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The global transition into a zero-carbon economy is spurring our demand for critical minerals such as rare earth
elements (REE), yet the underlying supply chain is unable to keep up the pace. While recovering REE from wastes
is a promising solution, improving metal recovery efficiency and the overall economic interest is necessary for
technology development. This study developed a system to effectively concentrate and recover REE and multiple
valuable metals from the aqueous leachate of a representative waste feedstock (municipal solid waste inciner-
ation ash). This modular system consists of four steps. Eutectic freeze crystallization was used as an energy-
efficient pre-treatment step to concentrate extracted metals by a factor of ~7-8, reduce reaction volume by
over 90%, while remarkably enhancing the efficiency of subsequent metal recovery efficiency. Sulfide precipi-
tation, alkaline precipitation, and oxalate precipitation were then performed to sequentially recover 96.0% Cu
and 94.5% Zn, 98.9% Al and 97.0% Fe, and 98.9% REE, respectively, with >98% product purity for each step.
Thermodynamic modeling elucidated the important roles of citrate and resulting metal-citrate complexes in
protecting target metals from prematurely precipitating out. Carefully designed step-wise addition of precipi-
tating agents outcompetes citrate to form insoluble metal precipitates, enabling sequential and selective metal
recovery with high efficiency. Our results highlighted the dual role of citrate as a leaching and protecting agent
in metal recovery and the importance of pre-concentration step in enhancing the overall system efficiency. This

system can be applied to the intensified resource extraction of other feedstocks as well.

1. Introduction

Rare earth elements (REE) are the “essential vitamins” that fuel our
transition from fossil-based energy to a clean energy infrastructure
powered by electricity, wind, and solar energy [1,2]. While global en-
ergy transition is driving the surging demand for REE, there is a strong
consensus that supply chain will soon become the major bottleneck,
posing unprecedented pressures to resource exploration, extraction, and
manufacturing [2,3]. Because of this, REE have been labeled by the U.S.
and European Union as “critical minerals” with high and imminent risk
of supply disruption [4]. For decades, REE production predominantly
relies on conventional mining of natural deposits, which typically in-
volves energy- and pollution-intensive metallurgical techniques [1,2,5].
Following extraction, hundreds of steps of liquid-liquid extraction using
hazardous organic solvents (e.g., kerosene) are repeated to produce
purified REE products [6,7]. The estimated cradle-to-gate life cycle
impacts of producing 1 kg of REE oxide include: carbon footprint of
105-236 kg CO;, eq., acidification of 1.14-1.64 mol H' eq., ecotoxicity
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of 525-2020 kg 2,4-D eq., and smog of 14.8-18.9 kg NOx eq [8]. The
heavy pollution and high remediation costs associated with traditional
mining warrant the search for more sustainable alternative resources
and technologies for REE production [9].

Recycling and recovery of REE from secondary or waste feedstocks
have great potential to strengthen the REE supply chain, close the ma-
terial flow loop, reduce environmental pollution, and valorizes wastes
[10-13]. REE recovery from different waste feedstocks, including elec-
tronic wastes, phosphors, mine tailings, and incineration byproducts,
has been under the spotlight of recent research [12,14-23]. However,
low REE concentration (total REE of <500 mg/kg) and the co-presence
of many interfering metals (e.g., Mg, Al, Ca, Fe) in these wastes raise
technical and economic challenges for REE recycling in real applications
[13,14,24-27]. In practice, less than 1% of used REE in the U.S. is
recycled, most of which come from spent magnets in wind turbines with
a relatively high REE content and purity [24]. The recovered REE
products in most previous studies typically have low REE and/or high
impurity contents, and the other co-extracted metals are not recovered.
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In order to maximize the overall economic benefits, technology devel-
opment for enhanced recovery of REE and other valuable metals is
highly desired. After metal extraction, pre-concentration and volume
reduction of leachate are also necessary for downstream processing
[24]. Eutectic freeze crystallization (EFC) is a novel technique that
separates aqueous solutions into pure ice and crystallized solutes by
freezing at the eutectic point [28]. It is a more energy-efficient method
for water desalination and brine concentration compared to evaporative
crystallization and membrane filtration (e.g., enthalpy of fusion for
water is only 1/7 of its enthalpy of vaporization) [29].

Strong mineral acids (e.g., HCl and H>SO4) have been widely used for
REE extraction, which unfortunately comes with heavy chemical input
and adverse environmental impacts [30-32]. To overcome these limi-
tations, organic ligands with strong metal complexing ability have been
considered as greener alternatives, which can facilitate metal extraction
by forming soluble metal-ligand complexes [33-35]. For example, cit-
rate is a biodegradable organic ligand that can effectively extract REE
from various feedstocks [36,37]. However, the impacts of leaching li-
gands on downstream processing and overall metal recovery have been
largely overlooked because the ligands of traditionally used mineral
acids (e.g., CI") typically have weak complexing ability for metals [34].
For metal recovery processes that involve organic acids, this is especially
important because the efficiency and selectivity of post-leaching sepa-
ration and precipitation processes are largely governed by competitive
metal-ligand interactions [38]. Ideally, the selected organic ligand
should promote metal leaching from feedstocks by forming soluble
metal-ligand complexes. During precipitation, precipitating ligands are
added to outcompete the leaching ligand and form insoluble complexes
with target metals. Therefore, we aimed to identify a suitable set of
leaching/precipitating ligands that can protect target metals from
precipitating in premature steps and allow rapid precipitation at the
designated step, making sequential and selective metal recovery
possible. Developing such a method requires a comprehensive under-
standing of competitive metal-ligand complexation, and a systematic
study in this direction supported by thermodynamic calculation is still
missing.

To address these challenges, this study aimed to (1) employ EFC as an
energy-efficient physical freezing technique to pre-concentrate metals in
the leachate and reduce the leachate volume, (2) develop an effective
treatment method for sequential recovery of REE and other valuable
metals via three chemical precipitation processes, and (3) elucidate the
underlying metal-ligand interactions and impact of citrate on these
precipitation processes using thermodynamic modeling. Building upon
the characterization of REE and other metal speciation in waste feed-
stocks such as coal fly ash [25,39-42] and municipal solid waste
incineration ash (MSWIA) [43], our recent work demonstrated the high
efficiency of citrate-assisted extraction of REE and other metals from
MSWIA [12], coal fly ash [14], and REE-bearing carbonate/phosphate
minerals [44]. This study uses the citrate leachate from MSWIA as a
representative feedstock, and we aimed to maximize the recovery of REE
and four other abundant valuable metals (Al, Fe, Cu, Zn). Achieving
these objectives will allow us to demonstrate a feasible REE recovery
method that integrates physical concentration and chemical precipita-
tion. This intensified recovery method features the selective recovery of
REE and multiple valuable metals, which can potentially address the
major limitation of existing REE recovery techniques. In addition,
elucidating the metal-ligand complexation and dominant metal species
involved in each process can provide mechanistic insights for the ad-
vantages of using organic ligands compared to mineral acids in metal
recovery.

2. Materials and methods
All chemicals used in this study are ACS grade or higher without

further purification. MSWIA sample was obtained from a Waste-to-
Energy facility located in Northwest USA. Details on the chemicals,
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MSWIA sample processing, characterization techniques, and analytical
methods are discussed in Supporting Information Text S1-S5.

2.1. Metal extraction from raw MSWIA sample via citrate leaching

Metals were leached from raw MSWIA using citrate following the
same procedures described in our previous work [12]. The metal
leaching efficiency was calculated using Eq. (1).

CLeachate i VLeachate

Leaching Efficiency(%) = Coom
'Ash ‘Ash

x 100% (€]

where Cpsp and Creqchare (mg/kg) are the metal concentrations in raw
MSWIA sample and citrate leachate, respectively; Vieqchate (ML) is the
leachate volume; mug, (g) is the mass of MSWIA.

The normalized leaching rates of target metals from raw MSWIA
were calculated following the method in our previous work and using
the average Brunauer-Emmett-Teller (BET) surface area of MSWIA re-
ported in literatures [35,45].

2.2. Pre-concentration via eutectic freeze crystallization (EFC)

EFC was first performed on a simulated solution containing 10
mmol/L CaCl, and 10 pmol/L YCl;3 in a fridge (freezing temperature:
-20 °C). Every 30 min, samples were collected to measure metal con-
centrations, and the solution pH, temperature, and volume of solid
phase were determined. Based on preliminary results, EFC was then
performed on the leachate at a freezing temperature of -20 °C and an
optimal reaction time of 450 min. The filtrate (noted as EFC concentrate)
was collected via vacuum filtration, and metal concentrations were
determined using ICP-MS. The fraction of metals retained in the aqueous
phase after EFC is calculated via Eq. (2). The concentration factor is
calculated via Eq. (3).

C Vi
Fraction retained(%) = __ bErc ® VErG x 100% 2)
CLeachate L4 VLeachate
. C
Concentration Factor = —2C 3)

Leachate

where Cgrc (mg/kg) is the metal concentrations in EFC concentrate;
Vgrc (L) is the volume of EFC concentrate.

2.3. Sequential metal separation via chemical precipitation

In order to selectively precipitate target metals, three chemical
precipitation processes were sequentially performed as described below:
Cu and Zn via sulfide precipitation, Al and Fe via alkaline precipitation,
and REE via oxalate precipitation. A schematic overview of the overall
system is presented in Scheme 1. Dosages of sulfide and oxalate were
pre-determined based on the total amount of target metals in feedstocks
and reaction stoichiometry. To examine the effect of EFC pre-
concentration, the same mass of sulfide and oxalate was added to the
EFC concentrate and original leachate without EFC.

(1) Sulfide precipitation for Cu and Zn recovery. 15 mg of sodium
sulfide was added to the solutions under stirring and reacted for
30 min. The mixture was filtered via vacuum filtration (pore size
0.2 um), and the filtrate was collected (noted as sulfide filtrate).
The solid product (noted as sulfide product) was dried in an oven
at 60 °C overnight and then characterized using X-ray diffraction
(XRD) and scanning electron microscopy energy dispersive
spectroscopy (SEM-EDX).

(2) Alkaline precipitation for Al and Fe recovery. The solution pH of
sulfide filtrate was titrated to 9.0 &+ 0.1 using 5.0 mol/L NaOH
solution, and the mixture was stirred for 60 min. The increase in
solution volume (<1%) was considered when calculating metal
concentrations. The solid product (noted as alkaline product) and
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Scheme 1. Schematic overview of intensified and sequential metal recovery process in this study (CO, mineralization highlighted in dashed lines is not included in

this study).

filtrate (noted as alkaline filtrate) were collected and character-
ized following the same procedures.

(3) Oxalate precipitation for REE recovery. 10 mg of sodium oxalate
was added to the alkaline filtrate under stirring and reacted for
20 min. The solid product (noted as oxalate product) and filtrate
(noted as oxalate filtrate) were collected and characterized
following the same procedures.

The precipitation efficiency of target metals during each step, their
concentrations (mg/kg) in the solid products, enrichment factors
compared to raw MSWIA, and overall recovery rate were calculated
using Eqgs. (4)-(7).

Precipii . . . 0 o CPre—reacrion — CFiltmte 0
ecipitation Efficiency(%) = ————  — x 100% “4)

CPre —reaction

Me tal concentra ﬁOI‘l _ (CPre—reaction - CFiltmte).VFiltrate (5)
Mproduct
. Cproduct
Enrichment Factor = ——— 6)
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where Cpre-reaction and Crirare (mg/kg) are the metal concentrations in
the solution before and after precipitation, respectively; VFiyrqee (L) is the
volume of filtrate; mproduc: (mg) is the dry mass of solid product; Cproduct
(mg/kg) is the metal concentration in solid product calculated by Eq.
(5).

2.4. Thermodynamic modeling

The thermodynamics of interactions between target metals and
different ligands, including major species of metal-ligand complexations
and corresponding saturation index (SI) in each precipitation process
were calculated using the software PHREEQC version 3. Input of solu-
tion chemistry was based on experimental measurements and was
summarized in Table S1. The minteq.v4.dat database with additional
stability constants (logp) of metal-ligand complexes introduced from the
NIST Standard Reference Database (SRD) 46 (critically selected stability
constants of metal complexes) and literatures was used for modeling
[34,46-61]. Values of logp reported at ionic strength (I) > 0 were

corrected to logﬁo (at I = 0) as described in Text S6. The calculated and
other relevant logp® obtained from literatures were summarized in
Table S2. Since MSWIA is typically produced by incineration of
municipal solid waste at high temperature (~900-1100°C) under
oxygenated environment [62], we assumed a negligible presence of low-
valent metals (e.g., Cu™, Fe?™) in MSWIA.

3. Results and discussion
3.1. Metal extraction from MSWIA via citrate leaching

Details on the reaction procedure, characterization, and citrate
leaching of MSWIA can be found in our previous study [12]. Major
crystalline phases in MSWIA included calcium-, aluminum-, and
magnesium-bearing carbonates and silicates. Microwave digestion of
the MSWIA sample using aqua regia led to a quasi-complete matrix
decomposition, with the only solid residue being a trace amount of
transparent silicates. Since our previous study using synchrotron X-ray
absorption spectroscopy (XAS) and microscopy elucidated that REE in
MSWIA were primarily associated with phosphate minerals (e.g., xen-
otime) and iron oxides (e.g., hematite) [43], complete REE extraction
from microwave digestion was assumed. The MSWIA sample contained
391 mg/kg of total REE, with particularly high Pr and Nd concentrations
that was likely originated from electronic wastes. It also contained
abundant non-REE, especially Mg, Al, Si, Ca, Fe, Cu, and Zn (Table S3).
The metal leaching efficiency from MSWIA by citrate widely ranged
from 20 to 98% (Eq. (1), which depends on the physical distribution and
chemical speciation of these metals. Based on the metal concentrations
in leachate (Table S3), we selected Al, Fe, Cu, Zn, and seven REE (Y, La,
Ce, Pr, Nd, Gd, Dy) as our target metals for sequential recovery.

3.2. Metal pre-concentration via EFC

Prior to metal precipitation, EFC was employed to pre-concentrate
metals in leachate. Note that determining the eutectic point of the
leachate was not a focus of this study. In a preliminary test, EFC was
performed on a 200 mL simulated solution containing 10 mmol/L CaCly
and 10 umol/L YCl3 at a freezing temperature of -20 °C. The solution
temperature was decreased to around -4 °C within 540 min (Fig. S1a).
Crystallized solid phase started to form at 0 °C and steadily grew, and
the total volume of solid phase eventually reached ~212 cm? at 540 min
with only ~21 mL of solution remained. The solution pH remained
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relatively stable at 4.1-4.5 (Fig. S1b). Before 450 min, Ca?" and Y>*
were well-retained in the aqueous phase (Fig. S1). After 450 min,
however, the retained fractions of Ca®* and Y>* rapidly declined, indi-
cating that the temperature was below the eutectic point and solutes
were crystallized (Fig. S2). The similar profiles of Ca®" and Y3* sug-
gested the indiscriminative concentration of solutes by EFC. Based on
the preliminary results shown in Fig. 1, 450 min was the optimal
freezing time, at which near 90% of Ca?t and Y3* were retained in the
aqueous phase (Eq. (2), and their concentrations increased to more than
seven-folded (Eq. (3). Note that since many organic compounds such as
citric acid do not form a well-defined eutectic system like inorganic salts
do, they tend to remain dissolved in water and become concentrated
instead of crystallizing as solid phases.

EFC was then conducted on the real citrate leachate of MSWIA under
the optimal conditions, and the corresponding characteristics of target
metals in EFC concentrate were summarized in Table S4. Overall, the
concentration profiles were similar to the simulated solution, with
~88-94% of target metals retained and a concentration factor of
~6.7-8.3. After EFC, the solution volume was reduced from 200 mL to
~20 mL, and the final pH was 4.1 + 0.2. To determine the effect of pre-
concentration, the EFC concentrate and the original leachate without
EFC were both used as feedstocks for subsequent metal precipitation
processes.

3.3. Recovery of Cu and Zn via sulfide precipitation

Sulfide precipitation is widely applied in hydrometallurgical treat-
ment of ore leachates owing to the low solubility of certain metal sul-
fides, potential for selective removal, fast kinetics, and good settling
properties [63]. Using sulfide could preferentially precipitate Cu?* and
Zn?" from the leachate considering the particularly low solubility
product constants (Kp) of their sulfide products (7.9 x 10" for CuS and
2.0 x 102 for ZnS at 25 °C) compared to other metal ions in the
leachate [34]. Thermodynamic modeling using PHREEQC was first
performed to predict the metal-ligand interactions after sulfide is added,
with measured solution chemistry of leachate and EFC concentrate as
the input (Table S1). The results suggested complete complexation and
precipitation of cu?* with sulfide to form Cu(HS)3 for both leachate
(without EFC) and EFC concentrate (with EFC) with a positive SI of 8.32
(Fig. 2a-b, Table 1). On the other hand, 77.5% of Zn?* in leachate forms
soluble citrate complex Zn(Cg¢H;0,)% due to the strong complexing
ability between citrate and Zn?* (Table $2), and only 15.8% complexes
as Zn(HS)3. Surprisingly, however, 95.6% of Zn?" in EFC concentrate
precipitates as Zn(HS)g (SI = 5.59), with only ~4% exists as free Zn?t,
The notably enhanced Zn precipitation in EFC concentrate can be
attributed to the increased concentrations of Zn?>* and sulfide compared
to leachate, which strongly favor complexation. In addition, complex-
ation between other metals and sulfide was predicted to be negligible,
and they predominantly complex with citrate. For example, ~99% of
Fe3* forms Fe(C¢HgO7)", whereas REE form both REE(C¢HgO7)" and
REE(C6H507)0 (Table 1). Mg2+ and Ca’t were two exceptions that
mainly exist as free cations, possibly due to the low logp® of their citrate
complexes (Table S2).

In order to confirm the modeling results, batch experiments of sulfide
precipitation were performed on leachate and EFC concentrate. The
reaction time of 30 min was selected based on a preliminary kinetic
experiment to achieve steady state (Fig. S3). Black precipitates formed
immediately after sulfide was added to the solutions. Based on XRD
analysis, the sulfide product of EFC concentrate consisted of 67.5%
sphalerite (ZnS) and 32.5% covellite (CuS) (Fig. S4, Table S5). The SEM
image showed the growth of irregularly-shaped particles on bigger ag-
gregates (Fig. 3a, Fig. S5). The average particle size of individual sulfide
particle was around 10-30 nm, and the size of aggregates typically
ranged from 10-20 pm. In addition, emissions of Cu L, (0.93 keV), K,
(8.04 keV), and K3 (8.91 keV) edges, Zn L (1.01 keV), K, (8.63 keV), and
Kp (9.57 keV), and S K, (2.31 keV) and Ky (2.46 keV) edges were
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observed by EDX analysis (Fig. 3b).

The precipitation efficiencies of Cu?>t and Zn?' in leachate were
88.2% and 9.69%, respectively (Eq. (4) (Fig. 2¢), with the majority of
Zn?" remained in solution, whereas for EFC concentrate, 96.0% of Cu®*
and 90.9% of Zn?" precipitated as sulfides (Fig. 2d). Precipitation of
other metals were negligible. Weight percentages of Cu and Zn in sulfide
product of EFC concentrate reached 16.6% and 40.2% (Eq. (5),
respectively, with only 1.9% of metal impurity (mostly Ca and Fe) and
the remaining fraction likely as S (Table S6). Pre-concentration by EFC
increased the enrichment factor of Cu from 22.4 to 29.4 and Zn from
2.93 to 35.4 (Eq. (6), Fig. 4a). The Cu and Zn concentrations in sulfide
product with pre-concentration were around 30 times higher than raw
MSWIA. Furthermore, the overall recovery rates of 96.0% for Cu and
94.5% for Zn (Eq. (7) illustrated that Cu and Zn in the MSWIA sample
were almost completely recovered by sulfide precipitation with a high
product purity (Fig. 4b). In comparison, Cu and Zn only accounted for
12.6% and 3.33% of product mass for leachate, respectively, and the
metal impurity was 5.28%. Only 9.68% of Zn in MSWIA was recovered.
The experimental results agreed well with thermodynamic modeling,
confirming the high selectivity of sulfide precipitation towards Cu*" and
Zn?" and enhancive effect of pre-concentration.

To monitor the effect of pH on each metal precipitation process, the
changes in major metal speciation at different solution pH were pre-
dicted by PHREEQC and presented in Table S7-S9. During sulfide
precipitation, the precipitation efficiency of Cu is largely unaffected
from pH 2-8, while that of Zn is slightly reduced as pH decreases to 2
(Table S7). Hydroxide starts to outcompete citrate for Al and Fe above
neutral pH and forms insoluble Al- and Fe-hydroxides at pH 8. Other
metals such as Mg, Ca, and REE remain soluble, either as free cations or
citrate complexes. Overall, a moderately acidic condition (pH 4-6) is
suitable for selective precipitation of Cu and Zn.

3.4. Recovery of Al and Fe via alkaline precipitation

The solubility of many metal species is pH-dependent, and they can
precipitate as hydroxides under alkaline conditions, including Al**,
Fe3+, Cu2+, and Zn%** (Table S2). Now that Cu®" and Zn?t have been
mostly recovered in EFC concentrate, the second precipitation process
was designed to precipitate AI*" and Fe*' by increasing solution pH.
PHREEQC modeling predicted that at pH 9, ~76% of AP* and ~49% of
Fe3* in leachate without EFC would precipitate as hydroxides, while the
remaining fractions mostly form citrate complexes (Fig. 5a). Note that
the majority of Zn?* still remained in leachate, which would likely
precipitate as ZnS as pH rises. On the other hand, for EFC concentrate,
99.8% of AI** would precipitate as A(OH)J (SI = 8.73), and 90.8% of
Fe®™ would precipitate as Fe(OH)g (SI = 6.55) (Table 1). The
complexation between Al**/Fe3" and hydroxide anions is promoted by
the higher metal concentrations in EFC concentrate. At pH 9.0, citrate is
fully deprotonated as C6H509' (pKas = 6.4) [36], which forms stronger
complexes with many metals than CeHgO% (Table S2). Hence, ~80 % of
REE form citrate complexes at pH 4 [mostly as REE(CgHgO7) "1, whereas
at pH 9, REE completely complex with citrate as REE(CHs0,)3 and
REE(CeH50-,)° (Fig. 2b vs. Fig. 5b).

After alkaline precipitation experiment (reaction time of 60 min
according to Fig. S6), yellow precipitates were collected from EFC
concentrate, which were identified by XRD analysis as 85.7% of
natroalunite [NaAl3(SO4)2(OH)s] and 14.3% of jahnsite [NaMgoFes(-
PO4)4(OH)5(H20)g] (Fig. S7, Table S5). SEM images revealed two types
of major morphologies: round-edged particles and cubic particles
(Fig. 3¢, Fig. S8). The round-edged particles showed an average size of
~200 nm to 1 pm, whereas the cubic particles were around 600 nm in
length. EDX spectra collected on both types of particles indicated similar
elemental compositions (Fig. 3d, Fig. S9). Emission of Al K, (1.49 keV),
Fe Ly (0.71 keV), K, (6.40 keV), and K;; (7.06 keV) edges were observed.

For leachate without EFC, the measured precipitation efficiencies of
AP, Fe3*, and Zn?" were 71.9%, 45.6%, and 90.6%, respectively
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Fig. 1. The concentration factor and retained fraction of (a) Ca®" and (b) Y®* in the aqueous phase of a simulated solution during EFC (Freezing temperature:
—20 °GC; freezing time: 540 min; initial composition of simulated solution: 10 mmol/L CaCl, and 10 umol/L YCls. Dashed lines indicated optimal freezing time at
450 min).
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Fig. 2. (a-b) Thermodynamic calculations of metal speciation and (c-d) experimental results of metal precipitation efficiency during sulfide precipitation in leachate
(without EFC) and EFC concentrate (with EFC). Reaction conditions: sulfide dosage = 15 mg; pH = 4.1 + 0.2; reaction time = 30 min; temperature = 23 °C; pe = 4.

Table 1
Major metal species in EFC concentrate during each stage as predicted by PHREEQC using logp® in Table S2.
Element EFC Concentrate (pH 4) Sulfide Precipitation (pH 4) Alkaline Precipitation (pH 9) Oxalate Precipitation (pH 9)
Major species SI Major species SI Major species SI Major species SI
Mg 99.3% Mg?" 99.2% Mg+ 51.6% Mg 54.6% Mg(CeHs07)"
0.35% Mg(CsH,0,)™ 0.57% Mg(CsHe07)° 48.2% Mg(CsHs507) 41.6% Mg>*
Al 97.5% Al(CeHeO7) " 95.6% Al(CgHgO7)™ 99.8% AI(OH)3 8.73
2.46% A+ 3.91% AI3* 0.19% Al(CgHs0,)°
Ca 99.0% Ca** 99.0% Ca* 52.7% Ca®* 64.6% Ca(CsHs07)
0.69% CaSO§ -1.28 0.72% Ca(CsHe0-)° 47.0% Ca(CeHs07) 29.2% Ca*"
5.38% Ca(C04)° 4.24
Fe 92.6% Fe(CeHs07) " 98.6% Fe(CgHeO7)™ 90.8% Fe(OH)3 6.55
6.47% Fe>* 1.03% Fe®’ 6.37% Fe(CsHs0,)°
Cu 83.1% Cu(CeH,07)" 100% Cu(HS)3 8.32
16.7% Cu?*
Zn 94.2% Zn(CeH,0,)* 95.6% Zn(HS)3 5.59
5.82% Zn*" 4.09% Zn>"
Y 79.2% Y(CgHgO,) " 81.0% Y(CeHeO7)"™ 98.8% Y(CeHs07)° 99.6% Y2(C204)3 0.41
19.9% Y3+ 18.1% Y** 0.33% Y(CeHs0,)°
La 68.5% La(CeHgs0,) " 70.9% La(CeHgO7) " 63.4% La(CsHs07)3" 98.6% Lay(C204)3 0.56
31.5% La®" 27.5% La®* 36.2% La(CeHs05)° 1.44% La(CeHs07)3"
Ce 79.0% Ce(CeHgO) " 66.5% Ce(CeHgO7)™ 68.3% Ce(CeHs07)3" 99.2% Cex(C204)3 0.63
19.8% Ce>* 18.0% Ce®" 31.3% Ce(CeHs07)° 0.77% Ce(CeHs507)3"
0.87% Ce(SO4)* 14.4% Ce(CeHs0,)°
Pr 81.9% Pr(GgHsO7)" 83.6% Pr(C¢HgO7)" 99.5% Pr(CeHs0,)° 98.9% Pr,(C04)3 1.51
17.1% pr’* 15.5% Pr’* 1.08% Pr(CeHs0,)°
Nd 82.2% Nd(CsHe07)™ 62.1% Nd(CsHeO7)* 51.2% Nd(CsHs0,)3" 98.6% Nd3(C204)3 2.80
16.8% Nd>* 21.8% Nd(CgHs07)° 48.2% Nd(CgHs07)° 1.33% Nd(CgH50,)3"
15.2% Nd>*
Gd 67.8% Gd(CgHgO7)" 52.1% Gd(CsHeO7) ™ 56.7% Gd(CeHs507)3~ 99.3% Gda(C204)3 0.33
29.4% Gd>* 27.3% Gd(CgHs0,)° 42.3% Gd(CgH50,)° 0.65% Gd(CgHs07)3"
2.63% Gd(C¢Hs07)° 19.4% Gd>*
Dy 75.8% Dy(CsHgO7) " 54.5% Dy(CeHgO7)" 61.4% Dy(CgHs0,)3" 99.4% Dy2(C204)3 0.72

12.9% Dy(CsHs0,)°
11.1% Dy>*

23.4% Dy(CeHs07)°
20.9% Dy>*

36.6% Dy(CeHs0,)°

0.61% Dy(CeHs07)3~
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Fig. 3. SEM images and EDX spectra of solid products from: (a-b) sulfide precipitation, (c-d) alkaline precipitation, and (g-h) oxalate precipitation. Insets in SEM
images are zoomed-in view. Black crosses denote selected points for EDX analyses. Insets in EDX spectra are pictures of solid products.

(Fig. 5¢). The wt% of Al and Fe in the alkaline product were 25.0% and
12.3%, respectively, with an enrichment factor of ~3 (Table S6). Co-
precipitation of ZnS led a higher metal impurity, and only 71.2 % of
Al and 46.5 % of Fe in MSWIA were recovered (Fig. 4b). In contrast,
precipitation of AI** (99.0%) and Fe3* (97.1%) was highly effective for
EFC concentrate (Fig. 5d). Al and Fe constituted 40.8% and 33.5% of
product, respectively, with only ~1.5% of metal impurity (Table S6).
The overall recovery rates of Al and Fe reached 98.9% and 97.0%, and
corresponding enrichment factors were 5.71 and 9.07, respectively
(Fig. 4). The experimental results of both solutions matched well with
thermodynamic modeling. The effective removal of Cu?* and Zn*" from
EFC concentrate via sulfide precipitation contributed to a higher Al and
Fe purity in alkaline product.

As shown in Table S8, the precipitation efficiency of Al and Fe
reaches the maximum at pH 9 and starts to drop as pH further increases
due to the formation of soluble hydroxide complexes such as AI(OH)y
and Fe(OH)3. On the other hand, complexations between REE and hy-
droxide and carbonate become dominant as pH reaches 11, and REE
start to precipitate as hydroxides. This indicates that pH 9 is optimal for
the selective precipitation of Al and Fe.

3.5. Recovery of REE via oxalate precipitation

It has been inferred that co-precipitation of REE with Ca-oxalate (Kgp

= 1.7 x 10° at 25 °C) via substitution is thermodynamically and
kinetically favorable because of the similar ionic radii of Ca®t (1.12 ./?\)
and REE® (~0.99 to 1.16 A) with an 8-fold coordination, high reaction
equilibrium constant, and fast kinetics, and thus it is particularly suit-
able for REE recovery from Ca-rich feedstocks [12,14,64-66]. In this
study, oxalate precipitation was designed as the last step to selectively
recover REE. Since oxalate can form insoluble complexes with many
metals including Al, Fe, Cu, and Zn (Table S2) [67], the prior two
precipitation processes were performed to remove these metals first and
to minimize the impurity in oxalate product. Based on thermodynamic
modeling, ~70% of REE in leachate without EFC would co-precipitate
with Ca-oxalate, and the remaining 30% complex with citrate
(Fig. 6a). The Fe>" that was not removed by alkaline precipitation would
form insoluble Fez(C204)g (SI = 0.87). For EFC concentrate, however,
~100% of REE complex with oxalate to form insoluble REEZ(C204)8,
with a positive SI of 0.33-2.80 (Fig. 6b, Table 1). REE-oxalate complexes
have high logp° ranging from 5.9 to 6.8 for monodentate and 10.5-11.4
for bidentate complexes (Table $2). Around 5% of Ca?* was predicted to
precipitate as Ca(C2204)0 (SI = 4.24), which would be enough to co-
precipitate REE considering the significantly higher Ca®" concentra-
tion compared to REE (Table 1). In addition, 64.6% of Ca?* forms Ca
(CeH507)", while the remaining 29.2 % exists as free Ca2*.

Preliminary results indicated that REE rapidly precipitated as white
precipitates within 20 min (Fig. S10). The XRD pattern suggested that
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Fig. 4. (a) Enrichment factors of target metals in the precipitation products compared to raw MSWIA; (b) overall recovery.

oxalate product of EFC concentrate contained predominantly (>99%)
weddellite [Ca(C204)22H20] (Fig. S11, Table S5). The weddellite
particles appeared as near-rhombic shaped, though most of the particles
did not have well-defined shapes or edges, probably due to incomplete
nucleation and crystal growth within a short reaction time (Fig. 3e). The
average size of rhombic-shaped individual weddellite particle was
around 200-500 nm. The strong emission peaks of Ca K, (3.69 keV) and
Kj (4.01 keV) edges can be clearly observed from the EDX spectra, as
well as the L, (5.23 keV), Lg; (5.72 keV), and Lgz (6.09 keV) edges of Nd,
the most concentrated REE (Fig. 3f).

The metal precipitation efficiencies followed a consistent pattern
with the modeling results. Without EFC, 83.6% of Fe3* and 68.2% of

total REE in leachate precipitated (Fig. 6¢). The weight percentage of
total REE in oxalate product was 1.64% (Table S6). Ca-oxalate
accounted for 84.2% of product mass, and co-precipitation of Fe3*
was responsible for a 12.3% of metal impurity. Around 67% of total REE
was recovered from MSWIA, with an enrichment factor of ~40. For EFC
concentrate, however, precipitation efficiencies of all seven REE were
notably increased to >99%, along with ~3% precipitation of Ca?*
(Fig. 6d). The oxalate product contained 4.33 wt% of total REE and 94.5
wt% of Ca-oxalate, with only 1.26 wt% of metal impurity (Table S6).
The wt% of Nd as the most concentrated REE in the oxalate product
reached ~2.6%. About 99% of total REE from MSWIA was recovered,
and significantly, the total REE concentration in oxalate product
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= 9.0 + 0.1; reaction time = 60 min; temperature = 23 °C; pe = 4.

(43,255 mg/kg) was ~110 times higher than raw MSWIA (390 mg/kg)
and more than double of the oxalate product from leachate without EFC
(16,407 mg/kg) (Fig. 4). The oxalate product of EFC concentrate con-
tained almost purely of REE and Ca-oxalate, which can be either dis-
solved in acids or calcined to product REE/Ca-oxides. REE and Ca can be
easily separated (e.g., ion exchange, solvent extraction), and oxalate can
be recycled to reduce costs.

As pH increases from 8 to 11, the precipitation efficiencies of of REE
remain unaffected because they are already near complete (Table S9).
However, precipitation of Ca as oxalate steadily increases, and ~30% of
Mg precipitates as oxalate at pH 11. Hence, pH 8 allows effectively re-
covery of REE while minimizing the amount of Ca and Mg as impurities
in the oxalate product.

3.6. Impacts of organic acids vs. mineral acids on metal precipitation

For comparison, the leaching efficiency and normalized leaching rate
of target metals from MSWIA by 50 mmol/L of citric acid and hydro-
chloric acid were summarized in Table S10, respectively. With a rela-
tively low acid concentration, hydrochloric acid showed a lower
leaching efficiency and normalized leaching rate for target metals from
MSWIA compared to citric acid, especially for Al, Ca, Zn, and several
REE (e.g., Y, La, Pr). This is likely because metal leaching by inorganic
acids mainly relies on a proton-assisted mechanism that requires an
extremely acidic condition, while organic acids can dissolve metals via a
ligand-assisted mechanism by forming soluble metal-ligand complexes
[33,68]. We also point out that the metal leaching efficiency of inorganic

and organic acids can vary depending on many factors (e.g., mineralogy
of feedstocks, chemical speciation of metals) [69-72]. More efforts are
needed to comprehensively compare the efficiency of inorganic acids vs.
organic acids in metal leaching.

The presence of leaching ligands in leachate could still interact with
metal cations and compete with precipitating ligands, yet their potential
impacts on subsequent metal precipitation processes have been largely
overlooked. As is shown in Table 1, metals in EFC concentrate are pre-
dominantly complexed with citrate (except Mg and Ca), including
83.1% Cu as Cu(CgH707)" and 94.2% Zn as Zn(CgH70,) . During sulfide
precipitation, sulfide outcompetes citrate for Cu and Zn and forms
insoluble sulfide complexes due to higher logp [e.g., 17.3 for Cu(HS)3
vs. 13.2 for Cu(CgH70,)", Table S2], whereas other metals mostly
remain as citrate complexes. Similarly, as pH increases during alkaline
precipitation, formation of insoluble Al(OH)g and Fe(OH)g becomes
thermodynamically more favorable than Al(CgH50,)° and Fe(CsH507)°.
The strong complexing ability of citrate with REE [logp° of 9.4-10.4 for
REE(CgHs07)° and REE(CgHs0,)37] prevents them from complexing
with sulfide and hydroxide (logp° of ~3.8-8.2) until they form stronger
oxalate complexes [logB0 0of 10.7-12.9 for REEZ(C204)(3)] in the last step.
Our results revealed that presence of citrate serves as a protecting ligand
for certain metals and played a key role in sequential metal recovery in
this method.

In comparison, thermodynamic modeling was also performed to
examine the metal-ligand interaction during precipitation processes
under the same condition (assuming similar solution chemistry as the
citrate EFC concentrate) using HCl or HySOy4 as the leaching agent, both
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Fig. 6. (a-b) Thermodynamic calculations of metal speciation and (c-d) experimental results of metal precipitation efficiency during oxalate precipitation in leachate
(without EFC) and EFC concentrate (with EFC). Metals that were mostly removed during sulfide precipitation were not shown here. Unshaded and shaded columns
indicated soluble and insoluble phases, respectively; oxalate dosage = 10 mg; pH = 9.0 £ 0.1; reaction time: 20 min; temperature = 23 °C; pe = 4.

of which are commonly used in hydrometallurgy but have weaker metal
complexing ability than citrate (Table S2). With HCl, near-complete
precipitation of Cu>" and Zn?* can be achieved during sulfide precipi-
tation (Fig. S12a). However, other target metals are predominantly
present as free cations owing to the weak complexing ability of CI” (logp®
of -0.89-2.13, Table S2). Consequently, hydroxide and carbonate
dominate REE complexation (logp° of 2.32-12.9) as pH increases to 9
during alkaline precipitation, resulting in undesired co-precipitation of
REE-hydroxides/carbonates mixed with Al-hydroxide and Fe-
hydroxide/sulfide (Fig. S12b). Similar results are predicted for HoSO4,
except for the lower REE precipitation rates during alkaline precipita-
tion (Fig. S12c-d). This is likely due to the slightly stronger complexing
ability of SO3 (logp® of 3.48-5.20), which protects REE more effectively
than CI. In addition, phosphate is another inorganic ligand present in
the leachate that could form insoluble complexes with many metals such
as Ca, Fe, and Zn. However, formation of metal-phosphate complexes is
thermodynamically less favorable than that of other metal-ligand
complexes involved in each precipitation process (e.g., Cu-/Zn-sulfide,
Al-/Fe-hydroxide, REE-oxalate) (Table S2). Our modeling results
showed that the influence of phosphate on selective metal precipitation
in this system is negligible.

From an economic perspective, the unit price of citric acid on the
global market (~$600-900 per metric ton) is higher than those of other
mineral acids such as HCl, H,SO4, and HNO3 (~$100-300 per metric
ton) that are commonly used in conventional hydrometallurgy. How-
ever, a much lower chemical input is required for citric acid (50 mmol/L
in this study) to achieve a similar leaching efficiency with mineral acids

10

(typically ~1-5 mol/L) owing to its strong metal-complexing abilities
[73,74]. Further efforts are needed to evaluate the technoeconomic
feasibility and life-cycle-impacts of using organic acids in REE recovery
as compared to mineral acids.

3.7. Utilization and post-treatment of byproducts

In addition to the recovered metal products, this treatment method
also produces three byproducts: MSWIA residue, EFC-crystallized water,
and oxalate filtrate (Scheme 1). The MSWIA residue was still rich in Na,
Mg, Al, Si, and Ca (Table S11), and can be used to synthesize zeolite,
which can immobilize heavy metals in MSWIA and serve as a less-
hazardous alternative for waste storage/disposal [12]. The EFC-
crystallized water was relatively “clean” and thus can be either dis-
charged as wastewater or reused after simple treatments (Table S11).
The few metals with notable concentrations (~1-50 mg/kg) in the
crystallized water can be easily removed by conventional water treat-
ment processes. For example, Mg?" and Ca?* can be removed by soft-
ening processes (e.g., ion exchange, lime-soda precipitation), whereas
AR, Fe*t, cu®*, and Zn®" can be removed via coagulation and
flocculation.

Since the oxalate filtrate contained particularly high concentrations
of Mg2+ and Ca®' (Table S11), it can be considered as a potential
feedstock for CO5 mineralization similarly to desalination brines [75].
Mg?* and Ca®" can react with bicarbonate/carbonate speciated from
dissolved CO5 to produce insoluble carbonate minerals with a reaction
rate constant of >10° M~1-s~1 [76]. Based on reaction stoichiometry and
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assuming a 90% extent of reaction, oxalate filtrate produced from 1 g of
MSWIA can sequester 0.27 g of COq, and thus a total of ~2.1 million tons
of CO, can be sequestered if all 8 million tons of annually produced
MSWIA in the U.S. is recycled using this method, which requires further
studies to confirm [77].

4. Environmental implications

In this study, we demonstrated intensified and sequential recovery of
REE and four other valuable metals (Al, Fe, Cu, Zn) from leachate of an
incineration byproduct using combined physical concentration and
sequential chemical precipitation processes. This modular process is
expected to be applicable not only to MSWIA, but also other feedstocks
containing these target metals (e.g., coal ash, mine tailings, electronic
wastes). The effectiveness and feasibility of this process were substan-
tiated by experimental data and thermodynamic modeling results. EFC
as an example of pre-concentration method effectively enriched target
metals in the leachate by ~7-8 times and remarkably improved the
precipitation efficiency, product purity, and overall recovery rate of
target metals. With EFC, 96.0% of Cu, 94.5% of Zn, 98.9% of Al, 97.0%
of Fe, and 98.9% of total REE were selectively recovered by the three
precipitation processes, with >98 % overall product purity. Compared
to raw MSWIA, this recovery system enriched Cu and Zn by ~30 times,
Al and Fe by ~6-9 times, and total REE by ~110 times in the purified
products. The mineralogy, morphology, and elemental composition of
these solid products were characterized and confirmed by XRD, SEM,
and EDS. A ten-fold reduction in leachate volume by EFC is also favor-
able for downstream processing. According to thermodynamic
modeling, the enhancive effect of pre-concentration can be mainly
ascribed to the enhanced metal-ligand complexation between target
metals and precipitating ligands at a higher solute concentration. Note
that this work exemplified the feasibility of EFC in metal pre-
concentration and selective recovery. However, the freezing tempera-
ture and freezing time of this process can be further optimized to
improve the overall processing efficiency, which requires additional
investigation. The energy consumption of EFC can be further reduced or
even completely offset if climate-driven refrigeration can be utilized
[29]. Continuously stirred reactors or continuously flowing pipelines
can be installed in cold regions to allow spontaneous crystallization of
water and constant mobilization and removal of floating ice phase. Note
that pre-concentration can also be achieved using other techniques (e.g.,
forward osmosis membrane) [78], but corresponding energy consump-
tion and effectiveness need to be evaluated.

Although organic acids have been studied as greener alternatives to
mineral acids in hydrometallurgical processes owing to the ligand-
promoted dissolution mechanism, previous studies considered them
solely as leaching agents [79-81]. Comparisons between organic and
mineral acids have been mainly focused on their metal leaching effi-
ciency [82,83], but their influence on subsequent metal separation
processes (especially chemical precipitation) has been overlooked. Our
results showed that presence of citrate in leachate strongly governs
metal-ligand complexation during metal precipitation processes and
their selectivity/efficiency. Mineral acids with weak metal complexing
ability tend to have minor impacts on metal-ligand interactions and thus
are not ideal for selective metal recovery via chemical precipitation,
whereas organic ligands with strong metal complexing ability can pre-
vent premature precipitation of target metals and allow effective pre-
cipitation at the designated step. A suitable organic ligand can serve as
both a leaching agent for metal extraction as well as protecting agent
during metal precipitation, which is crucial for selective metal recovery.
This study exemplifies the feasibility of an organic ligand-based treat-
ment method for sequential recovery of multiple critical metals. To date,
the performance of mineral and organic acids in hydrometallurgy is still
controversial, and our results suggested that future evaluation needs to
consider the influence of these ligands on the overall metal recovery
process instead of solely on metal extraction.
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