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on dioxide/nitrogen/air
extraction with multistage stripping enables
selective recovery of rare earth elements from coal
fly ashes†

Yaguang Zhu, ‡ Guangcheng Wang§ and Young-Shin Jun *

Rare earth elements (REEs) are widely used in electronic devices and renewable energy technology, but

their supply is geopolitically-limited and they are extracted by environmentally unsustainable mining

practices. Coal fly ash (CFA), which is mostly discarded as waste, has recently gained attention as

a potential low-grade REE source, motivating the development of greener and highly specific processes

for recovering and enriching REEs. Here we present a proof-of-concept for a novel REE extraction

process in which supercritical fluid enhances the ability of tributyl phosphate (TBP) to selectively extract

REEs directly from solid CFA matrices. For the first time, we show that supercritical nitrogen and

supercritical air can work like supercritical carbon dioxide for selective extraction. Moreover, using

a prototype multistage stripping process with an aqueous solution, we collected REEs with

concentrations up to 21.4 mg L−1 from the extractant. Our final products contain up to 6.47% REEs,

whereas the coal fly ash source initially contained only 0.0234% REEs. Using supercritical fluid, our novel

process can recover valuable and critical resources from materials previously considered to be waste.
Sustainability spotlight

Large amounts of coal y ash (CFA) deposited in landlls and wet impoundments are considered a threat to the local environment due to possible toxic element
leaching. Recently, CFA has been found to be a potential source of rare earth elements (REEs), but current extraction technologies are challenged by low
selectivity, organic waste production, and high energy consumption. Here, we report the use of supercritical uids (carbon dioxide, nitrogen, and air) as greener
solvents assisting a phosphonate extractant in directly and selectively extracting REEs, without energy- andmaterial-intensive leaching. Our work shows promise
to recover valuable resources from waste materials. Therefore, our work can help to realize the “Responsible Consumption and Production” of the Sustainable
Development Goals (SDGs).
Introduction

Rare earth elements (REEs) are a group of 17 chemical elements
in the periodic table, specically the 15 lanthanides plus scan-
dium and yttrium. The wide application of REEs in computer
memory, rechargeable batteries, cell phones, and uorescent
lighting manifests their indispensable roles in our daily life.1

Moreover, they are also critical to a variety of high tech appli-
cations, such as clean energy generation and catalysis, and their
production is closely linked to the speed of technology
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development and implementation.2–4 However, due to their
geopolitically-constrained supply, environmentally-
unsustainable mining practices, and rapidly growing
demand,3 both the United States (US) and the European Union
have classied REEs as “critical materials”.5,6 To address such
a limited supply, alternative domestic sources will be most
welcome.7–10

Recently, coal y ash (CFA) has emerged as a promising REE
resource.11,12 The average total REE concentration in CFAs has
been characterized as 200–1220 ppm, and the potential annual
value of the REEs that can be extracted from CFAs in the US is
estimated to be $4.3 billion.12 According to American Coal Ash
Association's 2019 production and use survey, approximately 79
million metric tonnes (t) of CFAs are generated annually in the
US, with only 52% benecially used and the rest discarded.13

The remaining CFAs, deposited in landlls or wet impound-
ments, are considered as a threat to local environment due to
possible leaching of toxic elements.14,15 Notably, obtaining REEs
from CFAs is less environmentally destructive and capital
RSC Sustainability, 2023, 1, 251–260 | 251
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View Article Online
intensive than extraction from traditional mineral ores, because
it does not generate large quantities of waste rock that is typi-
cally radioactive.11,16,17 In this regard, recovering REEs from
CFAs turns waste into valuable resources with impactful envi-
ronmental and societal benets.

To successfully obtain high purities of individual REEs from
mineral ores, current industrial REE extraction operations
include many processes, such as alkaline roasting, acid leach-
ing, fractional separation, ion exchange, and solvent
extraction.18–20 In the initial attempt to recover REEs from CFAs,
these methods were adopted rst. Although previous studies
have applied different methods to extract REEs from CFAs,21–23

these processes still present many challenges. First, they all
require a high temperature alkaline roasting process (>400 °C),
followed by an acid leaching process (using strong acid) to
obtain REE-containing leachate. Their high energy and chem-
ical demands have proven burdensome in the commercial
extraction of REEs frommineral ores, and these burdens will be
more severe for low grade REEs resources like CFAs.24 Notably,
a strong acid is indispensable in all the REEs extraction
processes. Second, an extractant that selectively complexes with
REE3+ is also necessary for the extraction. For example, in the
solvent extraction, di-2-ethylhexylphosphoric acid (DEHPA) was
dispersed in kerosene, and together they can selectively extract
REEs from the aqueous solutions.21 In addition, DEHPA-
dispersed mineral oil inside a membrane was used for selec-
tively transferring REEs from a CFA leachate to a highly acidic
solution.22 However, these processes all use toxic organic
solvent to disperse the extractant, and thus it is highly desirable
to nd environmentally-friendly solvents to replace the organic
solvent. Third, and most importantly, CFAs have extremely low
concentrations of REEs (<0.2%) and more than 90% major
impurities (Ca, Fe, Al, Mg), so the REEs purity in the nal
products is only 0.5–0.7%.22 Overcoming these drawbacks
requires a novel REEs extraction process that is
environmentally-benign and highly selective for REEs over
impurities.

Supercritical uid (SCF) extraction has emerged as a prom-
ising option because SCFs have little environmental impact, are
non-ammable, and facilitate the mass transfer of extractants.25

Applying SCF can reduce the usage of organic solvent, and we
also expect that it can improve the selective recovery of REEs
from CFAs. To selectively extract REEs from a solid matrix,
studies have explored using extractants to complex with REE3+

ions under supercritical carbon dioxide (scCO2).26,27 Tributyl
phosphate–nitric acid (TBP–HNO3) has shown selective extrac-
tion of REEs. This extractant was prepared by contacting pure
TBP with concentrated HNO3. A current hypothesis for the
extraction mechanism in a scCO2 system is that TBP selectively
chelates with the neutral salt formed by REE3+ and NO3

−.27,28

Although scCO2 with TBP has successfully and selectively
extracted REEs from high concentration REE resources (such as
pure REE oxides),26,29–31 REE-rich sources (e.g., bastnaesite,
monazite, NiMH batteries, and NdFeB magnets),28,32,33 and
phosphogypsum (REE concentration up to 0.6%),34 its perfor-
mance has not been studied with CFAs, which have extremely
low REE concentrations (<0.2%). In addition, studies have used
252 | RSC Sustainability, 2023, 1, 251–260
scCO2 extraction with a ow-through setup to remove toxic
heavymetals from CFAs,35,36 but they did not show the capability
to selectively separate REE3+ from other ions to recover valuable
resources. Also, how much impurity can be extracted was not
provided. Thus, separation of REEs from impurities during or
aer SCF extraction with TBP–HNO3 needs more systematic
investigations.

Furthermore, previous studies notably tested only CO2 as the
supercritical uid. In these studies, scCO2 (critical temperature
(Tc) = 31 °C, critical pressure (Pc) = 73.8 bar) offers several
advantages, such as safety, abundance, and low cost. An
outstanding question is whether the supercritical state of more
accessible gases, such as nitrogen (Tc = −147 °C and Pc = 34.0
bar) or air (Tc = −141 °C and Pc = 37.9 bar), can also be used in
the extraction and whether they can achieve a similar efficiency
to scCO2.

Herein, we present a novel extraction process that uses SCF
to directly and selectively extract REEs from a solid CFA matrix.
This proof-of-concept study aims to investigate the feasibility of
selective extraction of REEs from CFAs using SCF with little
interference from impurities. We achieved excellent extraction
efficiencies, between 66 and 79%, for all REEs, and found that
scCO2 can decrease the concentrations of impurities in the nal
product, especially Ca, Mg, and Al. In previous studies, much
emphasis was placed on the ow and heat properties of
supercritical nitrogen and supercritical air,37,38 but they have not
been tested as green solvents. Moving beyond CO2, our work is
the rst report to demonstrate that more common and acces-
sible SCF sources, such as nitrogen and air, can also assist TBP
to extract REEs with high efficiency and separate impurities.
Moreover, we applied a multistage stripping process to collect
REEs and further separate REEs and impurities to increase the
purity of REEs in our collected solutions. Our extraction process
replaces the toxic organic solvent used in most existing tech-
niques with SCF to make the process “greener”. In addition, by
combining SCF extraction with the multistage stripping, our
process showed a higher selectivity for REEs over impurities
than achieved by conventional organic solvent extraction
methods. This study offers new promising SCF choices
(nitrogen and air) and provides useful insights into selectivity in
SCF extraction, enabling future greener processes in REE
recovery from unconventional resources.
Experimental
Materials

The coal y ash in our study came from a power plant in Mis-
souri, burning coal from the Powder River Basin (PRB). Deion-
ized water (DI water, resistivity $ 18.2 MU cm) was obtained
from a Barnstead Ultrapure Water System (D11931, Thermo
Scientic). ACS grade tributyl phosphate (TBP) and nitric acid
were purchased from VWR.
Supercritical uid extraction and multistage stripping process

Equal volumes of TBP and 70% nitric acid were mixed and
allowed to react and settle. The upper layer, the extractant TBP–
© 2023 The Author(s). Published by the Royal Society of Chemistry
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HNO3 used in this work, was pipetted off (see Fig. 1). To
determine the molar ratio of TBP and HNO3 in the extractant,
acid–base titration was used. The molar ratio was TBP : HNO3 =

1 : 1.67, and this value is close to the molar ratios of the TBP–
HNO3 complex reported elsewhere.28,29 We loaded 2 g of CFA,
along with 20 mL TBP–HNO3, into a reactor (250 mL, Parr
Instrument Co., IL). The CO2, N2, and air used in our study were
purchased from Airgas USA, LLC, MO. The gases were pres-
surized to 150 bar by a syringe pump (Teledyne ISCO, Inc.,
Lincoln, NE) and then injected into the reactor, whose
temperature was controlled at 50 °C. Aer 2 h of extraction, the
reactor was cooled to room temperature and then depressur-
ized. The reacted TBP–HNO3 was obtained by ltering out the
solid residues. These residues were then rinsed with ethanol
and DI water to remove any remaining solution and prepared
for further characterization. Triplicate experiments were con-
ducted for each condition.

A multistage stripping process using 1% nitric acid was
applied to selectively collect the REEs and separate them from
Fig. 1 Overview of processes for supercritical fluid extraction of REEs fro
CFAs using TBP–HNO3 under SCF conditions and obtain the REEs-con
major impurities through a multistage stripping process.

© 2023 The Author(s). Published by the Royal Society of Chemistry
the impurities. Specically, 1% nitric acid was added to the
reacted TBP–HNO3 in a 1 : 10 v/v ratio that have been experi-
mentally determined to be the best for concentrating REEs.
Aer 10 s of vigorous mixing, the REEs and impurities disso-
ciated from the TBP and dissolved in the acid. Aer being
collected by gravity separation, the diluted nitric acid contain-
ing REEs and impurities was called the stripped solution. The
remaining reacted TBP–HNO3 was mixed with fresh 1% nitric
acid to conduct a new stripping stage. In total, a six-stage
stripping process was conducted to recover essentially all the
REEs from the reacted TBP–HNO3.
Characterization of solid samples

The sizes, morphologies, and elemental distributions of CFAs
were characterized by SEM-EDX (ThermoFisher Quattro S
Environmental Scanning Electron Microscope). We identied
the mineral phase in CFA by high-resolution X-ray diffraction
(HRXRD, Bruker D8 Advance X-ray diffractometer with Cu Ka
radiation (l = 1.5418 Å)). CFA and solid residues were digested
m solid CFAs. (a) Prepare extractant TBP–HNO3. (b) Extract REEs from
taining reacted TBP–HNO3. (c) Collect REEs and separate them from

RSC Sustainability, 2023, 1, 251–260 | 253
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by two methods, one to obtain the total elemental compositions
and the other to obtain the acid-extractable REEs element
compositions. In addition, the solid residue from the extraction
was digested to obtain the total elemental composition and
calculate the leaching efficiency, using eqn (1).

Leaching efficiency ¼ wt%u �mu � wt%r �mr

wt%u �mu

� 100%; (1)

where wt%u is the mass percentages of metal ions in the
unreacted CFA, mu is the mass of unreacted CFA, wt%r is the
mass percentage of metal ions in the reacted CFA, and mr is the
mass of the reacted CFA. Unreacted and reacted CFA solids were
sequentially digested by HF–HNO3 and HNO3–H2O2. Then the
mass percentages of metal ions were obtained by measuring
their concentrations in the digested solutions.

To quantify the total elemental composition,23 coal y ash
samples (34 ± 1 mg) were digested in a microwave digestor for
8 h at 90–100 °C in a 1 : 1 mixture of 2 mL concentrated HF and
2mL concentrated HNO3. Then, aer complete drying, the acid-
digested samples were re-digested for 8 h at 90–100 °C in
a mixture of 1 mL concentrated HNO3, 1 mL 30–32% H2O2, and
5 mL DI water. Aer re-digestion, the samples were diluted with
1% HNO3 for further analysis. To quantify the acid-extractable
REEs content,23 CFA samples (0.1–0.5 g) were digested in
10 mL concentrated HNO3 at 85–90 °C for 4 h. The digested
samples were diluted with 1% HNO3 for further analysis. Trip-
licate digestion experiments were conducted. The concentra-
tions of the REEs and impurities in the digested solutions were
analyzed by inductively coupled plasma optical emission spec-
troscopy (ICP-OES, PerkinElmer Optima 7300 DV).

Characterization of liquid samples

The concentration of HNO3 in the TBP–HNO3 complex was
determined by acid–base titration with 0.1 M NaOH until the
pH equaled 7. Then, to quantify the REE and impurity
concentrations in each stripped solution collected from the six-
stage stripping process under scCO2, scN2, scAir, and the
heating only condition, we diluted them with 1% nitric acid and
measured them using ICP-OES. The REEs purity was calculated
using eqn (2):
REE purity ¼ cLa þ cCe þ cPr þ cNd þ cPm þ cSm þ cEu þ cGd þ cTb þ cDy þ cHo þ cEr þ cTm þ cYb þ cLu þ cSc þ cY

ctotal element

� 100%; (2)
where ctotal element is the sum of all themeasured elements in the
stripping solution.

To study the mechanism by which SCF enhances selective
extraction of REEs, the reacted TBP–HNO3 samples obtained
from the extraction were digested to quantify the amounts of
REEs and impurities that had complexed with TBP. Triplicate
experiments were conducted. The digestion of liquid TBP–
HNO3 samples was performed according to Anil et al. (2004).39

TBP–HNO3 solutions were mixed with 1 mL DI water, 2 mL
254 | RSC Sustainability, 2023, 1, 251–260
concentrated HNO3, 0.4 mL 30–32% H2O2, and 0.4 mL
concentrated HF. Then, an eight-step digestion was performed,
lasting 1 h in total at 100 °C. Aer the digestion, the samples
were diluted by 1% HNO3 and prepared for ICP-OES analysis.
Results and discussion
Chemical nature of coal y ash samples

CFA samples were obtained from a power plant in Missouri that
burned coal from the Powder River Basin (PRB). Fig. 2a shows
dark brownish particles of the CFA used in this study. The
chemical compositions of CFA samples were characterized by
ICP-OES aer HF–HNO3 and HNO3–H2O2 sequential digestions
(Fig. 1b), and by X-ray uorescence spectroscopy (Tables S1 and
S2 in ESI†). As shown in Fig. 2b, the total REEs contents of the
samples were 234± 2 ppm, values which are within the reported
range of total REEs contents in US-based coal y ashes.12

Cerium (Ce) was present at 60 ppm, the highest concentration
among all REEs. In addition, the sample had high concentra-
tions of Y and Nd, important elements projected to be in
severely short supply by 2035.3 However, the ICP-OES results
aer the digestion also showed that our CFAs had a variety of
high concentration impurities, including Ca (138 710 ppm), Fe
(54 943 ppm), Al (66 149 ppm), and Mg (23 306 ppm). The rela-
tively abundant alkaline oxides (27.5% CaO and 6.7% MgO, in
weight percentages) indicate that the CFAs in this study are
Class C CFAs, which have been previously reported to exhibit
higher REE extractability.40 The large differences in the
concentrations of REEs and impurities, 2–3 orders of magni-
tude, clearly emphasize the outstanding challenge in selectively
extracting REEs from the CFA samples.

In general, during coal combustion, heating above 1400 °C
and rapid cooling in the post-combustion stage cause a diverse
size distribution and morphology of y ash,41,42 such as solid
spheres, layered particles, and aggregated particles, as shown in
Fig. 2c–e. Based on energy-dispersive X-ray (EDX) analyses, the
predominant elements in the y ash samples were silicon,
calcium, aluminum, iron, and magnesium (Fig. S1†), which was
consistent with ICP-OES results. The REEs' concentrations were
lower than the detection limit for EDX. The CFA in our study
had a complex morphology, with quartz, anhydrite, gehlenite,
tricalcium aluminate, lime, and periclase being identied
(Fig. S2†). A broad bump at around 20–30° 2q suggested the
presence of amorphous aluminosilicate glass. The absence of
REE mineral phases indicated that REEs may adsorb or incor-
porate into other minerals. Thus, the degree to which these
minerals can be dissolved by TBP–HNO3 under SCF affected our
REEs extraction process. Notably, quartz and amorphous
aluminosilicate glass are barely dissolved even under acidic
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Characterization of the CFAs used in this study. (a) Photograph of the CFAs. (b) Elemental characterization of the CFAs. Upper: the total
concentrations of major impurities (Ca, Fe, Al, and Mg), and REEs. The salmon-colored number in the upper plot indicates the concentrations of
total REEs. Error bars represent the standard deviations from triplicate digestion experiments. Lower: the concentrations of representative REEs.
(c–e) SEM images of representative morphologies of the CFAs. Scale bar: (a) 1 cm; (c), 5 mm; (d), 20 mm; and (e), 10 mm.
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View Article Online
conditions,40 and thus they remain as solid residues aer our
extraction process.

Selective extraction of REEs with scCO2, scN2, and scAir

Although scCO2-enabled extraction has been implemented for
highly pure REEs oxides and post-consumer products with high
concentrations of REEs,28,32,33 little is known about whether this
mechanism will still work when the impurities' concentration
are overwhelmingly high compared to the REEs' concentration,
as in the case of CFAs. In our experiment, CFA solid samples
and prepared TBP–HNO3 were loaded into a reactor, and then
the SCF was injected at 50 °C and 150 bar. We found that CO2,
N2, air, or their mixtures are all applicable, as long as the gas is
supercritical phase. The critical temperatures and critical
pressures for CO2, N2, and air are respectively 31 °C and 73.8
bar, −147 °C and 34.0 bar, and −141 °C and 37.9 bar. Because
most other scCO2 extraction studies used reaction times
between 1.5 and 3 h, we chose 2 h as our reaction time for
appropriate comparison of achieved efficiencies.

Aer reacting the CFAs with TBP–HNO3 under SCF condi-
tions as Fig. 1b depicts, we calculated the concentration factor
using eqn (3).

Concentration factor

¼ ðmREE=mtotal metal ionsÞ in reacted TBP-HNO3

ðmREE=mtotal metal ionsÞ in CFA
: (3)
© 2023 The Author(s). Published by the Royal Society of Chemistry
The concentrations of metal ions (including REEs) in the
reacted TBP–HNO3 and CFA were obtained by digestions and
ICP-OES measurements. The concentration factor reects the
selectivity of REEs over other impurities during the SCF
extraction processes. To evaluate the effect of SCF on the
extraction selectivity for REEs, we conducted a control experi-
ment in which the CFAs were reacted with TBP–HNO3 at 50 °C
in the absence of SCF (the “without SCF” condition). As shown
in Fig. 3a, the concentration factor is 1.49 ± 0.06 for the
“without SCF” condition. In a clear comparison, involving
supercritical N2 and supercritical air into the extraction system
can increase the concentration factor to 2.04± 0.11, 1.91± 0.13.
Further, involving supercritical CO2 in the extraction system can
signicantly increase the concentration factor to 3.23 ± 0.30.
This result demonstrates that supercritical uids can effectively
extract REE from complex CFA and can enhance the selectivity
of REEs over impurities (Fig. 3a) compared with the “without
SCF” condition.

The extraction can be considered a two-step reaction. The
rst step of the reaction is that metal ions, including REEs and
impurities, leach from CFA and react with HNO3 to form metal
nitrates (metal nitrate formation in Fig. 4).33 To calculate the
leaching efficiencies for all REEs (scandium, yttrium, and 17
lanthanides) with scCO2, scN2, and scAir, we have used eqn (1)
and shown the results in Fig. 3b and S3.† The leaching effi-
ciencies from the CFA sample fall in the range of 65–78%. Here,
RSC Sustainability, 2023, 1, 251–260 | 255
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Fig. 3 SCFs enable selective extraction of REEs over impurities. (a) Concentration factors show that the presence of SCFs can enhance the
selectivity for REEs. (b) Leaching efficiencies for extracting REEs from CFAs under scCO2 conditions. (c) Leaching efficiencies for extracting Ca,
Fe, Al, Mg, and REEs from CFAs under different conditions. (d) TBP-complexed impurities under the heating-only, scCO2, scN2, and scAir
conditions. Error bars for a and d represent the standard deviations of digested TBP–HNO3 results from triplicate extraction experiments. Error
bars for b and c represent the standard deviations of digested solid residue results from triplicate extraction experiments. Statistical analyses
between different conditions were calculated in (a), (c), and (d): *** indicates a p value < 0.001, ** indicates p < 0.01, and * indicates p < 0.05. No
“*” means there is no statistic difference between two conditions.
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it is noteworthy that although our CFA samples contained only
0.0234% REEs and high concentrations of impurities coexisted
with the REEs, the leaching efficiencies (∼70%) in this study
were comparable to the leaching efficiencies (40–99%) for high
purity materials containing 7–100% REEs.26,29–31 The result
clearly shows that we achieved good leaching efficiency of REEs
from CFAs with TBP–HNO3, even though large quantities of
impurities remain. In addition to REEs, we also calculated the
leaching efficiencies of major impurities, including Ca, Fe, Al,
and Mg. As shown in Fig. 3c, we did not observe signicant
change of the leaching efficiencies for all metal ions among
different conditions. Based on this result, the higher selectivity
of REEs at SCF conditions was not due to the selective leaching.
Then, there must be an enhanced selective complexation
between REE ions and the extractant to result the enhanced
selectivity under supercritical uids.

Therefore, we investigated the second step of the extraction
reaction: metal nitrates react with TBP (complex formation in
Fig. 4). To quantify how many REEs/impurity metals (Ca, Fe, Al,
and Mg) nitrates had complexed with TBP under different
conditions, we digested the reacted TBP–HNO3 and then
256 | RSC Sustainability, 2023, 1, 251–260
measured the digestion products by ICP-OES. The concentra-
tions of complexed REE were similar among different condi-
tions: 19.86 ± 0.45 mg L−1 (scCO2), 19.69 ± 0.62 mg L−1 (scN2),
19.24 ± 0.71 mg L−1 (scAir), and 20.23 ± 0.55 mg L−1 (without
SCF). In contrast, the presence of SCF signicantly affects the
complexation between major impurities (Ca(NO3)2, Al(NO3)3,
and Mg(NO3)2) and TBP. As Fig. 3d shows, Ca, Al, and Mg
nitrates less favorably with TBP under SCF conditions than the
condition without SCF, but the complexation between Fe with
TBP is less affected by SCF. Wendlt and Bryant (1956) reported
that the complexation capability of metal nitrates with TBP
followed the series: Fe > REEs [ Ca > Mg > Al.43 This sequence
suggests that REEs nitrates or Fe nitrate can easily complex with
TBP, while calcium nitrate, magnesium nitrate, and aluminum
nitrate are less reactive with TBP. Here, we observed an inter-
esting change in TBP behavior in SCF. One possible explanation
is that SCF, as a solvent, dispersed the 20 mL of TBP throughout
the entire 200 mL reactor, lowering the effective concentration
of TBP. However, considering the high temperature and pres-
sure in the supercritical phase extraction, real-time measure-
ments of extractant interactions with SCF in situ are highly
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Schematic illustration of SCF-enhanced selectivity for REEs over major impurities (Ca, Mg, Al). First, REEs and impurities leach from CFAs
to form metal nitrates. Then, the presence of SCF affects the reactivity of TBP. In the heating-only condition (left path), all metal nitrates
preferentially form complexes with TBP. But under SCF conditions (right path), only REEs and Fe still preferentially form complexes with TBP. The
number of symbols for metal-TBP complexes shown in the figure represents the extents of preferential complex formation, not their quantities.
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challenging. Thus, while we could not provide an exact mech-
anisms supported by direct evidence, here we provide experi-
mental data regarding the impacts of effective TBP
concentrations on its selectivity. To provide additional data, we
conducted extraction experiments using 6 g of CFA and 20 mL
of TBP–HNO3 in the absence of any SCF, which was a three
times lower effective TBP concentration than the original
condition without SCF (2 g of CFA and 20 mL of TBP–HNO3). In
other words, by increasing the amount of CFA, we decreased the
effective TBP concentration. Aer the extraction, with a 3 times
higher concentration of CFA, the concentrations of Fe and REEs
were increased by more than 3 times over the original condi-
tion. In contrast, the concentrations of Ca, Mg, and Al, which
are considered to weakly complex with TBP, increased by less
than 2.5 times compared to the original experiment. These
results suggest that lowering the effective TBP concentration
could make TBP more selective for REEs and Fe over Ca, Mg,
and Al. We note that, due to high solid-to-liquid ratio, it is
experimentally challenging to mix 6 g CFA and 20 mL of TBP
and recover the reacted TBP–HNO3 by vacuum ltration. But
© 2023 The Author(s). Published by the Royal Society of Chemistry
with SCF, a 10 times dilution can be achieved. Also, the
concentration factor under high solid-to-liquid ratio is lower
than the concentration factors under SCF conditions. For all the
SCFs tested in our experiment, we speculated that the reactivity
of the TBP might be lowered by the dilution, so that TBP would
complex with highly reactive REE(NO3)3 and Fe(NO3)3, but
other, less reactive metal nitrates would not complex with TBP
due to its low reactivity (Fig. 5, bottom right column). We expect
that future dedicated computational and spectroscopic studies
can provide direct evidence of the impacts of SCF on
extractants.
Multistage stripping process collects REEs with high
concentrations and purities

To collect REEs extracted in TBP–HNO3, we designed a multi-
stage stripping process using 1% nitric acid, as depicted in
Fig. 1c. In each stage, we added 1% nitric acid to the reacted
TBP–HNO3 in a 10 : 1 v/v ratio. This volume ratio was experi-
mentally determined to be the best for concentrating REEs
RSC Sustainability, 2023, 1, 251–260 | 257
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Fig. 5 Concentrations of total REEs (top) and major impurities (Ca, Fe,
Al, and Mg, bottom) in stripped solutions from different stripping
stages. Error bars represent the standard deviations of stripping results
from triplicate experiments. A 1% HNO3 solution was used to strip the
REEs and impurities from TBP–HNO3. The major impurities' concen-
trations significantly decrease with the number of stripping steps. The
top right y-axis is the recovery efficiency of REEs in each stripping
stage, calculated by dividing the collected REEs in 1 mL of stripped
solution by the total amount of REEs amount in 2 g of CFA. In the top
plot, the calculated recovery efficiency for each stripping stage is
shown below the REEs concentration symbol.
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(detailed information is in ESI S1†). Aer vigorous mixing, the
REEs and impurities have dissociated from the TBP and are
dissolved into the diluted nitric acid. The 1% nitric acid, con-
taining REEs and impurities, is then collected by gravity sepa-
ration and is called “stripped solution”. The remaining reacted
TBP–HNO3 is mixed with fresh 1% nitric acid for a new strip-
ping stage. This process is repeated for ve more stages, during
which REEs and impurities continually dissociate from TBP and
are collected by 1% nitric acid. In total, a six-stage stripping
process is applied to recover essentially all the REEs from the
reacted TBP–HNO3.

As Fig. 5 shows, REEs gradually dissociate from TBP and are
then collected by 1% nitric acid (i.e., the stripping solution) in
Table 1 Concentrations of major impurities and total REEs, and REEs p
ported liquid membrane process, conventional organic solvent extraction
have been conducted and standard deviations from triplicates were within
ESI

Liquid emulsion
membrane nal
liquida

Supported liquid
membrane
nal liquida

Convention
extraction
nal liquid

Na (mg L−1) 333 000 27 900 4220
Mg (mg L−1) 8320 152 320
Al (mg L−1) 149 000 1770 919 000
Fe (mg L−1) 522 551 2100
Ca (mg L−1) 107 000 968 42 700
Si (mg L−1) 28 900 5340 3450
REEs (mg L−1) 4635 303 5587
REEs purity (%) 0.73 0.79 0.57

a Results from a previous study by Smith et al.22 REEs purity values were

258 | RSC Sustainability, 2023, 1, 251–260
the rst stage through the sixth stage. The total REEs concen-
trations in our rst through sixth stages ranged from 11 to
35 mg L−1 under SCF conditions for the three gases (Fig. 5),
values which are much higher than the reported concentrations
of REEs extracted from CFAs (0.3–5.5 mg L−1) in previous
studies.22,23 Interestingly, in addition to collecting REEs, we
noticed that our multistage stripping process can achieve
a substantial partial separation between REEs and impurities.
For impurities Mg and Al, majority of them were separated from
REEs during the SCF extraction. During our multistage strip-
ping process, we only collectedMg and Al in the rst and second
stripping processes. Moreover, because Ca and Fe have much
higher water affinity than REEs,44 and thus 94.5% of Ca and
96.7% of Fe were are preferentially removed from reacted TBP–
HNO3 in the rst and second stripping stages. Therefore, we
could collect much lower concentrations of impurities in the
remaining stripping stages to achieve a higher REE purity
percentage (Table 1). As shown in Fig. 5, the rst and second
stripping stages are sacricial stages in which we lost 13.7% and
13.1%, respectively, of the REEs from the CFA. We believe the
two sacricial stages are important for two reasons. First, the
rst and second stripping stages allowed us to signicantly
decrease the impurity concentrations, so in the subsequent
stages we obtained more than 30% of the REEs from the CFA
with much higher purity. Second, a major challenge in
extracting REEs from CFA is their extremely low purity, which
limits the benets of conducting further processing. Consid-
ering that 79 million metric tonnes (t) of CFAs are generated
annually in the U.S., considerable amounts of high purity REEs
are available for further separation, even though 26.8% of them
will be sacriced. There is always a tradeoff between product
purity and recovery efficiency. In general, by sacricing some
REEs in the rst and second stripping process, we subsequently
collected 31.2% of the REEs from CFA. As summarized in Table
1, these REEs had much higher concentrations and purities
than the products of previous works using acid leaching, solvent
extraction, and selective membrane processes to extract REEs
from CFA.22,23 During the SCF extraction, ∼32% of the REEs
urity in final products of the liquid emulsion membrane process, sup-
process, and our novel SCF extraction process. Triplicate experiments
10%. The results for all stripping stages are available in Tables S4–S7 in

al

a

Our work scCO2

fourth
stripping solution

Our work scCO2 h
stripping solution

Our work scCO2

sixth stripping
solution

0 0 0
0 0 0
0 0 0
313 802 200 196 132 632
246 556 138 580 74 175
0 0 0
21 374 16 088 11 441
3.43 6.47 6.26

calculated from eqn (2).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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were non-acid-extractable; thus, they did not leach from the
CFA. Aer the multistage stripping process, <10% of the REEs
remained complexed with TBP. We expect future work to further
optimize the multistage stripping process to maximize recovery
efficiency with high REE purity.

Given the increasing demand for and importance of REEs,
alternative sources to ore-extracted products are being sought,
such as CFAs. The biggest challenge here is that REEs concen-
trations in CFAs are much lower than the impurity concentra-
tions. To selectively extract REEs, separation technologies, such
as conventional organic solvent extraction and novel liquid
membrane processes, have been explored.21–23 In the organic
solvent extraction process, DEHPA was dissolved to a concen-
tration of 10% (v/v) into kerosene, and it selectively extracted
REEs from CFA leachate.21 Then, 5 M HNO3 strippant was used
to recover the REEs. To enhance the kinetics during the REE
stripping process, Smith et al. (2019) synthesized a strippant-in-
kerosene liquid emulsion membrane system by mixing DEHPA,
Span 80, 5 M HNO3, and kerosene.22 Then, to increase the
selectivity for heavy REEs over light REEs, a supported liquid
membrane was prepared by using vacuum ltration to
impregnate a 47 mm 0.22 mm PVDF membrane with a 10% (v/v)
solution of DEHPA in mineral oil.22 This membrane was used as
a separator between CFA leachate and 5 M HNO3 leachate to
make REEs selectively transfer through the membrane.
However, the nal products of these separation technologies
contained less than 6000 mg L−1 REEs, and the purity was less
than 1%, as shown in Table 1. In contrast, without using an
organic solvent, our novel SCF extraction process can directly
obtain REEs from solid phase CFAs, and it yields REEs aqueous
solutions with concentrations of up to 21 374 mg L−1 and
purities up to 6.47% (Table 1).

Currently, extracting REEs from mineral ores requires pre-
processing steps (alkaline roasting and acid leaching) to turn
the REE from a solid matrix into an aqueous solution. It also
involves separation processes (fractional crystallization, frac-
tional precipitation, ion exchange, and solvent extraction) to
obtain high-purity individual REEs.18–20 Our study shows that
our SCF extraction process could be an alternative to the acid
leaching process and turn the CFA matrix into a solution con-
taining ∼3–6% REEs. The process serves a function similar to
that of acid leaching but can provide a higher purity of REEs.
Notably, the REEs purity in our study is even comparable to the
purity of some commercially available REEs ores.45 We expand
the sources of REEs from mineral ores to previously neglected
CFA, which was regarded as a waste and environmental threat.
Moreover, the REEs-containing solutions obtained from our
study can undergo further separation processes to produce even
higher purity REEs. For example, a previous study designed
a fractional precipitation method using oxalic acid to selectively
precipitate REEs as REE oxalates. Fractional precipitation ach-
ieved REE purities exceeding 60%.44 This method could also be
applied to selectively precipitate the REEs in our stripping
solution. Thus our suggested process could be combined with
fractional precipitation, ion exchange, and solvent extraction to
produce higher purity REEs. Beyond showing that SCF can
enhance the selective extraction of REEs from CFAs, we believe
© 2023 The Author(s). Published by the Royal Society of Chemistry
that our novel process can perform well in extracting REEs from
other low-grade REEs sources, including nickel-metal hydride
batteries, neodymium magnets, and acid mine drainage.28,33,46

In addition, considering that TBP has strong complexation with
actinides, especially uranium and thorium,43 our extraction
process can potentially be applied to recover actinides from
nuclear products. In addition to REEs, our process may extract
and recover heavy metals from CFA. As shown in Fig. S6A,† the
extraction efficiencies for Cr, Cu, Mn, and Zn are 11.9%, 9.0,
30.9%, and 62.0%, respectively. Further, owing to their rela-
tively weak complexation with TBP, most heavy metals are
collected in the rst and second stripping stages. Moreover, as
shown in Fig. S6B,† the remaining heavy metal concentrations
in stripping stages 4–6 are low (0–0.22 mg L−1). Their concen-
trations are much lower than the REEs' concentrations (11.4–
21.4 mg L−1). Thus, the collected heavy metals had little impacts
on the purity of the REEs collected in stripping stages 4–6.
Conclusions

Herein we show that supercritical uids, i.e., scCO2, scN2, and
scAir, can enhance the selective extraction of REEs directly from
solid coal y ash matrix. Our exploratory study is the rst to
demonstrate the direct application of an SCF, which both
replaces harmful organic solvent and efficiently recovers valu-
able resources from CFA, previously considered a waste mate-
rial or even an environmental threat. Althoughmajor impurities
in CFAs, such as Ca, Fe, Al, and Mg, have several magnitudes
higher concentrations than REEs, SCF-enhanced extraction
allows us to extract REEs with greatly decreased impurity
amounts in the nal products. Beyond scCO2, our work also
shows scN2 and scAir can be applied in the extraction process
for REEs. In addition, based on chemical analysis, we found
that the presence of SCFs can decrease the complexation
between impurities and TBP to enhance the selectivity of REEs.
Aer SCF extraction, we applied multistage stripping process,
which can collect REEs meanwhile further decrease the impu-
rities concentrations. Ultimately, our novel process successfully
obtained nal products contain up to 6.47% REEs purity from
coal y ashes, which are traditionally considered as waste and
contain only 0.0234% of REEs initially.
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