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This paper describes preparing radiopure molybdenum trioxide powder enriched
with Mo-100 isotope for the AMoRE-Il experiment. AMoRE-Il, the second phase of
the AMoRE experiments, will search for the neutrinoless double-beta decay
(OvDBD) of the °°Mo isotope using over 100 kg of *°*°Mo embedded in 200 kg
of ultra-pure Li»'°°MoQO4 bolometric crystals. Efficient purification technology was
developed and adapted to purify °°MoOz powder with a 5kg per month
production capacity. Based on the ICP-MS analysis of purified powder, the
232Th and 2*®U were reduced to <9.4 uBg/kg and <50 uBg/kg, respectively. The
concentrations of potassium, transition metals, and heavy metals were lower than
1 ppm. HPGe counting confirmed the reduction of progenies from the 2*Th and
238 decay chains, reporting upper limits of <27 uBq/kg for 228Ac and <16 puBag/kg
for 226Th. The 2?°Ra activity was acceptable at 110 + 30 uBg/kg. In the last 3 years,
100 kg of pure **®MoOz powder was produced. The production yield for the final
purified product was above 90%, while irrecoverable losses were under 1.5%, and
all by-products could be recycled further.
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1 Introduction

Searches for neutrinoless double beta decay (OvDBD) are pivotal experiments that can
reveal the unanswered nature of the neutrinos, whether the neutrinos are their own
antiparticles (Majorana-type) or not (Dirac-type) and may provide information about
neutrino mass and mass hierarchy [1, 2]. There are dozens of naturally occurring double
beta decay candidates, and '°°Mo is notable. Relative to most candidates, the Mo-100 isotope
has a comparatively high natural abundance (9.74%) [3] and a high Qgg-value of 3034.40
(17) keV [4], while most natural gamma radiation has energies below 2615 keV. However,
searching for the OVDBD is challenging because of the long half-lives, greater than 1.1 x
10*yr for '“Mo [5, 6]. This limit corresponds to ~5.5 count/kg-year, while the next
generation of the 0VDBD experiments aims to probe the 10°°~10%” years half-live range
[7]. The exceptional rarity of these events necessitates a significant source containing tens or
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hundreds of kilograms of the isotope. To increase the experiment’s
sensitivity and make discovery more likely, we need a detector with a
high concentration of the isotope. Fortunately, it is possible to get
hundreds of kilograms of Mo-100 with an isotopic enrichment level
of over 95% using gaseous centrifugal technology. Another essential
condition in rare process search experiments is to minimize the
background rate. The half-live sensitivity level of zero-background
rare process experiments is proportional to the exposure. Still, for
sizable backgrounds, it becomes proportional to the square root of
the exposure and inversely proportional to the square root of the
mass-normalized background rate [2]. Thus, many efforts must be
made to reduce the background level in the region of interest (ROI).
Every detector material and component must be thoroughly selected
to minimize its contribution to the projected background. Since
molybdenum is not suited for fabrication in a semiconductor and
there is neither a commercially used gaseous nor liquid scintillator,
there are two techniques to study the 0vDBD of '’Mo. One way is to
use pure metallic molybdenum foil as source material, and the other
is to synthesize molybdate-based crystals and use the calorimetric
particle detection method.

Several experimental research groups have chosen '"Mo as an
isotope of interest to search for OvDBD, and the AMOoRE
collaboration is one of them. The AMoRE project is a series of
experiments to search for the neutrinoless double beta decay of
%Mo embedded in molybdate-based bolometric crystals using low-
temperature calorimeters [8]. AMoRE-Pilot, the initial phase, was
carried out in 2015—2018 at the Yangyang Underground
Laboratory (Y2L) utilizing 0.9kg of Mo embedded in six
calcium molybdate crystals (Ca'®MoO,, CMO). These crystals
were produced at JSC “Fomos Materials” [9] by double
crystallization with a normal gradient Czochralski method. As
the first results of the AMORE-Pilot, a background rate of
~0.5 count/keV-kg-year (ckky) in the energy range of
2850-3150 keV, and the corresponding decay half-life limit of
T, > 3.43 x 10* years at 90% C.L. were reported [10, 11]. Since
early 2021, AMoRE-], the project’s current phase, has been running
with thirteen CMO and five lithium molybdate (Li,MoO,4, LMO)
crystal detectors (including those used in the pilot phase, ~ 3 kg
Mo mass) contained in the same cryostat used for the AMoRE-
Pilot [12]. Recently produced nine CMO crystals were grown using
purified materials where thorium and radium were reduced to about
one mBgq/kg level, while *K was about 10 mBq/kg [13]. LMO
crystals were produced at the Nikolaev Institute of Inorganic
Chemistry (NIIC) differently from the CMO purification and
crystallization techniques [14, 15]. Based on the preliminary
estimation, a background rate of ~0.04 count/keV-kg-year (ckky)
in the ROI 2999-3066 keV and the T}, > 1.2 x 10** years at 90% C.L.
were presented in [16, 17].

The project’s next phase, AMoRE-I, is being prepared and will
operate at the 1,100 m underground Yemilab of the Center for
Underground Physics (CUP) Institute for Basic Science (IBS) in
Korea. The AMoRE-II detector is an array of about 400 molybdate
crystals (~100 kg of '*’Mo), such as CMO and LMO. The projected
sensitivity goal for the corresponding decay half-life limit is T97, >
5 x 10%° years, and for the background is to be lower than 10™* ckky
at 3034 = 10keV [8]. To reach the required background and
sensitivity levels, the radioactive contamination of *’K, **Ra,
%0, and **Th from inside the crystals, crystals’ surface,
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surrounding materials, and outer shielding that contribute to the
region of interest must be minimized [11, 18-20].

The development of reproducible crystallization and detector
technologies is vital to make it applicable to a large-scale 0OvDBD
experiment, like AMoRE-IL. The following requirements must be
met for the bolometers to be compatible: large enough crystal boule
size, high light yield and excellent optical properties, ultra-low
radioactive contamination, and reasonably low irrecoverable
losses of the high-cost enriched isotope [8, 21, 22]. Considering
that the price of '®Mo isotope with enrichment over 95% is about
100 $/g, a loss of a few % is acceptable in the whole bolometer
preparation chain. To meet the stringent radioactivity constraints of
the AMORE-II at the level of 10~ ckky, a crystal bulk contamination
on the level of 10 pBq/kg of ***Th and even 100 uBq/kg of ***Ra
would provide a minor contribution to ROI [8, 23, 24, 34]. The
radioactivity originating from other nuclides from Th/U chains may
not exceed a few mBq/kg levels to avoid pile-up effects.

The conventional Czochralski [25] and low-temperature
gradient Czochralski (LTG-Cz) [26] methods are used in growing
the single bulk crystals for the AMoRE. Molybdenum trioxide
'“MoOj; enriched with Mo isotope and metals’ (Ca, Li, etc.)
carbonates or oxides are used as precursors for the synthesis. The
segregation effect could differ depending on the purity of initial
materials, the method of crystallization and its yield efficiency, and
the nature of grown crystals and impurities. To ensure the reduction
of contaminants, sequential double crystallization and preliminary
purification of the precursors must be implemented. The presented
paper focuses on developing the purification method for enriched
'"MoO; powder for the AMoRE-II and its adaptation for preparing
about 150 kg of pure product at CUP.

Recently, a certain number of research articles discussing
methods of the radio-purification of molybdenum were published
by other research groups. The NEMO-3 experiment [5] used about
7 kg of '’ Mo metallic foil as a source material to study the OvDBD.
To reach the projected background, metallic molybdenum (ITEP,
Moscow) was purified by chemical and physical methods [27]. The
metal was dissolved in nitric acid to remove the contamination of
thorium, uranium, and radium. The wet-chemistry method with the
following steps was implemented: co-precipitation with Ba-carrier
(80 mBq of ***Ra per 1 kg of Ba(NO3),), synthesis of '’MoO3, and
calcination in an H, environment to reduce to metal.

Additionally, the produced metal was purified by zone refining
to remove transition and alkali-earth elements giving an overall
procedural reduction factor of over two orders of magnitude for all
measured radionuclides. Activities at the <3 mBq/kg level for
“K, <10 mBq/kg for products of ***U and ***U decay chains,
and <1 mBq/kg for **Th decay chains were achieved. However,
the authors express concerns about the production rates and cost. It
was also suggested to modify the co-precipitation step, which is also
a problem due to the unavailability of the carrier.

The LUMINEU project, also searching for 0vDBD, used zinc
molybdate (Zn'®MoQy,) crystal scintillators enriched with Mo-100
isotope [28]. Enriched molybdenum trioxide powder used to
double
sublimation of the powder under vacuum. The sublimed powder

produce the crystals was purified by successive
was dissolved in ammonia to make an ammonium molybdate
solution, and high-purity zinc oxide (by UMICORE) was

introduced to initiate the co-precipitation of impurities with the
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zinc molybdate sediment. The purified solution was evaporated to
70% in a volume, and double recrystallization of ammonium
polymolybdates from aqueous ammonium solutions was
implemented. The experiment confirmed the reduction of alkali
and transition elements with the sublimation technique, while
recrystallization from an aqueous solution was inefficient for Ca
and Fe removal. The paper did not show the reduction of the most
dangerous radioactive impurities like thorium, uranium, and
radium.

Further, to demonstrate the applicability of the LUMINEU
technology, the CUPID-0/Mo experiment with ~5kg of '“Mo
embedded into Li,'”MoO, crystals was running at the Modane
underground laboratory (France) [29]. The LUMINEU purification
technique was employed for the preparation of the molybdenum
powder. The limits on the radiopurity, <3 uBq/kg of **Ra
and <2 uBq/kg of ***Th, were reported for the crystals grown
from the purified '“MoQO; powder.

At this moment, purification of the raw enriched molybdenum
material is a crucial step to achieve the sources’ radiopurity levels
required for OvVDBD searches. However, the development of the
purification method is complicated by the difficulties associated with
confirming its effectiveness. Even though it is efficiently used for
material examination at the ppt level, gamma spectrometry with
high purity germanium (HPGe) needs a long counting time of up to
a few months. It also requires quite bulky samples of a few-kilogram
scale [30]. However, the sensitivity of standard ICP-MS techniques
is limited at the ppb level due to matrix and polyatomic interference
effects [31-33].

The AMORE-II collaboration searches for the OvDBD using
120 kg of Mo-100 isotope embedded in 200 kilograms of molybdate
crystals. 180 kg of enriched molybdenum trioxide powder "**MoOs,
equivalent to 120kg of '"Mo, is used to grow ultra-pure
Li,'"MoQO, bolometric crystals. The '“MoO; powder produced
by gaseous centrifugal technique with enrichment to about 96%
shows high initial purity of 99.997% [34]. According to the
producer’s certificate of analysis (COA), the limits of <0.2 ppb
for ***U and <1 ppb for ***Th were reported. Our earlier research
investigated a method to purify molybdenum trioxide powder,
practicing with the commercially available natural (unenriched)
powder [35]. The method includes a process similar to the
LUMINEU sublimation technique [36] but differs in the “wet-
chemistry” approach. A Ca-containing carrier purified at CUP
(having 4 mBq of **Ra per 1kg of CaCO;) is used for co-
The final
ammonium polymolybdate powder is synthesized from the
highly (unlike the LUMINEU
recrystallization from an aqueous solution). Further, with the
help of the ICP-MS facility at CUP, efficient thorium and
uranium removal from enriched '’MoO; powder to the ppt level

precipitation, followed by membrane filtration.

acidic media fractional

was confirmed, reaching the ppt level for the first kilogram of
produced powder using the developed purification method [37].
The current study summarises our experience of purifying over
100 kg of raw '*°MoO; powder and describes purification efficiency
and capacity. We will report the results of an extensive HPGe and
ICP-MS examination of powders before and after purification. We
will derive the decontamination factors for thorium, uranium,
radium, and other impurities. The paper is structured as follows:
the purification method and materials used are described in
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Section 2. Section 3 describes ICP-MS and HPGe array
measurements of the powders. Finally, Section 4 provides the
conclusion and discussion of the results.

2 Materials and methods

Powder purification and ICP-MS analysis were performed in
class 1,000 clean rooms (ISO6) at CUP. The purification procedure
was conducted in successive steps [1]: sublimation under low
vacuum [2], separation of impurities with co-precipitation using
a Ca-containing carrier [3], synthesis of ammonium polymolybdate
(APM) from acidic media by interaction with HCI [4], thermal
decomposition of the APM in a pure air environment. All labware
used in the purification procedure was made of high-purity quartz,
PTFE, PFA, or HDPE. Before use, every apparatus was cleaned with
1% HNOj; with sonication at 60°C. Thermal decomposition of the
APM powder was performed using an in-house designed machine
where the powder was heated inside a quartz chamber. The chamber
was equipped with outlets for vacuum or pure air environment
maintenance.

Molybdenum trioxide powder (JCS ECP, Russia) enriched with
Mo-100 isotope (>96% enrichment) was used as the initial material.
After the sublimation, 'MoQO; was dissolved in an aqueous
ammonium hydroxide solution supplied by Sigma Aldrich (~25%
Puriss). A calcium-based carrier for co-precipitation was produced
from commercially available calcium carbonate and purified at CUP.
For APM synthesis, hydrochloric acid (Acros Organics, ACS
reagent, ca., 37% solution in water) was used after sub-boiling
purification using a Savillex” DST acid purification system. All
water was Millipore” 18.2 MQ cm™" deionized water. Each batch
of powder produced was measured with ICP-MS to confirm purity.
The powders approved with ICP-MS were stored at the Yangyang
Underground Laboratory (Y2L) in a desiccator filled with N, gas.

Quantitative chemical analyses of molybdenum trioxide
powders were performed using an Agilent 7900 ICP-MS. The
column chromatography method was used to measure thorium
and uranium concentrations after their extraction. Al, K, Fe, Ni,
Cu, Ti, Cr, W, Sr, Ba, and Pb concentrations were obtained by
directly analyzing reconstituted solutions after microwave digestion
[38]. Radioactivity levels for **Ra, ***Ac, ***Th, and *’K were
measured with the CAGe (CUP Array of Germanium) detector
system that consists of fourteen high-purity germanium detectors
installed at Y2L [39].

3 Results

The AMOoRE-II purification process has been ongoing at CUP
since the beginning of 2019. Of 180kg of the original
'MoO; powder, 113 kg was treated by the end of 2022. Usually,
about 1.4 kg of powder was purified in one cycle. The cycle began
with the raw powder’s sublimation and ended by collecting about
1.3 kg of the final annealed product. The process continued for
2 weeks; 1 week was for the sublimation, and the other was for “wet
chemistry” and the APM thermal decomposition procedures. These
two processes could be done in parallel for two successive cycles so
that 1.3 kg of the product could be collected weekly. Each produced
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TABLE 1 Range of concentrations for measured contaminants in different lots of raw '®MoO; powder. * Data of the producer.

Range of concentrations, [ppm]

Range of concentrations, [ppb]

Al 0.5—2.1 Si* <1 x 10*
K 0.3—1.6 w 10—1350
Fe 0.2—1.6 Sr 2—80
Ni <0.02—1.2 Ba 8—20
Cu <0.1-0.5 Pb 3—9
Cr* <1 Th 0.03—0.15
Ti* 0.3—1.5 U 0.04—0.28

batch of the powder was sampled for the ICP-MS at CUP. With the
help of ICP-MS analysis, we could confirm the powder’s radiopurity
in a comparatively short time. The powder with confirmed purity
was vacuum-sealed with Al/Mylar” bag and stored at Y2L in a
desiccator filled with N, gas (5N purity).

3.1 ICP-MS

Trace ICP-MS analysis is a powerful tool for low-background
experiments. The ICP-MS screening helps to estimate the K, Th, and
U contamination and select material with the required purity in a
relatively short time. When developing the purification method, it is
vital to determine the reduction factors for contaminants and
understand the possibility of achieving the required radiopurities.
In the case of routine purification and production, the ICP-MS help
is necessary for incoming materials screening and outgoing product
control.

The ICP-MS team at CUP has extensive experience analyzing
high-purity molybdenum trioxide and other Mo compounds. The
Th and U sensitivities of ICP-MS at CUP are comparatively high,
having detection limits at the ppt level. When delivered from the
producer, each lot of raw '"MoQO; powder was tested at the CUP
(13 lots) to determine the real thorium and uranium concentrations
and understand how they differ from lot to lot (Table 1).

As mentioned above, Mo enrichment was performed through
the centrifugation of MoFs gas. After multiple centrifugation cycles,
the exceptionally pure '°MoFs gas was converted into
'Mo00O; product by interaction with HNO;, which could be
secondary cross-contaminated from labware and chemicals.
Common impurities in quartz or glass (K, Ba, Si) and in the
composition of stainless steel (Fe, Cr, Ni, Ti) were found to be at
a few ppm. The concentration of isovalent with Mo tungsten did not
exceed 1.5 ppm, which indicates efficient centrifugal separation.
Tungsten mimics the chemical behavior of molybdenum and
may not be separated using the standard chemical methods of
separation and purification. Concentrations of other metallic
contaminants (Na, Mg, Zn, Ca, etc.) were below ppm level. In
agreement with the producer’s COA, >99.997% purity grade of the
thirteen lots of received powder was confirmed by analysis at CUP.
The radiopurity of the raw powders was significantly higher than
shown in [14, 27] for all listed contaminants. Nevertheless, the
concentrations of the measured impurities lead us to conclude that

Frontiers in Physics

the received '"MoO; powder must be purified below ppm for
potassium to reduce the background rate in ROI caused by
random coincidences of *°K [40] and transition (Al, Fe) metals to
avoid staining the grown crystal [14]. The initial W concentration of
about 1 ppm level was acceptable for the AMoRE project. Th and U
must be reduced by one order of magnitude to grow the crystals
compatible with the required radiopurity.

The "MoOj; powder must be uniform in purity and grain size to
ensure successive production of low-background crystals. After the
sublimation procedure, the powder was chunky and non-
stoichiometric. Followed “wet chemistry” techniques were
implemented to provide adequate density, uniformity, and
consistent purity of produced powders regardless of the purity of
starting materials. Using ICP-MS, we tested every produced batch of
the purified CUP powder. Analysis of representative samples of the
powders produced at different times (from different initial lots of
raw powder) is shown in Table 2.

In general, the ICP-MS screening showed a reduction of all
The

concentrations of transition and heavy metals for all tested

measured elements by one order of magnitude.
powders were reduced to the required level below about
1 ppm. These low concentrations would not affect the
transparency of the grown crystal. Al, Ni, Fe, Cu, Ti, and Cr
concentrations were tracked to ensure that no contamination
happened during the thermal decomposition of ammonium
polymolybdate, which is the last step of powder purification.
The concentrations of Sr and Ba, which are isovalent with
radium, were reduced by one order of magnitude. The
reduction of Si with the developed method was supposed to be
efficient, considering the insolubility and non-volatility of
SiO, under conditions suggested by the method. Still, due to
the incompatibility of the CUP ICP-MS system, the Si
concentration was not measured in the purified 'MoOj;. The
concentration of tungsten in the purified powders was slightly
reduced from 1.3 ppm to 0.7 ppm indicating weak separation
efficiency. As for the radiopurity, the radioactive contaminants,
232Th and **®U, were below the method detection limits of about
3 ppt. The concentration of K was always controlled to be below
1 ppm. The reproducibility of the CUP purification method for
1%°Mo0O; powder was confirmed in 3 years of continuous routine
work. One hundred purification cycles were recently performed
successfully, and each batch of produced powder was tested with

the ICP-MS. The range of impurities levels in the powders
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TABLE 2 Purity of '°>MoO; powder treated at CUP. In the last row, the values are expressed in pBq/kg (1 ppm = 31 mBq/kg for “°K, 1 ppt = 4.1 pBq/kg for >*2Th, and
12.4 pBqg/kg for 2**U). Values and upper limits are given at 95% C.L.

Batch # K Fe Ni Cu Ti Cr w Sr Ba Pb Th
[ppm]  [ppm]  [ppm] [ppm] [ppm] [ppm] [ppb]l [ppbl [ppbl [ppb] [ppt]
Purified powder (examples)

Overall range <0.1/0.7 <0.5/1.1 <0.05/0.5 <0.05 <0.2/0.3 <0.2 <0.2 <50/700 <0.2 <4 <0.5 <23/ <3.3/
(min/max) <10 <7
1 0.6 +0.1 <0.5 <0.05 <0.05 <0.2 <0.2 <0.2 <50 <0.2 <4 <0.5 <2.3 <4

51 <0.1 <0.2 <0.05 <0.05 <0.2 <0.2 <0.2 510 £70 <0.2 <3 <0.5 <23 <33

91 <0.1 <0.2 <0.05 <0.05 <0.2 <0.2 <0.2 380 + 50 <0.2 <3 <0.4 <23 <3.3
[uBq/kg] <6200 <94 <50

TABLE 3 Values and 90% C.L. upper limits on 2?®Ac, 2*°Th, **°Ra, and “’K in the
raw and purified '’MoO; powders in units of pBq/kg. The decision to report
values or limits is determined using statistical errors only, while the reported
results include systematic errors.

and <16 pBgq/kg, respectively. The activity of ***Ra was reduced
twice in the purified powder resulting in an acceptable level of about
one hundred pBq/kg.

228Ac 228Th 226Ra
4 Discussion
Raw '“MoO; 260 £50 | 210+50 | 260£50 8500 + 1400
Purified '“MoO; <27 <16 110 + 30 1700 + 340 The '"’MoO; purification method was developed from the lab-

approved for the crystals’ production (100 batches) is
summarized in Table 2. The concentrations of Th and U for
all approved powder batches were below 10 and 7 ppt,
respectively. Potassium levels varied in the range from a
minimum of <0.5ppm to a maximum of 1.1 ppm. The
powders that did not meet the purity requirements were not
used for crystal synthesis, but were re-purified and tested. The
possibility of quickly confirming the purity of the powder and
tracing the contamination was a helpful approach to avoid cross-
contamination.

3.2 HPGe array

With the help of ICP-MS at CUP, we could trace the reduction of
K and radioactive isotopes of the Th and U decay chains in pure
'"MoO; powder. Considering significant Sr and Ba reduction, we
may expect the removal of Ra, which belongs to the same family
group of the periodic table. Using gamma-ray spectrometry with the
CAGe operating 700 m deep underground at Y2L, we could measure
progenies’ activities in the uranium and thorium chains. From the
*Th decay chain, the activity of ***Ac was acquired in equilibrium
with ***Ra, and ***Pb and ***T1 were assumed to be in equilibrium
and representative of (with branching-ratio correction) ***Th. From
the **U decay chain, the *"*Pb and *"Bi were measured as
representative of the ***Ra activity.

About 12.7 kg of raw '®MoO; powder from one representative
lot was installed into the CAGe and counted for 146 days. After the
measurement, the powder was purified at CUP according to the
usual routine, and 12 kg of the purified powder was measured with
the CAGe for 170 days (Table 3). The activities of ***Ac and ***Th
from the thorium chain were below upper limits, <27 pBq/kg
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scale experiment to purify 180 kg of powder. The yield efficiency for
the final pure product was above 90%, and 5 kg per month was the
current production capacity at CUP. The irrecoverable losses were
optimized to be below 1.5% through careful collection and recycling
of all by-products: washing waters, calcium molybdate co-
precipitate, wiping tissues, etc.

Over 100 kg of enriched '"MoO; powder was purified at CUP
for the last 3 years with the developed purification method. The ICP-
MS and HPGe analysis of produced powders confirm the high
reproducibility of the developed purification technique. Regardless
of the purity of initial materials, concentrations of transition and
heavy metals in the produced powders were reduced to below
1 ppm. The segregation effect of crystal growth will ensure high
transparency and optical properties of the crystals grown with this
product.

Radioactive thorium, uranium, radium, and potassium
contamination was reduced to the required level and tested
using ICP-MS and HPGe methods. The ICP-MS upper limits
of <9.4 pBq/kg and <50 uBq/kg were for ***Th and **U,
respectively. Cross-measuring the activities of progenies in the
thorium and uranium chains with CAGe in 12.7 kg of raw and
12 kg of purified powders confirms the radiopurity reporting <27
uBq/kg of ***Ac and <16 pBq/kg of **Th. The ***Ra from the ***U
chain was reduced by a factor of two, resulting in an acceptable
level of 110 + 30 uBq/kg. The reduction factor for barium was
similar to those of radium and varied from 2 to 6, based on the
ICP-MS screening. HPGe and ICP-MS analysis of potassium
were in good agreement reporting a reduction by one order of
magnitude.

The purity of '"MoO; powder produced with the above-
described the AMORE-II
requirements for radiopurity and production efficiency. However,

technology  satisfies stringent

there is still room for improvement. Varying the sublimation rate
and applying a few successive sublimation cycles, it is possible to
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reduce non-volatile contaminants like Th, U, Ba, Ra, K. Elimination
of potential contamination from stainless steel parts of the annealing
machine at the final step of the process may help to reduce K, Fe, Al,
Cr, etc. The equipment capacity could be scaled up comparatively
easily to increase the production rate.
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