separation
factors are ~100 and 3000, respectively. These
separation factors comprise the basis for the pro-
tactinium isolation flow sheet. As indicated in
Fig. 1, and as shown on an enlarged scale in Fig.
2, the rare-earth-thorium separation factors are
only in the range of ~1.3 to 3.5 under the desired
operating conditions ( Cp;> 0.1 at.%). Thus, re-
moval of the rare earths by the reductive extrac-
tion method will be much more difficult than the
isolation of protactinium.

As noted above, most of the components of in-
terest are adequately soluble in bismuth. Thorium
is the least soluble of the extractable components;
its solubility at 600°C is ~1800 wt ppm.’ Uranium
and plutonium (which could be used as the fissile
material for starting up an MSBR) are at least
five times more soluble than thorium. Previously,
no information was available on the solubility of
protactinium in bismuth. However, recent work*
indicated its solubility to be ~1200 wt ppm at
500°C and >2100 ppm at 600°C. By assuming that
the effect of temperature on the solubility between
500 and 700°C is about the same as it is for the
other actinide metals, the solubility of protac-
tinium at 600°C has been estimated to be 4500 wt
ppm.‘1 This concentration is more than adequate
to satisfy the process requirements.

Mutual solubilities of most of the major com-
ponents in bismuth appear to be high enough for
process application. Nickel is the only component
encountered so far that causes a marked effect.
The presence of as little as 100 wt ppm nickel in a
bismuth solution that is nearly saturated with
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Fig. 1. Distribution coefficients of major components

between a bismuth phase and a single-fluid
MSBR salt.

thorium can result in the precipitation of an insol-
uble nickel- and thorium-containing intermetallic
compound.?® One method for removing nickel is
described below.

THE CONCEPTUAL PROCESS FLOW SHEET

The principal engineering features of the con-
ceptual process®” are combined in a simplified
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between a single-fluid MSBR salt and a bismuth
phase.

flow sheet shown in Fig. 3. In this process fuel
salt from the reactor, after <1 h of cooling, en-
ters the bottom of the protactinium isolation sys-
tem at a rate of ~2.5 gal/min. This system
consists of two 7-in.-diam extractors, each having
six stages. The extractors are separated by a
200-ft* decay tank. Uranium is extracted from the
fuel salt into the bismuth, and the protactinium is
concentrated and trapped in the decay tank, re-
sulting in its removal from the reactor on a 3- to
5-day cycle. The decay tank is actually a heat-
exchanger in which protactinium decay heat is re-
moved.

The bismuth is continuously circulated through
the protactinium isolation system contactors and
an electrolytic cell. At the anode of the cell, ura-
nium present in the bismuth is oxidized to U**,
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which transfers to the salt stream that is returned
to the reactor. At the cathode of the cell, Th*t and
Lit from the salt are reduced to metals which
dissolve in the bismuth. The resulting Th-Li-Bi
solution flows into the top of the upper extractor.
A small side stream of salt from the lower ex-
tractor is fluorinated to remove uranium as UF¢
for control purposes. The fluorination also re-
moves iodine, bromine, and oxygen from the salt.
After treatment to remove traces of fluorine, the
salt is returned to the decay tank. The UFs is de-
contaminated from fission products by passage
through hot sodium fluoride beds and is collected
after subsequent passage through a suitable con-
centration monitor. Most of the UF; is absorbed
in salt, reduced with hydrogen to UF4, and re-
turned to the reactor. Excess uranium is removed
and sold.

Batch fluorination of molten salt for uranium
recovery and decontamination is well-established
technology. A similar operation was carried out®
at the MSRE when the ***U fuel was replaced with
%y, Small-scale tests have shown that continuous
fluorination will be feasible,® and that soluble UF,
is produced when UFg is sorbed in salt in the
presence of hydrogen.''" In the preceding opera-
tions, container corrosion could be severe; hence,
protection of the wall by a layer of frozen salt is
being considered.

The bismuth stream from the first stage of the
lower extractor carries the uranium to the elec-
trolytic cell in which the uranium is oxidized.
About 1% of this stream is continuously treated
with hydrogen fluoride in the presence of a salt to
remove fission products (Zr, Zn, Ga, Cd, and Sn)
and corrosion products (Fe, Ni, and Cr). After
fluorination to remove the uranium, the salt is
discarded to waste. This operation removes fis-
sion product zirconium on a 200-day cycle. A
shorter cycle time may be necessary if nickel or
other contaminants build up excessively. Hydro-
fluorination of this side stream of bismuth would
provide a method for removing plutonium from the
circuit of a molten-salt breeder reactor that was
started up with plutonium.

The salt stream leaving the protactinium isola-
tion system contains only traces of protactinium
and uranium but contains practically all of the
rare earths. A portion of this salt stream is
withdrawn and sent to a reductive extraction
process’ for removing rare earths. The rare-
earth extraction system differs from the pro-
tactinium isolation system in that the highest
concentration of rare earths occurs at the lower
end of the contactor rather than in the middle.
The salt-feed stream would enter near the middle
of the contactor. Calculations have shown that a
contactor having 24 theoretical extraction stages
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with a bismuth-to-salt flow rate ratio of 80 would
result in a discard salt with the rare earths ~60
times as concentrated as they occur in the reactor
salt. The salt discard rate is set so that the rare
earths are effectively removed on a 50-day cycle.
At this discard rate, the neutron loss to rare
earths in the reactor is kept at an acceptably low
level, and the alkali metal and alkaline earth fis-
sion products (which remain in the salt throughout
the process) are removed from the reactor on an
8- to 10-year cycle. The salt that is discarded
would have a heat generation rate of ~17 kW/ft®
and would have to be stored for radioactive decay.

The reconstituted fuel salt will contain a small
but unknown amount of bismuth. Most of this bis-
muth must be removed from the salt to ensure
that its concentration in the salt returning to the
reactor will not be high enough to cause corrosion
of the Hastelloy.

Not all of the fission products having signifi-
cant neutron capture cross sections would be
removed by the reductive extraction process.
Xenon, krypton, and tritium will be removed from
the reactor as gases on about a 1-min cycle by a
helium purge. Experience with the MSRE has
shown that the noble metal fission products (e.g.
Mo, Ru, Tc, Rh, Nb, and Pd) are not present in the
salt as fluorides.”” Instead, they apparently exist
in the metallic state because of the reducing con-
dition in the reactor. A portion of these metals is
deposited on the surfaces of the graphite and the
Hastelloy, and the rest is present in the gas phase
in the form of a smoke. It is estimated that at
least half of the noble metal fission products will
also be removed from the MSBR by the helium
purge. Thus, the reactor off-gas system must be
designed to handle a significant amount of gaseous
and particulate fission products.

PROTACTINIUM ISOLATION SYSTEM CALCULATIONS

The distribution coefficient data for the com-
ponents of interest (Fig. 1) provide a firm basis
for calculation of the separations attainable in a
multistage countercurrent extraction system. A
typical set of concentration profiles for this sys-
tem” with six theoretical stages below the decay
tank and six theoretical stages above, is shown in
Fig. 4. The points beyond the left margin of the
figure represent the composition of the reactor
fuel salt entering the extraction system. The
maximum concentrations of uranium, protactini-
um, and thorium in the metal phase are limited by
the solubility of thorium in bismuth, which, in
turn, governs the salt-bismuth flow rate ratio.
The protactinium concentrations in both the salt
phase and the metal phase reach maxima in the
vicinity of the decay tank, where the protactinium
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concentration in the salt is two orders of magni-
tude higher than that in the fuel salt entering
the extractor. Routing the high-protactinium-
concentration salt stream through a 200-ft° decay
tank results in retention of >90% of the protactini-
um (in the reactor and the chemical processing
plant) in the tank, thus obtaining low protactinium
losses by neutron capture in the reactor.

The concentration profile (Fig. 4) represents a
steady state at very nearly optimum conditions.
However, two significant effects are not readily
apparent in this representation. The first is that
the profile is very sensitive to the amount of re-
ductant entering the system. Thus, a small error
in this amount, caused by either a change in the
reductant concentration in the bismuth or by a
flow-rate-ratio change, could change the location
of the protactinium. The net effect could be the
eventual return of all the protactinium to the re-
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Fig. 4, Calculated concentration profiles in the pro-
tactinium isolation column,
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actor. The second effect is the stabilizing influ-
ence on the system of the capacitance that is
provided by the large volume of salt in the decay
tank.

The effect of flow rate on a system at steady
state is shown in Fig. 5. The dotted line repre-
sents operation in the mode described above. The
concentration of protactinium in the reactor de-
creases to an optimum from which, under a sim-
ple steady-state analysis, a flow rate variation as
small as 1% could result in a tenfold increase in
the protactinium concentration in the reactor if
the flow rate were low, or a threefold increase if
the rate were high., Removal of a small amount of
uranium, for example by fluorination of 2% of the
salt entering the decay tank, would provide con-
siderable relief of the control system sensitivity
(Fig. 5). The typical concentration profiles (Fig.
4) show that the uranium concentration changes
rapidly from stage to stage in the vicinity of the
decay tank and would also be sensitive to flow rate
ratios. In fact, the uranium concentration drops
to 0.0005 of its concentration in the reactor when
the bismuth flow rate is slightly above the opti-
mum, and drops by a factor of 400 per 0.1% in-
crease in the bismuth flow rate close to the
optimum. Thus, the uranium concentration in the
salt provides a very sensitive index to operation,
and by controlling it at ~0.007 times the reactor
concentration (within a factor of 5 or 10), the sys-
tem can be held sufficiently close to the optimum
flow conditions. As noted before, uranium re-
moval from the system would be accomplished by
continuously fluorinating a small side stream of
salt entering the decay tank. Monitoring the UFg
concentration in the gas from the fluorinator pro-
vides a sensitive measurement of the uranium
concentration in the decay tank and, consequently,
the location of the protactinium in the contactor.

Calculations® of the transient behavior of the
protactinium isolation system were made to gain
information about the stability of the system. In
the computer program used, the uranium concen-
tration at the inlet to the decay tank controlled the
bismuth flow rate. The other input information
was similar to that used to generate the con-
centration profile. A random error with a 5%
standard deviation was superimposed upon the
controlled rate which was maintained constant for
1 h; then, a new input generated a different flow
rate with a new random error. Even with this
crude control system, over 85% of the protactini-
um was held outside of the reactor.

THE ELECTROLYTIC CELLS

An ideal electrolytic cell for use in the process
would receive bismuth containing extracted com-
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ponents and would completely oxidize these com-
ponents to fluoride salts which would be carried
out of the cell. The purified bismuth would then
be routed to the cathode where thorium fluoride
from the salt would be reduced to produce a bis-
muth metal phase that is suitable for use as an
extractant. In practice, both lithium and thorium
metals would be produced at the cathode, and the
anode would supply BiF; which would subsequently
react with the uranium or the rare earths in aux-
iliary contactors provided for this reaction to
strip them into the salt phase.

In the rare-earth removal system the cell
would be operated as the center unit of a three
unit complex with salt-bismuth contactors located
above and below it. The cell would operate with
pure bismuth being fed to both the cathode and
anode. The salt in the cell would be practically
free of the rare earths and thorium. In the con-
tactor above the cell, the extracted components
would be removed from the incoming bismuth
stream by oxidizing them with BiF; (produced at
the anode of the cell) and transferring them to the
salt phase. In the lower contactor, the bismuth
leaving the cell, which contains lithium produced
at the cathode, would be contacted with the in-
coming salt, and thorium would be transferred to
the bismuth phase. In the protactinium isolation
system, only the top contactor would be used.

The BiF; that is produced at the anode of the
rare-earth removal system could attain a concen-
tration of up to 20 mole% in the salt. Operation
with high concentrations of this fluoride in the cell
could seriously affect cell efficiency. The BiF;
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Effect of Bi flow rate in reductive extraction tower on Pa concentration in the reactor.

concentration in the cell might be controlled by
introducing hydrogen to form hydrogen fluoride,
which would leave the cell promptly; HF is as
effective as BiF; in performing the oxidation.

The cell arrangement described above would
allow the electrodes to be placed in close prox-
imity. This is important because the resistivity
of the salt is fairly high (0.5 € cm), and a long
current path would cause intolerable electrical
losses and accentuate the heat removal problem.
Corrosion protection of the anode, as well as
electrical insulation, would be provided by freez-
ing a layer of salt on all exposed metal surfaces.
Ample internal heat from radioactive decay and
electrical losses is available to generate the
required thermal gradient for establishing and
maintaining the protective frozen wall.

The theoretical current requirement for the
protactinium isolation system is ~10 000 A, Cur-
rent efficiencies of at least 50% at a current den-
sity of ~5000 A/ft* might be achieved, based on
commercial practice in the aluminum industry.
The protactinium isolation system would then re-
quire ~4 ft* of surface for each electrode, while
the rare-earth removal system would require a
cell that is about three times this size. The elec-
trodes would consist of pools of bismuth in the
flowing bismuth stream.

Alternatively, it is possible that the reducing
agent (either thorium or lithium) and the oxidizing
agent (e.g., hydrogen fluoride) could be supplied
from an external source, eliminating the need for
electrolytic cells. In such a case, the protactini-
um isolation and the rare-earth removal systems
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would require ~550 and ~1500 kg of thorium per
day, respectively. However, the cost of this
thorium and the resulting salt discard would be
prohibitive. Thus, it is concluded that electrolytic
cells are required for economical operation of the
processing system.

In experiments with simple static electrolytic
cells,” current densities in excess of the desired
5000 A/ft*> were obtained, and BiF; and lithium
(the salt contained no thorium) were produced at
the anode and cathode, respectively. This experi-
mental series also included the first attempts to
protect the anode from corrosion and provide
electrical insulation with frozen salt. A large-
scale, fully continuous system for electrolytic cell
development is being installed to permit experi-
ments with flowing salt and bismuth.

EXTRACTORS

The required multistage countercurrent ex-
tractors present unique problems due to the phys-
ical properties of the liquids, the unusually high
flow ratios required in the rare-earth removal
system, and the high rate of radioactive-decay
heat generation. The contactor development ef-
fort””*® has, so far, been conducted with mercury
and water to simulate bismuth and salt to permit
estimation of flooding rates, pressure drops, and
holdup with high-density fluids. The density dif-
ference divided by the average density is 2 for the
mercury-water system, 1.0 for the salt-bismuth
system, and ~0.2 for liquid-liquid extraction sys-
tems using organic solvents. It is interesting to
note that the salt-bismuth system may more
closely resemble a distillation system (where this
number may be 2) than a conventional liquid-liquid
system.

The low distribution coefficients available in
the rare earth removal system (Fig. 2) make con-
tactor operation at very high metal-to-salt flow
rate ratios (30 to 80) mandatory. Backmixing
would be expected in a conventional packed column
which would limit performance. Radioactive-decay
heat generation in the salt phase is markedly dif-
ferent in the protactinium isolation and rare earth
removal system. In the protactinium isolation
system, a tenfold change in specific heat genera-
tion occurs between the protactinium decay tank
withdrawal point and the top of the extractor, with
the maximum heat-generation rate being ~34
kW/ft®. Thus, it is apparent that a suitable con-
tactor will require considerable development.

STATUS OF THE DEVELOPMENT WORK

During the past two years, ORNL has been
engaged in studies aimed at developing basic
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chemical information for the reductive extraction
processing system and in defining the engineering
requirements for this system. During this time,
many of the important problems associated with
the chemistry have been solved. Experiments in
simple equipment that will permit operation in
contactors and electrolytic cells with flowing salt
and bismuth are in progress, while design and
construction of larger, more comprehensive ex-
periments which include electrolytic cell and con-
tactor development are under way.

The selection of a material for construction of
the processing plant requires investigation re-
garding two major areas: (a) surfaces exposed to
oxidizing conditions, and (b) surfaces exposed to
salt and liquid bismuth. As previously mentioned,
a layer of frozen salt will probably serve to pro-
tect surfaces that are exposed to an oxidizing en-
vironment if the layer can be maintained in the
complex equipment. Preliminary experiments14
with a simple vertical column filled with molten
salt and with a centerline heater showed that the
thickness of the frozen film on the wall was pre-
dictable and adhered to the wall. The simulta-
neous containment of bismuth and salt presents a
special problem. The only materials that are
truly resistant to bismuth are refractory metals
and graphite, neither of which is attractive for
fabricating a large and complicated system. To
date, experimental equipment has been built of
low-carbon steel, as an expedient. Development
work to determine if iron-base alloys can be pro-
tected with refractory metal coatings is starting.

Although the development of the chemical pro-
cesses for MSBR’s is at an early stage, we have
attempted to estimate the cost of processing. The
uncertainties of such an estimate are both numer-
ous and serious. Results of previous work'® and a
rough estimate of the complexity of the present
process, suggest that the capital cost of the plant
considered by Perry et al.’® might be ~$8 x 10°
with an operating cost of ~$10°/year, giving a unit
processing cost of ~0.3 mill/kWh, based on an
80% load factor. As additional processing de-
velopment information becomes available, more
meaningful estimates can be made. A more de-
tailed cost study based on the conceptual flow
sheet is under way.

In conclusion, processes for the isolation of
protactinium from the reactor salt and for the re-
moval of the rare-earth fission product poisons
from MSBR’s have been studied through the phase
of establishing chemical feasibility. The pro-
tactinium isolation system is simpler and perhaps
more tractable than the rare-earth removal sys-
tem because of the higher distribution coefficients
and separation factors available in the former
system. Although cost estimates at this time
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should be considered highly tentative, it appears
that MSBR’s with associated chemical processing
systems hold attractive economic potential in the
evolving nuclear industry.
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