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Gaseous fluorine is the most reactive
element, and either alone or in combination
with other halogens, is the only reagent that
can break all the oxygen bonds in rock
forming minerals.  For that reason, Burt (1,2)
has proposed lunar oxygen and metals
production by direct fluorination of lunar
materials based on well established 
laboratory fluorination processes that release
oxygen quantitatively from petrologic
samples for stable isotope analysis (3).

Ilmenite is the most abundant non-
silicate oxide in the returned lunar samples. 
It’s stoichiometric composition is 47 wt %
FeO and 53 wt % TiO2. and it is more heavily
concentrated in the maria (4).  Agosto (5) has
shown that it can be concentrated and
separated from lunar mare regolith by
electrostatic processes well suited to the
lunar environment.  Ilmenite has been the
favored feed for lunar oxygen extraction by
hydrogen reduction (6).  However, the
hydrogen reduction of ilmenite is
thermodynamically inefficient, and the
process can extract oxygen  only from the
FeO component as steam which is an
inconvenient form for lunar operations.

Fluorination, on the other hand, can
extract oxygen directly and quantitatively
from any rocky mineral in thermodynamically
efficient reactions that are safely carried out
in Fe or Ni vessels at about 500C (3).  Burt
recommended lunar anorthite as the starting
material because it is abundant on the moon
and a source of Al and Si in addition to
oxygen.  But since it is an aluminosilicate,
anorthite yields several intermediate
compounds when fluorinated, e.g., topaz,
quartz, Al2SiO5, Ca2AlF7, that complicate the
process.  Fluorination of ilmenite, on the
other hand, yields only three products
according to the following reaction that are
readily separated:

3F2 + FeTiO3  = FeF2 + TiF4 + 3/2O2 

At reaction temperatures of approximately
450C (3), FeF2 is refractory and TiF4 is
volatile (7).  In addition, TiF4 sublimes at
285C and accordingly is easily separable from
the gaseous O2 product.   Subsequently, Fe
and Ti metal can be reduced from their
fluorides with Na metal as follows:

FeF2 + 2Na = Fe + 2NaF
TiF4 + 4Na = Ti + 4NaF

F2 as well as Na would be obtained by
high temperature electrolysis of fused alkali
fluoride salts which are the sources of
fluorine proposed for shipment from Earth. 
In particular, the eutectic temperature for a
mixture of NaF and LiF is 652C (8) which is
well suited to the kind of radiation heat
management envisioned for in-situ lunar
resource processing.  Burt has proposed
lanthanum-doped fluorite (CaF2) which is a
good conductor (9) as a fluorine resistant
anode.  That would require the above
electrolyte to be saturated with CaF2 and
would result in a ternary eutectic temperature
of 615C (8).  Molten fluoride electrolysis for
fluorine and alkali metal recovery is the
primary focus for process development.

Silicate impurities in the ilmenite can
also be managed through fluorination by the
evolution of Si as SiF4 which is a gas at
ordinary temperatures.  SiF4 can be separated
from the O2 product by quantitative
absorption in NaF to produce Na2SiF6 which
can be reduced to Si and NaF with Na metal
(10, 11).
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