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CHEMISTRY

Rare earth elements from waste

Bing Deng’, Xin Wang?, Duy Xuan Luong’, Robert A. Carter', Zhe Wang',

Mason B. Tomson?, James M. Tour' 3%

Rare earth elements (REEs) are critical materials in electronics and clean technologies. With the diminishing of
easily accessible minerals for mining, the REE recovery from waste is an alternative toward a circular economy.
Present methods for REE recovery suffer from lengthy purifications, low extractability, and high wastewater streams.
Here, we report an ultrafast electrothermal process (~3000°C, ~1 s) based on flash Joule heating (FJH) for activating
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wastes to improve REE extractability. FJH thermally degrades or reduces the hard-to-dissolve REE species to com-
ponents with high thermodynamic solubility, leading to ~2x increase in leachability and high recovery yields using
diluted acid (e.g., 0.1 M HCI). The activation strategy is feasible for various wastes including coal fly ash, bauxite
residue, and electronic waste. The rapid FJH process is energy-efficient with a low electrical energy consumption
of 600 kWh ton~". The potential for this route to be rapidly scaled is outlined.

INTRODUCTION

Rare earth elements (REEs) are strategic resources in modern elec-
tronics, clean energy, and automotive industries (1). Concentrated
aqueous acid leaching of the REE minerals, followed by biphasic
solvent extraction, has been the dominant scheme for REE mass
production (I). However, the resource- and pollution-intensive
production has a large environmental footprint, where the degra-
tive environmental cost reached $14.8 billion in 2015, warranting a
search for a sustainable solution (2). As the easily accessible REE
minerals diminish, the extraction of REE from industrial wastes has
gained much attention (3). The applicable secondary wastes include
coal fly ash (CFA) (4-9); bauxite residue (BR; which was formerly
called red mud) (10-12), which results from bauxite processing for
aluminum production; and electronic waste (e-waste) (13-15) from
consumer electronics and electric vehicles. The reuse of these wastes,
in turn, reduces the environmental burden of their disposal (8).
However, the total REE contents in these secondary wastes are
usually less than those in REE minerals, and the recycling yields are
still extremely low, which exacerbate the quest to establish a circular
economic program (4).

Taking CFA as an example, it is the by-product of coal combus-
tion with an annual production rate of ~750 million tons worldwide
(8). CFA has an average total REE content of ~500 parts per million
(ppm), which is variable based on the geological origin of the feed
coals (4, 9). The acid-extractable REE content, however, is usually
much smaller and highly dependent on the CFA feeds. For example,
Taggart et al. (4) reported the HNOj3 extractability of REE ranging
from 1.6 to 93.2% with a median value of ~30% from major U.S. power
plants, or 7.4 to 372 ppm with a median value of ~127 ppm (4). REE
extractability in CFA depends on the REE species, such as oxides,
phosphates (churchite, xenotime, monazite, etc.), apatite, zircon, and
glass phases (7). The low REE extractabilities in most CFA resources
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are attributed to the large ratios of hard-to-dissolve REE species
such as REE phosphates, zircon, and glass phases (7).

Optimizing acid leaching processes could, to some extent, im-
prove the extractability by using highly concentrated mineral acids,
such as 15 M HNOj at 85° to 90°C for an extractability of 70% (4)
and 12 M HCl at 85°C for an extractability of 35 to 100%, depending
on the feeds (16). The use of concentrated acid, however, inevitably
increases the cost of extraction and the disposal burden. Chemical
or thermal pretreatment of the CFA before acid leaching contributes
to achieving high REE recovery (17, 18). For example, a total REE
recovery of 88% is achieved by the NaOH hydrothermal treatment
followed by acid leaching (17). Alkali roasting using NaOH leads to
arecovery yield of >90% (18). However, those pretreatment processes
are usually lengthy and energy-intensive, which greatly reduce the
profit margin and incentive. Hence, a rapid and energy-efficient pre-
treatment is imperative for the REE recovery from waste products.

Recently, electrical heating has been emerging as an ultrafast,
high-temperature, and energy-efficient heating manner for materials
synthesis and processing. For example, the high-temperature shock
technique uses rapid pulsed current for the ultrafast synthesis of
functional nanomaterials (19-22). The ultrahigh-temperature sin-
tering based on continuous current input is proposed for ceramic
sintering and screening in seconds (23). Our group developed the
flash Joule heating (FJH) process for conversion of carbon-containing
sources into flash graphene (24). In addition to the materials syn-
thesis capability (25), the FJH process has been demonstrated as an
efficient technique for sustainable management of carbon-rich wastes
(26), including the conversion of plastic waste (27) and rubber
waste (28) to graphene.

Here, we reported the ultrafast electrothermal process based on
FJH to activate the secondary wastes to improve the acid extracta-
bility of REE simply using a mild acid such as 0.1 M HCL. A pulsed
voltage in 1 second brings the raw materials to a temperature of
~3000°C, leading to the thermal decomposition of the hard-to-
dissolve REE phosphates in CFA into highly soluble REE oxides, and
the carbothermic reduction of REE components to highly reactive
REE metals. The activation process enables the increase in REE re-
covery yields to ~206% for class F-type CFA (CFA-F) and ~187%
for class C-type CFA (CFA-C) compared to directly leaching the raw
materials with more concentrated acids. The activation strategy is
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feasible for various secondary wastes, as demonstrated by CFA, BR,
and e-waste. The rapid FJH process is scalable and highly energy-
efficient with a low electrical energy consumption of 600 kilowatt-hour
(kWh) ton™ or $12 ton™", enabling a profit percentage of >10x.
Among all REE, five of them (Y, Nd, Eu, Tb, and Dy) are most critical
based on their need for clean energy devices and their supply risk
(29). The percentages of extractable critical REE in the FJH-activated
CFA, BR, and e-waste are two to three times higher than those in
some of the most concentrated ores in the world, thus underscoring
the usefulness of these local sources that are abundant, requiring no
additional mining, and categorized as toxic waste and problematic
to stockpile.

RESULTS

Acid-extractable REE content in CFA

There are two types of CFA categorized by the chemical composi-
tion, CFA-F, with the total content of SiO,, Al,O3, and Fe,O3 >70
weight % (wt %), and CFA-C, with a higher abundance of CaO (7).
In this work, CFA-F is collected from the Appalachian Basin (App),
and CFA-C is collected from the Powder River Basin (PRB) (4),
both in the United States. CFA is composed of primary amorphous
phases (60 to 90%) (6), and the remaining crystalline materials
include mainly quartz and mullite, as shown by the x-ray diffraction

(XRD) patterns (Fig. 1A). In addition to the enrichment of Ca in
CFA-C, elemental analyses by x-ray photoelectron spectroscopy
(XPS) (Fig. 1B) and energy-dispersive x-ray spectroscopy (fig. S1)
show a high C content in CFA-F, which might be caused by the in-
complete combustion of coal feeds. The high C content in CFA-F is
also evident by the large weight loss at ~700°C by thermal gravimet-
ric analysis (TGA) (fig. S2).

The total quantification of REE in CFA was done by the hydro-
fluoric acid (HF):HNOj; digestion method (see details in Materials
and Methods) (4). The total REE content, cioti(CFA Raw), is 516 +
48 mg kg ™! for CFA-F and 418 + 71 mg kg™* for CFA-C (Fig. 1C).
The CFA from App has a higher REE content than that from PRB,
consistent with a previous report (4). Acid-leachable REE contents
from CFA raw materials, co(CFA Raw), were measured by using
1 M HCI or 15 M HNOj; (see details in Materials and Methods)
(4, 9). For CFA-F, the HNOs- and HCl-extractable REE contents
are 144 + 32 mg kg' and 160 + 50 mg kg™ (Fig. 1C), respectively,
corresponding to the REE extractability (Yo) of ~28 and ~31%, re-
spectively. For CFA-C, the HNOs- and HCl-extractable REE contents
are 246 + 71 mg kg ' and 231 + 81 mg kg ™' (Fig. 1C), respectively,
corresponding to the REE extractability of ~59 and ~55%, respec-
tively. It is concluded that the acid concentration has limited effect
on the REE leachability once it is >1 M. Hence, in later experiments,
we used the 1 M HCl leaching as the standard protocol.
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Fig. 1. Acid-extractable REE content in CFA. (A) XRD patterns of CFA-F and CFA-C. Inset: Picture of CFA-C (left) and CFA-F (right). Scale bar, 4 cm. a.u., arbitrary units.
(B) XPS full spectra of CFA-F and CFA-C. (C) Concentration of total REE in CFA-F and CFA-C by HNO3 leaching (15 M, 85°C), HCl leaching (1 M, 85°C), and total quantification.
(D) SEM image of CFA-F. Scale bar, 2 um. (E) HCl-extractable REE contents (1 M, 85°C) and total quantification of REE in CFA-F and the recovery yield (Yo) of REE. (F) SEM
image of CFA-C. Scale bar, 5 um. (G) HCl-extractable REE contents (1 M, 85°C) and total quantification of REE in CFA-C and the recovery yield (Yo) of REE. All error bars in

(Q), (E), and (G) represent the SD, where N=3.
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The acid extractability of REE from CFA-C is higher than that
from CFA-F. This is consistent with a previous report (7), which
attributes the higher extractability to the higher content of easy-to-
dissolve REE species like REE oxides in CFA-C. The morphology
image by scanning electron microscopy (SEM) of CFA-F is shown
in Fig. 1D, and the high carbon content could retard the accessibil-
ity of aqueous acids to REE-bearing species, leading to the low ex-
tractability ranging from 21 to 42% for individual REE (Fig. 1E). In
contrast, CFA-C is composed of fine, uncovered spheric particles
(Fig. 1F), which benefits the acid leaching process, leading to a rela-
tively higher extractability ranging from 33 to 67% for individual
REE (Fig. 1G).

Improved recovery yield of REE from CFA by electrothermal
activation

In our electrothermal activation process by FJH, CFA raw materials
were first mixed with carbon black (CB), which serves as the con-
ductive additive. The mixture of CFA and CB (~30 wt % CB) was
loaded inside a quartz tube between two graphite electrodes (Fig. 2A
and fig. S3). The resistance (R) of the sample was tunable by adjusting
the compressive force between the two electrodes that were connected
to a capacitance bank of 60 mF (fig. S3). The sample was brought to
a high temperature by high-voltage discharging of the capacitors.
The detailed experimental parameters are shown in table S1. In a

typical discharging process with FJH voltage of 120 V, R of 1 ohm,
and discharging time of 1 s, the current curve passing through the
sample was recorded with the peak current at ~120 A, followed by a
current plateau at ~7 A (Fig. 2B). The corresponding real-time tem-
perature curve exhibits a peak temperature up to ~3000°C, followed
by the stable heating at ~1150°C (Fig. 2C). The temperature map of
the sample during the FJH shows that the temperature distribution
is uniform throughout the entire sample without an obvious gradi-
ent (fig. S4), demonstrating that the FJH has a homogeneous heat-
ing capability. Because the sample has a much larger resistance than
the graphite electrodes, the heat generated by discharging is mainly
imposed onto the sample (fig. S5). Thus, the FJH setup has a good
durability even though such a high temperature can be achieved.
The obtained solid after the FJH is termed as activated CFA (fig.
S6). The acid-leachable REE content from the activated CFA, c(ac-
tivated CFA), was measured by the 1 M HCI leaching procedure.
The recovery yield of REE from the activated CFA (Y) was calculat-
ed and compared with that of the CFA raw materials (Yj) (text S1).

A series of FJH voltage ranging from 50 to 150 V were applied
(Fig. 2D). At ~120 V, the HCl-leachable content of total REE (1 M
HCI, 85°C) from the activated CFA-F is improved to 329 + 14 mg
kg™' (Fig. 2D). This corresponds to the recovery yield of Y ~ 64%,
representing an increase to ~206% over that of the CFA-F raw ma-
terials (Yo ~ 31%). The pH-dependent leaching dynamics of REE
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Fig. 2. Improved recovery yield of REE from CFA by electrothermal activation. (A) Scheme of the FJH of CFA. (B) Current curve with the FJH condition of 120V and 1 s.
(C) Real-time temperature measurement with the FJH condition of 120 V and 1 s. (D) Relationship between HCl-leachable REE contents (1 M, 85°C) from activated CFA-F,
increase in recovery yield (Y/Y;), and the FJH voltages. (E) pH-dependent REE leachability from the CFA-F raw materials and activated CFA-F. (F) pH-dependent leachabil-
ity of REE from the CFA-C raw materials and activated CFA-C. (G) HCl-leachable individual REE contents (1 M, 85°C) from activated CFA-C and the increase in recovery yield.
(H) HCl-leachable individual REE contents (1 M, 85°C) from activated CFA-F and the increase in recovery yield. Y, represents the REE recovery yield by HCl leaching the CFA
raw materials, and Y represents the REE recovery yield by HCl leaching the activated CFA. All error bars in (D) to (H) represent the SD, where N=3.
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from CFA-F raw materials and activated CFA-F were investigated
(Fig. 2E). In general, the yield is reduced as the acid pH increases. The
recovery yield of REE from the activated CFA-F remains Y ~ 45% at
pH 2 (or 0.01 M HCI), substantially higher than that of the CFA raw
materials at the same leaching condition (Y; ~ 9% at pH 2), and even
under a much higher acid concentration (Yy ~ 31% at pH 0). For
CFA-C, under the optimized FJH condition, the acid leachability of
REE from the activated CFA-C is measured to be Y ~ 103% using the
HCl leaching procedure (1 M HCI, 85°C) (Fig. 2F), corresponding to
~187% of that from the CFA-C raw materials (Y, ~ 55%). Even using
a dilute acid (pH 1 or 0.1 M HCI), the recovery yield of REE from the
activated CFA-C remains Y ~ 94%, substantially higher than that of
the CFA-C raw materials (Yo ~ 54%). This would render far more
manageable wastewater streams.

For individual REE, with the FJH activation process, the acid
leachability is improved ranging from ~170 to ~230% for CFA-F
(Fig. 2G) and from ~170 to ~210% for CFA-C (Fig. 2H) using the
same leaching procedure (1 M HCI, 85°C). Similar improvements
were realized using a dilute acid leaching (0.1 M HCI, 85°C) (fig.
S7). Some deviations among the different REE are observed, which
could be attributed to the inhomogeneous distribution of REE in
CFA (Fig. 1, E and F), as well as the different activation degree
among REE (as will be discussed in detail later). As control, the REE
content in CB was measured using the same digestion method (fig.
$8). The total REE content in CB is ~5 mg kg™, corresponding to
~1% of that in CFA. Hence, the use of CB will not induce notable
error into our measurement. In practical applications, the CB could
be substituted with anthracite coal or any other inexpensive sources
of mildly conductive carbon, but the REE content in that source
needs to be considered in yield calculations.

Mechanism of the improved REE extractability

We then investigated the mechanism of the improved REE leach-
ability by the electrothermal activation process. The REE speciation
and distribution in CFA determine the REE extractability. REE
phosphate, including monazite and xenotime, is one of the primary
counterions of REE in coal (7, 30). REE phosphates are rather stable
components, and no melting or thermal dissociation of them occurs
up to ~2000°C in air (31, 32). The coal-fire combustion temperature
typically ranges from 1300° to 1700°C (30). As a result, the REE-
bearing trace phases, including monazite and xenotime, persist in
CFA (33, 34). The REE could also be partitioned and encapsulated
into the glass fraction of CFA by diffusion into the melt (e.g., alumi-
nosilicates) formed at the coal boiler temperature (35). Those hard-
to-dissolve REE phosphates and glass phases are detrimental for
REE extraction (7), while REE oxides and carbonates in CFA are
relatively easier to extract by acid leaching.

The high temperature of ~3000°C generated by the FJH process,
which is substantially higher than the coal boiler temperature, could
thermally degrade the REE species. The thermal decomposition
temperatures of REE phosphates are calculated to be between
~2600° and ~2900°C under standard conditions (table S2). Experi-
mentally, yttrium phosphate (YPO,) and lanthanum phosphate
(LaPOy) were used as representatives for REE phosphates. As shown
in Fig. 3A, after FJH of the YPOy, precursor, the Y,0; phase is iden-
tified in the product. Similarly, LaPOy is thermally decomposed to
Y,05 after the FJH process (Fig. 3B). While we not seeking to identify
all new material phases accessed during FJH, the REE oxides have
much higher solubility (log;oKs, of 5 to 33) than REE phosphates

Deng etal., Sci. Adv. 8, eabm3132 (2022) 9 February 2022

(log10Kp of —27 to —24) (table S3). To further provide insight into
the solubility of REE phosphates and oxides, we calculated the dis-
solution curves as a function of pH (Fig. 3C). It is found that LaPO,
and YPO4 show notable solubility only when pH approaches 0,
while the oxide counterparts readily dissolve at a low acidity with
pH ~6. This partially explains the observed pH-dependent REE leach-
ing dynamics that higher REE leachabilities are achieved for the acti-
vated CFA than the raw materials using dilute acid (Fig. 2, E and F).

In addition to the thermal decomposition of REE phosphates, the
ultrahigh temperature achieved by FJH could also trigger the thermal
reduction of REE compounds. According to the calculated Ellingham
diagram (Fig. 3D), the carbothermic reduction temperatures of REE
oxides are estimated to be between ~1900°C (for Eu,03) and ~2500°C
(for Sc;03). The FJH at ~120 V generates a temperature up to ~3000°C
(Fig. 2C), which permits the reduction of all REE oxides. Y,O3 and
La,O3 were used as representatives to verify the carbothermic re-
duction of REE oxides by the FJH process. The fitting of the XPS
fine spectrum of Y,Oj3 after FJH shows four peaks (Fig. 3E and table
S4). The peaks at 157.5 and 159.6 eV are assigned to 3ds/; and 3d3;
of Y in Y03, respectively (fig. S9A) (36), and the peaks at 156.4 and
158.5 eV are assigned to 3ds/; and 3ds;; of Y in Y(0), respectively
(37). The XPS analysis proved the reduction of Y,03 to Y metal by
the FJH process, while the small ratio of Y,03; might be from the
surface oxidation. Similarly, the fitting of XPS fine spectra of La,O3
precursor (fig. S9B) and La,Os5 after FJH (Fig. 3F and table S4) veri-
fies the reduction of La,O3 to La metal (38, 39). The reduced REE
species with low oxidation state are highly active materials that
readily react with even pure water (40). The calculated Gibbs free
energy change (AG) values for the REE metal dissolution reaction
are much more negative than those of REE oxides (Fig. 3G and table
S$3), demonstrating a much larger thermodynamic solubility of REE
metals than for their oxide counterparts.

The above analysis suggests that the required temperature for
the thermal activation is >2600°C for thermal decomposition of
REE phosphates and >2500°C for carbothermic reduction of REE
oxides, which also provides insight into the voltage-dependent REE
leachability (Fig. 2D). An FJH voltage of >120 V is essential for
achieving a temperature of >2000°C (fig. S10), while a voltage of
<100 V has limited effect on the REE leachability. Nevertheless, too
high of an FJH voltage, >150 V, leads to a prolonged high tempera-
ture of >3000°C, which could, in turn, result in the evaporative loss
of the REE during the FJH process. The observed different activa-
tion degree for different REE by the FJH process (Fig. 2, G and H)
could be attributed to their different intrinsic thermodynamic prop-
erties, specifically the varied thermal decomposition temperature of
REE phosphates (table S2) and carbothermic reduction tempera-
ture of REE oxides (Fig. 3D).

In addition to speciation, the REE distribution also affects the
extractability, where the REEs encapsulated in or distributed through-
out the glass phases are hard to dissolve (7). The FJH permits an
ultrafast heating and rapid cooling (>10* K s™'; Fig. 2C), which
would induce thermal stress and cracking of the glass phases in
CFA, contributing to the improved leachability.

Generality of the electrothermal activation process

The electrothermal activation process could be extended to other
waste products for REE recovery, including BR (10-12) and e-waste
(13-15). BR is the waste product of the Bayer process for alumina
production. BR is one of the most abundant industrial wastes, with
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Fig. 3. Mechanism of the improved REE extractability by the electrothermal activation. (A) XRD patterns of YPO, (bottom) with reference PDF (YPOy, #11-0254) and
YPO, after FJH (top) with reference PDF (Y,03, #43-0661). (B) XRD patterns of LaPO, (bottom) with reference PDF (LaPO,, #35-0731) and LaPOy, after FJH (top) with refer-
ence PDF (La,0s3, #05-0602). The asterisks denote the diffraction peaks from La,0s. (C) Calculated dissolution curves of Y503, YPOy,, La,03, and LaPO4 with a mass of 1 g in
100-ml solution. CI™ is used to balance the charge. (D) Ellingham diagram of carbon monoxide and REE oxides. The red dashed line denotes the temperature to reduce
Sc,0s3. (E) XPS fine spectrum of Y,05 after FJH. The Si signal might be from the quartz tube during FJH. (F) XPS fine spectrum of La,O; after FJH. (G) Gibbs free energy

change of the REE oxide and REE metal dissolution reactions in acid.

3 billion tons already stored in waste ponds and an additional
150 million tons produced each year, yet just ~3% is currently recycled
(41). BR contains a notable amount of REE, for example, a total
REE content of ~1000 ppm is found in BR from MYTILINEOS
“Aluminum of Greece” (10). The BR is a dried powder with fine
particle size (fig. S11) and has major components including Fe,Os3,
CaCO;3, FeO(OH), and SiO; (Fig. 4A). The REE in BR was extracted
by a direct leaching process using 0.5 M HNOj (see details in Mate-
rials and Methods) (42). The HNOs-extractable REE content from
BR raw materials is 428 + 9 mg kg™ (fig. S12 and Fig. 4B). Similar to
CFA, the REE extractability of the BR after the electrothermal acti-
vation process is also dependent on the FJH voltage (fig. S12A). At
the optimized FJH voltage of 120 V, the HNO;-extractable REE
content increased to 757 + 30 mg kg~ (fig. S12B), corresponding to
Y/Y, ~ 177% of that from the BR raw materials (Fig. 4B). The mech-
anism of the improvement of REE extractability from BR by the
FJH process is presumed to be similar to that of CFA (Fig. 3), be-
cause phosphate is also one of the dominant counterions for BR (43).

We also applied the FJH strategy for activating e-waste. More
than 40 million tons of e-waste are produced globally each year due
to the rapid upgrade of personal electronics, with <20% being recy-
cled (44). REEs are widely used in electronics in permanent mag-
nets (14), batteries (13), and capacitors (45). In turn, the recovery of
REE from high-grade e-waste has its economic feasibility compared
to REE mining from ores. The e-waste used in this work is a printed
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circuit board (PCB) from a discarded computer. As shown in
Fig. 4C, the abundant metals in e-waste include Cu and Al, which
are mainly used as the interconnects. The REE in the PCB waste was
extracted by 1 M HCl leaching process at 85°C (see details in Mate-
rials and Methods). The acid-leachable REE content is 61 + 4 mg
kgf1 from the e-waste raw materials (fig. S13). After the activation
process at an optimized voltage of 50 V (fig. S13), the HCl-extractable
REE content is increased to 94.6 + 0.2 mg kg ™', corresponding to
Y/Y, ~ 156% of that from the e-waste raw materials (Fig. 4D and fig.
S13). Different from CFA or BR, the REE species in e-waste are usu-
ally in the form of easy-to-dissolve REE metals or oxides (45). How-
ever, the REEs are usually embedded into the matrix materials
because of the laminated configuration of the electronics, which
could hinder the REE extraction by the hydrometallurgical process
(fig. S14). The FJH process could expose the REE species by crack-
ing the matrices, accelerating the leaching rate and extent of metal
extraction (fig. S14).

DISCUSSION

Among all the REEs, five of them (Y, Nd, Eu, Tb, and Dy) are con-
sidered most critical based on the importance to clean energy and
supply risk (4, 29). The percentages of HCl-extractable critical REE
in activated CFA-F and CFA-C are ~34 and ~26%, respectively (fig.
S15, A and B). The percentages of the critical REE extracted from
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Fig. 4. Recovery of REE from BR and e-waste. (A) XRD pattern of BR. Inset: Picture of BR. Scale bar, 5 cm. (B) Acid-leachable individual REE contents (0.5 M HNO3) from
BR raw materials and the 120-V FJH-activated BR and the increase in recovery yield (Y/Yy). (C) XRD pattern of e-waste. Inset: Picture of e-waste ground to powders. Scale
bar, 5cm. (D) Acid leachable REE contents (1 M HCI) from e-waste raw materials and the 50-V FJH-activated e-waste and the increase in recovery yield. In (B) and (D), Yo
represents the REE recovery yield by acid leaching the raw materials, and Y represents the REE recovery yield by acid leaching the activated materials. All error bars in (B)

and (D) represent the SD, where N=3.

the CFA raw materials and the activated CFA are almost identical
(fig. S15, A and B), indicating that the FJH process shows no dis-
criminative activation performance to different REE. In addition,
the percentages of extractable critical REE in activated BR and
e-waste are ~26 and ~29%, respectively (fig. S15, C and D). The
critical REE percentages in these wastes are considerably higher
than those in conventional ores (typically <15%) (4). For example,
the world’s largest REE deposit at Bayan Obo in China has a critical
REE percentage of <10% (46). The higher percentage of critical REE
in wastes compared to conventional minerals represents another
major advantage of the recycling scheme.

The FJH process for REE recovery is scalable (text S2 and figs.
§16 and S17). According to the theoretical analysis, to maintain a
constant temperature when scaling up the sample mass per batch,
we could increase the FJH voltage or the total capacitance of the
capacitor bank (text S2). In our research laboratory, a production
rate of >10 kg day ' by the batch-by-batch process has already been
realized (fig. S16). The FJH process could presumably be integrated
into the continuous production manner for further automation (fig.
S17). The major challenge for further scaling up the FJH process for
REE recovery would be the design and construction of larger-scale
equipment. This might be addressed by the application of the
well-established high-voltage or even ultrahigh-voltage technolo-
gies in industry (47, 48). In addition, the alternating current (AC)
FJH (AC-FJH) could be introduced to complement the present di-
rect current (DC) supply (27). The ongoing commercial scaling of
the FJH process to tons per day paves the way for future REE recov-
ery from large-scale waste products (text S2).

We investigated the economics because the profit margin is often
the sustainer of recycling. Because of the direct sample heating feature,
short duration, and rapid heating/cooling rate, the FJH process is
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highly energy-efficient with a low electrical energy consumption of
600 kWh ton or $12 ton™', enabling a profit percentage of >10x
compared to directly leaching the raw materials (text S3). For fur-
ther refining, the removal of dissolved impurities, including mainly
Al Si, Fe, Ca, and Mg, in the REE-containing leachate and subse-
quent separation are needed (text S4). We observed that the content
ratio of REE and impurity [c(REE)/c(Impurity)] in the leachate is
improved with the FJH process in most cases (figs. S18 to S20), in-
dicating that the FJH process would also be beneficial for the subse-
quent REE separation.

Because monatzite, (Ce, La, Y, Th)POy, and xenotime, YPQOy, are
the main commercial sources for REE production (I), the proposed
activation strategy could also work for the REE mining to improve
the leachability from REE ores. Commercially, alkaline digestion
(70% NaOH, 140° to 150°C) is the main leaching technology for
monazite (49) or acid baking (concentrated H,SO4, 200°C) for
monazite and xenotime (50). The FJH strategy could be faster and
less dependent on the use of concentrated bases and acids. Existing
individual elemental separation technologies, such as solvent ex-
traction and ion exchange (51), can be exploited to work with the
REE mixtures obtained by FJH because these are often less contam-
inated than those generated through traditional mining methods
(text S4).

MATERIALS AND METHODS

Materials

The chemicals used are La(NO3)3-6H,0 (=99 wt %, Fluka Analytical),
La,03 (99.9%, MilliporeSigma), Y,03 (99.99%, MilliporeSigma), YPO,
(99.99%, Alfa Aesar), CB (Cabot, BP-2000), H3PO4 (85 wt %, Sigma-
Aldrich), HCI [37 wt %, >99.999% trace metal grade for inductively
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coupled plasma (ICP) analysis, MilliporeSigma], HNO3 (67 to 70 wt %,
trace metal grade for ICP analysis, Fisher Chemical), H,SO4 [98 wt %,
GR ACS grade (guaranteed reagent meeting American Chemical
Society standards), MilliporeSigma], and HF (48 wt %, >99.99%,
trace metal grade for ICP analysis, MilliporeSigma). LaPO, was syn-
thesized by direct precipitation (52). Concentrated H;PO, was heated
to a temperature of 150°C, and La(NO3;)3-6H,0 was added slowly to
allow the emission of NO, gas. Milky white solid particles precipi-
tated within 30 min, which were then diluted and collected by filtering
using a sand core funnel (class F). The white solids were dried in an
oven (100°C) for 2 hours. The CFA-F samples were collected from
App, and CFA-C samples were collected from PRB and provided to
our laboratory [see Acknowledgments (4)]. The BR was collected
from MYTILINEOS S.A. in Greece and provided to our laboratory
(see Acknowledgments). The PCB waste was from a discarded
computer. The PCB was cut into small pieces and then ground into
powders using a hammer grinder (Dade, DF-15).

FJH system and process

The electrical diagram of the FJH system is shown in fig. S3A. The
picture of the FJH system is shown in fig. S3B. The description of
each electrical component of the system is listed in the Supplemen-
tary Materials. In a typical experiment, the secondary wastes (CFA,
BR, or e-waste) were mixed with CB with a mass ratio of 2:1 by us-
ing a ball miller (MSE Supplies, PWV1-0.4L). The CB served as the
conductive additive. The 200-mg mixture (133 mg of waste and
67 mg of CB) was added into a quartz tube (inner diameter of 8 mm
and outer diameter of 12 mm). The resistance was controlled by
compressing the two electrodes. The samples were loaded into the
jig (fig. S3C), and the electrodes were connected to the capacitor
bank. The capacitor bank with a total capacitance of 60 mF was
charged by a DC supply. A relay with programmable milliseconds-
level relay was used to control the discharging time. The detailed
experimental parameters are summarized in table S1. After the FJH,
the samples were rapidly cooled to room temperature. For the scal-
ing up of the process to the gram scale, a larger FJH system with a
total capacitance of 0.624 F was built and used (fig. S3D). A larger
quartz tube (inner diameter of 16 mm and outer diameter of 20 mm)
and a larger reaction jig were used (fig. S3E). Safety caution: There
is a risk of electrical shock without proper operation. Safety glass
should be worn to protect the eyes from the bright light emission
during the FJH process. The “one hand rule” should be obeyed, and
thick rubber gloves extending to the elbows should be used. More
safety implementations were shown in fig. S3.

Sample digestion, leaching, and ICP-MS/ICP-OES
measurement

For the CFA samples, acid-extractable REE content measurement,
including HNOj3; and HCI, and total REE quantification were con-
ducted (4). For HNOj; leaching, ~50-mg samples (CFA raw materi-
als) were digested in 10-ml concentrated HNOj3 (15 M) at 85°C for
4 hours. The sample was filtered using a sand core funnel (class F)
and diluted using ultrapure water for ICP mass spectrometry (MS)
measurement. For HCI leaching, ~50-mg samples (CFA raw mate-
rials or the activated CFA by FJH) were digested in ~10-ml HCI (1 M)
at 85°C for 4 hours. After digestion, the sample was filtered using a
sand core funnel (class F) and diluted to ~20 ml using ultrapure
water for ICP-MS measurement. The pH-dependent leaching dy-
namics were investigated by using 0.1, 0.01, 0.001, and 0.0001 M
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HCl at pH 1 to 4, respectively, as the leaching agents. Samples (~50 mg;
CFA raw materials or the activated CFA by FJH) were digested
in ~10 ml of HCI at 85°C for 4 hours. After digestion, the sample
was filtered using a sand core funnel (class F) and diluted to ~20 ml
using HCI (2 wt %) for ICP-MS measurement. For total REE quan-
tification, CFA raw materials (~30 mg) were digested overnight at
95°C in a mixture of concentrated HF (48 wt %, 2 ml) and concen-
trated HNO; (15 M, 2 ml). The sample was then dried in an oven at
100°C and redigested overnight at 95°C in a mixture of concentrat-
ed HNO; (15 M, 1 ml), H,0; (30 to 32%, 1 ml), and ultrapure water
(5 ml, high-performance liquid chromatography grade). After the
redigestion, all the solids were dissolved, and the sample was diluted
to 50 ml using ultrapure water for ICP-MS measurement.

For the BR samples, HNO;-extractable REE contents were mea-
sured. Samples (~50 mg; BR raw materials or the activated BR by
FJH) were digested using HNOj; (0.5 M) at room temperature for
24 hours. The sample was filtered using a sand core funnel (class F)
for ICP-MS measurement.

For the e-waste samples, HCl-extractable REE contents were
measured. Samples (~50 mg; e-waste raw materials or the activated
e-waste by FJH) were digested using 10 ml of HCI (1 M) at 85°C for
4 hours. The sample was then filtered using a sand core funnel and
diluted to 20 ml using ultrapure water for ICP-MS measurement.

For the CB as control, HCl-extractable REE contents were mea-
sured. Samples (~50 mg) were digested using 10 ml of HCI (1 M) at
85°C for 4 hours. The sample was then filtered using a sand core
funnel and diluted to 20 ml using ultrapure water for ICP-MS mea-
surement.

The ICP-MS measurement was conducted using a PerkinElmer
Nexion 300 ICP-MS system. In the measurement, the primary REE
interferences were oxides of lighter elements. To avoid the intro-
duction of notable error, the formation of oxides was monitored
using a mass ratio of 156:140 (CeO/Ce), which was kept below 3%.
The detection limits for REE are in the level of 0.5 to 5 parts per
trillion (ppt). The REE mixture standard was used (MilliporeSigma;
periodic table mix 3 for ICP; 16 elements; 10 mg liter " each; Sc,
Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu in
5 wt % nitric acid). In our analyses, the standards were in the con-
centration range of 1 to 1000 parts per billion. All the analyzed sam-
ples were carefully diluted into the concentration range, which is at
least two orders of magnitude higher than the detection limit of
quantification. All the samples were measured three times to afford
the SDs.

The impurities, including Al Si, Fe, Mg, Zn, Co, Ni, Cr, and Cu,
in the leachates were also measured using the ICP-MS. The mixture
standard was used (MilliporeSigma, periodic table mix 1 for ICP; 33
elements; 10 mg liter " each; Al, As, Ba, Be, Bi, B, Ca, Cd, Cs, Cr, Co,
Cu, Ga, In, Fe, Pb, Li, Mg, Mn, Ni, P, K, Rb, Se, Si, Ag, Na, Sr, S, Te,
T1, V, and Zn in 10 wt % nitric acid containing HF traces). ICP-MS
is difficult to be used to define Ca due to the primary isotope of ar-
gon, which is at m/z (mass/charge ratio) = 40. Hence, ICP optical
emission spectrometry (ICP-OES) was used to quantify Ca. The
ICP-OES measurement was conducted using a PerkinElmer Opti-
ma 8300 ICP-OES.

Characterization

SEM images were obtained using a FEI Quanta 400 ESEM field
emission microscope at 10 kV. XPS spectra were collected using a
PHI Quantera XPS system under the pressure of 5 x 107’ torr.
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Elemental XPS spectra were collected using a step size of 0.1 eV and
a pass energy of 26 eV. The XPS spectra were calibrated using the
standard C 1s peak at 284.8 eV. XRD patterns were obtained using a
Rigaku D/Max Ultima II system with a Cu Ka radiation (A = 1.5406 A).
TGA was conducted in air at a heating rate of 10°C min~" to 1000°C
using a Q-600 Simultaneous TGA/DSC (differential scanning calo-
rimetry) from TA Instruments. The temperature measurement was
conducted using an infrared thermometer (Micro-Epsilon) with a tem-
perature measurement range of 1000° to 3000°C and a time resolution
of 1 ms. The optical image of the sample during FJH was captured
using an ultrafast camera (Chronos 1.4). The color image was con-
verted into an intensity matrix using MATLAB based on which the
temperature map was obtained by fitting the Stefan-Boltzmann law
j=or* (1
where j is the blackbody radiant emittance, ¢ is a constant of pro-
portionality, and T is the thermodynamic temperature.

Calculation

The dissolution curves are calculated on the basis of Visual MINT-
EQ 3.1. Extra CI” is added to compensate for the charge balance.
The solubility of the REE oxide is estimated on the basis of the relat-
ed REE hydroxide [e.g., Y(OH); was used to estimate the dissolu-
tion of Y,0s] due to the lack of K, data of REE oxides. Nevertheless,
the calculated results of hydroxides match well with the ones calcu-
lated from the oxide counterparts in a previous report (7). The sam-
ples with mass of 1 g were dissolved in 100-ml solution to get the
dissolution percentage.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm3132
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