ABSTRACT

the indication of the conversion yields.

RODUCTION

The possibility to effectively split a material into its elemen-
y constituents, meaning to separate the different atomic el-
ents, has been widely proposed in the past since the *40s.
e main purpose was to separate different isotopes of the same
ymic species for nuclear purposes, and for this reason many
thniques have been developed, ranging from diffusion meth-
s to electromagnetic methods. These latter systems have been
veloped in the decades to use a wide range of different work-
g models, such as ion beam separation by magnetic field in-
raction or devices which uses quasi equilibrium plasma on
hich EM fields are directly applied [1]. Few of these devices
ave been applied or studied to separate different atomic species
ather than only isotopes of the same element. The purpose of
his paper is to provide an overview of the devices able to sepa-
fate useful quantities of material into its constituent components
0y electromagnetic means, followed by the application of these
methods to the recovery of elementary metals starting from ox-
ldes, using the possibilities offered by the physics of the phe-
lomena which introduce simplification in the manipulation of
lhe input material. Finally a calculation of the energy require-
ent to separate a sample of Earth’s crust is provided.

Mass separation by electromagnetic means

Technologies to separate atoms of different atomic weight
using an interaction of electric and magnetic fields have been
developed since WW?2 in order to produce material required to
be used in the firsts nuclear bombs. Some of these methods
are intrinsically not adequate for high mass flow rates or are so
extremely expensive in terms of energy requirements that their
use outside nuclear programs is impracticable. Other methods
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Plasma Raw Material Recovery refers to the possibility of obtain raw materials as pure elements starting from multiple not
refined sources such as wastes, minerals and other sort of low grade materials. The concept has been proposed, for very specific
applications and always not in its present and general form, in very different fields ranging from nuclear physics to space science.
The process implies the ionization of the source materials and the separation of its constituents by electromagnetic means. Some
simplifications in the process are possible in manipulating oxides. In this case it is possible to take advantage of the ionization
gap between the oxygen and the other constituent metal to reduce the process required power as in the “selective ionization”
process theorized by NASA in the *80s. In this paper the energetic feasibility of a direct separation of oxides using Plasma
Raw Material Recovery implementing the Selective Ionization concept, hereafter called Enhanced Selective Ionization Method,
is evaluated. The general characteristics of the process are described including its physical explanation. The energy required for
the oxide dissociation and the separation is calculated separately for each of the main oxides present in the earth crust and hence
an assessment of the energy required to separate into pure elements a combination of different oxides is performed along with

have been developed outside the nuclear community for differ-
ent purposes but they focused interesting aspects of the separa-
tion of oxides that can easily applied to other methods in order
to increase the raw material recovery yield.

Calutron Massively used during WW?2 to produce the
for the Hiroshima bomb, developed by Ernest O. Lawrence [2]
which got the Nobel prize for the invention of the cyclotron ac-
celerator, this devices uses the same working model of a mass
spectrometer, meaning the different cyclotron radius of particles
with different charge-to-mass ratio in passing through a constant
B field. To perform the separation the input material has to be
preliminarily ionized and then accelerated to achieve a useful
velocity. A first equation used by Lawrence is the simple energy
balance between the potential energy provided by an accelerat-
ing electric field and the kinetic energy owned by the ions after
the acceleration:
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At this point the cyclotron radius or Larmor radius is intro-
duced, in the second equation:
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In both equations v has to be considered as the velocity per-
pendicular to the magnetic field B. As can be seen the higher
is the ion mass m the higher is the radius, if single ionization is
assumed for all the particles, with constant v and B.

Calutron technology is able to produce a high enrichment
yield (requiring a lower number of devices in cascade for iso-
tope separation) but is considered to be energetically expensive.



focused. This problem creates limitation in the th

roughput [1].
Despite this drawback,

elements. For this reason this technology has been preliminar-
ily considered for the development of a demonstrator able to
separate a definite number of elements from incinerator ash [3]
by modifying the original concept, substituting the vaporiza-
tion and ionization stage by electron beam with a plasma torch
and an RF plasma ionization stage. The possibility to use a
plasma source provides an additional advantage: operating with
a quasi-neutral plasma flow solves the intrinsic volume charge
limitation, avoiding the necessity of a background gas and in-
creasing the efficiency [4], thank also to a number of configu-

ration with crossed £ and B field different from the Lawrence
approach [4][5][6].
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Figure 1. The "Calutron” approach in incinerator ash separation [3].

Selective Ionization Developed by NASA in the ’80s
[71[8], is mainly addressed to space exploration and to oxygen
recovery from In Situ materials found on extraterrestrial plan-
etary bodies. The concept is very close to the initial part of
the Calutron system. The material (such are lunar regolith) is
heated till vaporization and thermal ionization. At this point to
understand the physics of the problem we can refer to Fig.6 in
which the ionization potential of the most abundant elements
of the Earth’s crust is plotted over temperature. It can be seen
that at about 10000 K between 40 to 70% of the metals are jon-
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Problems in this technology are the stream instability due to the
space charge limitation: the beam is composed by only positive
particles hence to avoid beam instability and divergence due to
ions repulsion a background gas is necessary to be ionized by
the ion beam an to provide electrons that would keep the beam

if used with different elements rather
than isotopes of the same atomic species, the separation is
strongly more effective due to the higher radius difference that
can be achieved with the same magnetic field: the more the col-
lectors are separated, the highest is the purity of the collected

ized, while oxygen is below 2%.
is therefore to pass this plasma th
order to capture at the cathode the
while to let the neutral oxygen to
into a collection system. As ca
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Figure 2. Selective lonization concept. Courtesy of [g].

of the Selective Ionization is complementa
raw material from a non refined source. In
is the oxygen recovery and the metals are seen as a secondary
output, while in the second case the goal is the separation of the
oxides into the composing atomic species and the oxygen repre-
sents the secondary output which can crea

te problems because
cannot be easily collected due to its gaseous state at tempera-
tures above 90 K.

Archimedes plasma mass separation The designers of the
Archimedes (a proprietary name) concept refer to it as a plasma
mass separator which purpose is to separate atomic plant waste
oxide mixtures ion by ion into two groups: light (not radioac-
tive) and heavy (radioactive) particles. It actually act as a mass
filter, because is not able to separate all the elements one by one
or to isolate a single ion but it divides all the ions above a certain

cut-off atomic weight from the ions below that value, as can be
seen in Fig.3.

Iy to the recovery of
the first case the goal

The process comprises three main passage: a) the melting of
the input mixture with a plasma torch till reaching 500°C; b)
the injection and vaporization of the molten mixture thanks to
another plasma torch at 5000°C into the center of the cylindri-
cal filter unit vacuum vessel; ¢) the ionization and manipulation

Archimedes
Fiter Function
100 . 3
= ( i
3 v 93 9%
o Fi radicnucldes
£
& ]
@ AU
= d
® H
£

£9 89 N
atomic weight {(g/mol)

Figure 3. Archimedes Filter function in gap between high atomic weight
and low atomic weight (non radioactive) waste. Courtesy of [9].
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! portﬁbasic mechanism used by this device is the Larmor ra-
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Figure 4. Schematic of the ICR separation process. Courtesy of [12].

tal programs are the United States and France from the d7?5 to
the *90s for uranium separation, but the programs suffered s Zv;/
downs and stops due to the evolution of apparently more readily

techniques.

INTRODUCING ENHANCED SELECTIVE IONIZA-
TION
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Figure 5. Enhanced Selective lonization Concept for oxide separation
applied to Calutron technology

In a device like the one depicted in Fig.S devc?teq to rawrirE:(;
terial separation, in which the separating material is vapo sed
and ionized, the metal-oxygen ionization gap can Ftl);:] u?iest ©

from the metal anions. The fir
remove the neutral oxygen . —
insensible to EM fields while the latests are mampul;:eg en}iioe\z:n
i mbination of the methods s
tracted according to one or a co . ( .
in the previous paragraph. This proposed technique 1s called
Enhanced Selective Ionization.
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Figure 6. lonization Vs Temperature of major constituents of Earth’s

crust at P=1 atm

Figure 6 is obtained considering solely the ionization potential
of selected elements, one independent from the other. These
curves represent the equilibrium ratio of ionized to neutral
atoms vs. temperature, and are obtained using the Saha equation
(Eq.3) applied to the single atomic species. Only the first ioniza-
tion level is assumed in order to have the same mass-to-charge

ratio for each atom of the same element for the subsequent sep-
aration:
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In Eq.3 the partition functions Z; and Z; are taken from [14].
Fig.6 is calculated in order to reproduce the same image from
[8], but despite that a 20% difference in the calculated ionization
level at the same temperature and pressure is present, mainly
due to the partition functions calculation. Unfortunately in [8]
the partition function source is not declared, so no verification
can be made.
Fig.6 is the starting point of the Enhanced Selective Ionization
Process. At 10000 K the plasma contains a very small percent-
age of ionized oxygen and an high percentage of ionized metals:
the atomic oxygen can be pumped away while the remaining
ions can be directed through a separator. Here if for example
the input material is only a single oxide, it can be separated
from other impurities, such as the oxygen ions, while in case of

a mixture of oxides the different elements can be separated one
by one.
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To provide an estimation of yields and required power to se
arate the elements of a sample of typical Earth’s crus :
proach similar to those used by [8] is considered. The
tion process can be subdivide into three phases:

t an ap-
S€para-

1. vaporization of the input material and atomization at 298 K
according to [15]

Ex(M,0p) = —ArH (M, 0,,298K) +
+aArH"(M(g),298K) + bArHO(0(g), 298K)

2. ionization and temperature rise to equilibrium condition gt
the temperature 7 required for the separation. It ig assumed
that AH"=29K of jons is the same of neutral atoms,

Ear (aM(g) +b0(8),T;) = ainE} (M) + bioE} (0)+
+aAH "% (M(g)) + bAHT 23K ()

3. separation of the ions by EM means.

where iy and i are ionization level of the metal and oxygen at
the temperature 7;. In place of this calculation we cannot use
the lattice energy because it intrinsically includes the enthalpy
to convert the oxide to gaseous ions [15], which means for some
compounds to go beyond the single ionization required for the

separation. As an example for Silica the following reaction oc-
cur:

Si0; — Si** () +20% (g)

which means to provide from the second to the fourth ionization
energy for Silicon and two times the second ionization energy
for Oxygen. It is obviously not the case analyzed in this paper.

According to [8] the ionization level at 1 atm and 10000 K
are 2.6% for O, 72% for Si, 90% for Al and Mg, 96% for Fe. In

Table 1. Energy requirement calculation at 7;=10000K. Note: percent-

ages have been renormalized to account for 100% for the energetic cal-
culation.

E,+Exr % Earth’s Relative E
kWh/ton Crust kWh/ton 2
SiO, 15149 59.97 9773
Al O3 14456 15.39 2393
MgO 15214 4.60 753
CaO 10762 541 626
Fey 04 8778 4.03 381
FeO 8275 3.56 317
Total 14242 kWh/ton
098  kWh/mol
14.2 kWh/kg

|

this perspective for a sample of minerals which accounts to the

93% of the Earth’s crust composition [16], we can calculate the

required energy. Tab.1 takes into account point 1 and 2 of the
revious calculation procedure.

The total result for a sample of Earth’s Crust is of the same order
of magnitude of the one calculated by [8] of 11500 kWh/ton,
which was actually tailored on lunar regolith.

yacuum operation

The previous values are presented as a confirmation of [8]
calculation but, being obtained for a pressure of 1 atm, it is very
difficult to actually generate a plasma in such condition. With
yacuum pumps a pressure on the order of 103 mbar is appro-
priate for a relatively dense plasma (10'2—10"3 cm™3). In this
condition the plot of Fig.6 is recalculated and the result is shown
in Fig.7. As can be seen despite our conservative partition func-
tions the useful ionization gap is now placed at a temperature
of 7000 K, where Oxygen is only 1.4% ionized, Silicon 74%
and all the other metals above 90%. In this situation the energy
requirement decreases because less energy is used to reach a
Jower temperature, as can be seen in the results summarized in
Tab.2.

Following the approach of [3] to estimate the power require-
ment of a demonstrator capable of performing such separation
we need to take into account an heating system, a pumping de-
vice, a ionization equipment and a separation section in which
a B field is created. Refractory material such as Al,O3 requires
an heat flux up to 100 MW/m? to be vaporized [17]. For a first
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Figure 7, lonization Vs Temperature of major constituents of Earth’s
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1aple Z.
ages have been renormalized to account for 100% for the energetic cal-

Energy requirement caicuiation at £ g=/UUUN. NOTe: percent-

culation.
E, +Ear % Earth’s Relative E
kWh/ton Crust kWh/ton
SiO, 13459 59.97 8683
AL O3 13483 15.39 2232
MgO 14107 4.60 698
CaO 9911 541 577
Fey 03 8020 4.03 348
FeO 7585 3.56 290
Total 12828 kWh/ton
0.89 kWh/mol
12.8 kWh/kg

estimation for a demonstrator an evaporator area of 10 cm? can
be considered acceptable, requiring about 100 kW of vaporiza-
tion and ionization power. To heat the plasma we can assume to
use as an intermediate stage an antenna as used in the VASIMR
Thruster VX-100 experiment [18], in which a 75 kW RF source
is used to heat the plasma up to 500 eV thanks to the ion cy-
clotron resonance mechanism. The required pumping power is
can be estimated in 25 kW (Varian NHS-35 pump) while the
separation stage was already estimated in [3] in about 25 kW,
for a total of 225 kW for about 7.8 kg/h of processed material.
The yields referred to single oxides are reported in Tab.3.

Table 3. Separation yields for a sample of Earth’s Crust soil

E.Cr. Ren Mass M (0]} Waste

%o % (kg/h) (kg/) (kg/h) (kg/h)
Si02 5997 645 5.03 1.73 2.65 0.65
AI203 1539 16.6 1.29 0.66 0.60 0.04
MgO 4060 49 0.39 0.23 0.15 0.00
CaO 541 5.8 0.45 0.32 0.13 0.01
Fe203 4.03 43 0.34 0.21 0.10 0.03
FeO  3.56 3.8 0.30 0.21 0.07 0.03
Total 92.96 100 7.80  3.36 3.69 0.75

CONCLUSIONS

In the presented paper several mass plasma separation ap-
proaches are described, introducing the Enhanced Selective Ion-
ization. With this last method an estimation of the required
energy to separate a sample of Earth’s soil is presented. Pro-
duction yields appear interesting, with only 0.75 kg/h of wasted
material over 7.8 kg/h, which account for less than 10 %. A
natural evolution of the concept is the application to a single
oxide as an alternative production process of the related metal




or metalloid. Higher yields respect to the multiple oxides case
are possible due to the tailoring of the separator parameters and

the plasma conditions.
NOMENCLATURE

H Enthalpy (kJ /mol)

AV Accelerating potential (V)
A/H®  Enthalpy of formation (kJ/mol)
B Magnetic field (T')

E} First ionization energy (kJ /mol)
Ear Tonization and heating energy (kJ/mol)
E. Atomization energy (kJ/mol)

h Plank constant (J/s)

1 Tonization energy(J)

kp, Boltzmann constant (J/K)

m Ton mass (kg)

me Electron mass (kg)

no Neutral density m=3)

Ne Electron density (m=3)

n; Ton density (m™3)

q Ion charge (C)

Te Cyclotron radius (m)

T Temperature (K)

v Ton velocity (m/s)

Z; Ton partition function (—)

Z; Neutral partition function (—)
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