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SUMMARY

Municipal solid waste incineration (MSWI) plays a critical role in our waste and energy ecosystemby reducing
waste volume and generating electricity. However, the economic viability ofMSW incinerators is at risk due to
declining electricity prices.Meanwhile, MSWI ash represents an untapped resource for valuable compounds,
with an embodied value of $100–$400/tonne, contrasted with incurred landfilling expenses (�$50/tonne).
Here, we propose an integrated process utilizing MSWI electricity to power electrochemical and chemical
processes for mining MSWI ash. We demonstrate a sequential process of leaching, electrowinning, and
hydroxide precipitation, utilizing electrolytically produced reagents, to recover elements from the ash with
purified silica as a co-product. We demonstrate >90% recovery of target elements, with purities >90% for
most elements. Additionally, our technoeconomic analyses suggest that the net economic returns are double
those of current MSWI practices based on the sale of electricity. The proposed process can be extended to
waste streams beyond MSWI ash.

INTRODUCTION

The disposal of municipal solid waste (MSW) is a growing envi-

ronmental and societal concern that is increasingly aggravated

by global urbanization. In the United States, over 150 million

tonnes of MSW (50%) are added to landfills annually,1 releasing

an estimated 103 million tonnes of CO2 equivalent in 2021 from

the decomposition of organic MSW into methane.2,3 This repre-

sents the third largest (14.3%) source of anthropogenic methane

emissions in the United States. Although the majority of MSW in

the United States goes directly into landfills, 13% of MSW is

incinerated at waste-to-energy (WTE) facilities, producing 14

billion kWh of electricity (past decade average) and 6.6 million

tonnes of ash in the United States (in 2020) and reducing the cor-

responding domestic landfill volume by 95%–85% and mass by

85%–75%.4–7

Because WTE facilities rely on electricity sales for revenue,

declining electricity prices are puttingWTE facilities at risk, which

may lead to substantial increases in MSW landfill sizes and

methane emissions in the future. Against this backdrop, the

ash byproduct of MSW incineration (MSWI) represents an un-

tapped resource for valuable materials, originating predomi-

nantly from consumer products, the production of which has

already incurred environmental and economic costs. The metals

SCIENCE FOR SOCIETY Municipal solid waste incineration (MSWI) is an important part of our waste and
energy landscape. Aside from generating useful electricity, the MSWI process also helps to control the
size of our landfills, which represent the third largest source of anthropogenic methane emissions. Howev-
er, due to the proliferation of cheap wind and solar energy in the US, it is becoming increasingly difficult for
MSWI facilities to generate net positive cash flows from electricity sales due to the high costs of disposal of
the MSWI byproduct ash. Against this backdrop, we recognize that MSWI ash contains a plethora of valu-
able compounds that raise the following question: can sufficient value be extracted from the MSWI ash to
‘‘beat electricity’’ as a product? In this work, we investigate processes for miningMSWI ashes that are pow-
ered by MSWI electricity to extract valuable ash-derived products, which ultimately results in technoeco-
nomic returns greater than the sale of the electricity itself.
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contained in MSW globally are valued at up to $50 billion annu-

ally, mostly in the form of e-waste.8,9 However, aside from

ferrous/non-ferrous metals recovery, the majority of MSWI ash

is currently landfilled at a negative value due to the tipping fees

charged for ash disposal.10 Thus, recovery of technology-critical

materials from this waste stream represents a potential positive-

value alternative to ash disposal and an opportunity to contribute

to a circular materials economy.11,12 This work investigates the

technical and economic viability of such a scheme.

Compared with other waste streams, MSWI ash is composed

of a plethora of elements spanning the periodic table, with con-

centrations ranging from parts per billion (ppb) to several percent

(Figure 1A).13–18 Several approaches in literature have proposed

strategies for recovering materials from various waste streams

with varying degrees of efficiency and selectivity, including se-

lective leaching,19–21 electrowinning,22 pH-swing precipitation,21

and solvent extraction.23 Although many of these methods have

been able to successfully recover key critical materials out of

specific waste streams, for example, copper from e-waste,

these processes typically only target the recovery of one

element. This can result in poor technoeconomic viability and

the creation of additional waste streams. Aside from materials

recovery, others have proposed utilizing ash in asphalt and con-

crete applications.4,17,24 Although this reduces the need to land-

fill the ash and offsets greenhouse gas emissions by offsetting

cement demand, this application does not allow for the reuse

of critical materials embedded in the ash.

An ideal process for mining MSWI ash should offer the flexi-

bility to selectively recover many elements such that the ash

can be completely separated into valuable product streams

without additional waste streams being created. Here, we pro-

pose an electrochemically based process in which WTE

electricity powers an electrolyzer that produces acid and base

reagents for subsequent processing. This approach is inspired

by work by Ellis et al.25 in which electrolytically produced acid

and base were used for processing decarbonized cement. We

demonstrate proof-of-concept experiments utilizing electrolyti-

cally produced reagents for the leaching of metals from ash

and subsequent sequential recovery of leached metals through

a combination of electrowinning and pH-mediated precipitation

of metal hydroxides. We show that the proposed mining opera-

tion can be powered entirely by WTE electricity, requiring only

salt, water, and electricity as inputs (Figures 1B and 1C), without

the creation of additional waste streams. A first-order technoe-

conomic analysis of the integrated process shows that the net

revenue from the mining of a representative ash (�$120/tonne)

is about twice the revenue from WTE electricity sales (�$55/

tonne). The results show that WTE electricity-powered electro-

chemical mining could be a viable materials recovery strategy

and provide a generalized framework for resource recovery

that can be expanded to waste streams beyond MSWI ash.

RESULTS AND DISCUSSION

MSWI mining concept and recovery strategy
MSWI ashes can contain over 60 elements in concentrations

ranging over eight orders of magnitude, making the selectivity

and yield of recovering target elements the determining factors

for a viable MSWI mining technology.14,15 Aqueous electro-

chemical processes have inherent advantages for selectivity in

the sense that both system potential and pH can be finely

controlled with externally applied voltages. An example of such

a process was previously demonstrated for ambient tempera-

ture production of cement.25 In this process, salt electrolysis

was used to simultaneously produce the necessary acidic condi-

tions to extract Ca from limestone and the alkaline conditions

necessary to selectively precipitate hydrated lime. Extending

upon this idea, the following process proposes a similar method-

ology relying on electrolytically produced acids and bases for

extracting elements out of MSWI ash and recovering them as

valuable products.

The proposed process begins with the extraction of target

elements from MSWI ash by leaching in an electrolytically pro-

duced acid. Salt electrolysis for acid and base production is a

highly scaled technology, with technologies like electrolyzers

and electrodialysis with bipolar membranes playing major roles

in the chemicals, food, and water treatment industries.26,27 The

most prominent example is the chlor-alkali process, which, in

combination with an acid burner, produces hydrochloric acid

(HCl) and NaOH solution from the electrolysis of NaCl.26,27 Here-

in, we use HCl as our model acid for leaching target metals from

the ash.

Once speciated, a subset of elements can be recovered in

metallic form by electrowinning from the leachate. Theoretical

values of the electrowinning potential (Equations S1 and S2)

for various metals of interest are listed in Table S1. Those ele-

ments that cannot be electrowon can be recovered by metal

hydroxide precipitation. Theoretical values of the pH above

which metal hydroxide precipitation will occur are also listed

in Table S1, based on tabulated solubility products, Ksp (Equa-

tions S3 and S4). For NaCl electrolysis, HCl and NaOH are

produced in equimolar quantities and can be used for these

purposes.

In order to most efficiently recover the maximum number of

elements, an order of operations based on the graphical repre-

sentation of the electrowinning potentials and hydroxide pre-

cipitation pH values for 42 elements in Figure 2A is proposed.

For most metals, the metallic form has a greater market value

than the metal salt; hence, electrowinning is preferred where

possible. Starting with acidic leachate, for maximum separa-

tion, metals should be recovered in order of increasingly nega-

tive reduction potentials (starting at the far right in Figure 2A)

because all metals with a higher reduction potential than the

applied potential will be simultaneously electrowon. For

aqueous electrolytes, the reduction of metal cations at low po-

tentials is generally limited by the hydrogen evolution reaction

(HER), the onset of which decreases Faradaic efficiency and

raises electrolyte pH. The HER potentials for various pH values

are shown as horizontal lines in Figure 2A. Although there have

been examples of aqueous electrowinning of metals far below

the HER potential,28–30 for illustration, we limited electrowinning

to metals with reduction potentials equal to and above that of

Zn. Hydroxide precipitation may then be conducted for ele-

ments of lower reduction potential (left half of Figure 2A). Simi-

larly, for selective separation, metal hydroxides should be

precipitated in order of increasing pH. (Similar considerations
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apply for precipitation of any metal salt, e.g., carbonates or ox-

alates, from the leachate.)

In summary, our proposed recovery strategy follows the

sequential process: (1) ash leaching in acidic solution, (2)

sequential electrowinning of metals at increasingly negative

potentials, and (3) sequential precipitation of hydroxides at

increasing solution pH. Although complete separation of all ele-

ments in the ash can be achieved in theory through these two

methods, economic viability will ultimately depend on the

elemental concentrations in the ash and the elemental value

embedded in the ash.

Analysis of mineral value embodied within MSWI ash
Assuming that all of the elements in MSWI ash could be sepa-

rated into their individual components, a hypothetical

mineral value of the ash can be assigned. The value of each

individual element can be quantified based on the product

of its concentration in the ash (kg/tonne) and the commodity

price of the element in its recoverable form ($/kg), either a

metal or metal hydroxide. The commodity prices of elements

along with assumptions surrounding those prices are listed

and described in Table S2. It is assumed that all metals with

a reduction potential within the stability limits of aqueous so-

lutions can be electrowon, while all other elements can be

precipitated as hydroxides. Accordingly, the total mineral

value of the ash is the sum of the values of all its individual

components:

Ash Value
� $

mton

�
=

X
M = element

Concentration of Element

3M

�
kg

mton

�
3Value of Element M

�
$

kg

�
(Equation 1)

The cumulative values for several MSWI ashes are plotted as a

function of the elements, listed in order of increasing value in the

ash (Figure 2B). Based on ash compositions in literature, themin-

eral value of theseMSWI ashes ranges from $100/tonne to $400/

tonne. These calculated ash values are likely underestimated

since none of the datasets report concentrations for all 66 ele-

ments listed. Taking the concentration of each element in Fig-

ure 2B to be the average of its concentration in the seven

different ashes and summing the value across all 66 elements,

we arrive at a potentially recoverable MSWI ash value of $340/

tonne. This value far exceeds the average US selling price of

large commodity materials such as ordinary Portland cement

($130/tonne31) and recycled glass cullet ($100/tonne32). In addi-

tion, complete utilization of the ash would avoid an average land-

filling fee in the US of �$50/tonne.33

Figure 1. Elemental abundance in representative MSWI ashes and current and proposed modes of operation for MSW incinerators

(A) Elements and their concentration in MSWI bottom ash ranked by their average abundance.

(B) Current scheme of MSW incinerators, which profit from electricity sales and incur disposal fees for ash landfilling.

(C) Proposed mining operation utilizing electricity and ash to power electrochemical and chemical processes for recovering3,4 materials from MSWI ash.
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However, themajority of the ash value is represented by only a

few elements, with 90% of the ash value being represented by

the first 15 elements, which each contribute between �3%–

15% of the total ash value (Figure 2B). Of these 15 elements,

nine (Ca, Fe, Na, Cu, Si, Al, Mg, K, and Zn) are among the

most abundant elements found in MSWI ash generally, existing

in concentrations between 3,000 mg/kg to 15 wt %. Although

MSW widely varies in composition, both geographically and

temporally, the average value of these nine elements within the

seven ashes shown in Figure 1A is $129/tonne, with a standard

deviation of $56/tonne. The other six (Rb, Sc, Au, As, Rh, and

Ni) are highly valuable but only present in low concentrations, be-

tween 5 and 500 mg/kg. Scandium, for example, is present at

very low concentrations (<10 mg/kg) but represents up to 21%

of the total ash value. The remaining �50 elements comprise

about 10% of the ash value and include critical elements, such

as Nd, but their low abundance and value suggest that cost-

effective recovery is unlikely.

Proposed process flow
Basedon the combination of elemental value (Figure 2B) and tech-

nical feasibility for recovery (Figure 2A), eight target elements rep-

resenting �$123/tonne value were targeted for recovery: Cu, Pb,

Zn, Al, Fe, Mg, Ca, and Si. Sodium is excluded from this list

because it is not recovered, being fully dissolved as NaCl or

NaOH throughout the process. A proposed process, Figure 3, be-

gins with a chlor-alkali reactor, co-located with and powered by

the WTE facility, from which a stream of HCl is produced for ash

leaching. The acid-leaching step solubilizes themajority ofmetals,

leaving behind a SiO2-rich residue, which is utilized as discussed

later. Next, Cu, Pb, and Zn are selectively electrowon in metallic

form from the leachate at �0.3, �0.5, and �1.0 V vs. standard

hydrogenelectrode (SHE), respectively, alsousingWTEelectricity.

Following electrowinning, NaOH co-produced by the chlor-alkali

electrolyzer is used to increase the pH of the remaining leachate

and sequentially precipitate Al, Fe, Mg, and Ca as hydroxides at

pHs 9, 11, and 14, respectively. Finally, the acid and alkalinewaste

Figure 2. Element separation strategy and cumulative elemental values for representative bottom ashes

(A) The calculated reduction potentials for various elements in MSWI ash (right) and the calculated pHs for hydroxide precipitation (left). The HER potentials are

shown at various pHs. Below the HER potential, HER is favorable, and thus electrowinning metals far below the HER potential is challenging due to low Faradaic

efficiency and unstable increases in electrolyte pH. Thus, the metals amenable to aqueous electrowinning include all elements to the right of the plot beginning

with Zn, while the elements to the left are amenable to recovery by hydroxide precipitation. The pHs for hydroxide precipitations are based on the hydroxide

precipitation from an increase in pH as opposed to a decrease in pH from solubilized amphoteric metals.

(B) Cumulative value of bottom ash elements, calculated based on the concentration and the value of each element. The elements are ranked from left to right

based on the average fractional value in the ash.
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streams are recombined, forming a neutralized NaCl brine that is

recirculated into the chlor-alkali electrolyzer. This proposed pro-

cess can separateMSWI ash intomultiple product streams, oper-

ate solely on water, NaCl (or other salts), and WTE electricity, and

generate no additional waste streams except for excess salt,

which may accumulate in the brine over time. In the following

sections, we present proof-of-concept experiments from which

the efficacy and technoeconomics of leaching, electrowinning,

and precipitation are evaluated.

Representative MSWI ash for the experimental study
For experimentation, an MSWI bottom ash sourced from a WTE

facility in York County, Pennsylvania was selected. This ash has

a value of $120/tonne for the eight target elements, near the

average value in Figure 2B. After leaching of the MSWI ash in

1, 2, and 5 M HCl for 24 h at room temperature, the primary con-

stituents of the ash leachate are Ca, Al, Fe, Mg, and Na (Table 1).

For about half of the elements, systematically higher leachate

concentrations were observed with increasing HCl concentra-

tions, while others showed no clear trend, potentially due to sam-

ple-to-sample variations in the ash. All leachate concentrations

were considered to be sufficiently high for the experiments

discussed below. However, for technoeconomic reasons dis-

cussed later, the 1 M leachate was used in the subsequent

experiments.

X-ray diffraction (XRD) was conducted on the as-received

ash and compared with results for the acid-insoluble material

collected after acid leaching (Figures 4A–4C). The X-ray dif-

fractogram, Figure 4C, shows that the crystalline components

of the as-received ash are primarily quartz (SiO2) and calcite

(CaCO3). An expanded view, Figure S1, shows that the start-

ing ash also has minor amounts of the crystalline phases halite

(NaCl), magnesioferrite (MgFe2O4), iron oxide (Fe2O3), and

gypsum (CaSO4). The acid-insoluble residue, on the other

hand, is composed of quartz as the primary crystalline phase

along with small amounts of residual crystalline phases. Also

detectable is a broad background indicating an amorphous

phase, a majority of which is most likely carbon, since the

incinerator that produces this particular MSWI ash operates

in an oxygen-lean environment according to the WTE opera-

tors, leading to �20 wt % carbon in the ash. Amorphous silica

may also comprise some of this non-crystalline material. Riet-

veld refinement of the diffraction pattern indicated the pres-

ence of 80 wt % amorphous phase, 15 wt % quartz, and 5

wt % of a mixture of various (Ca, Mg, Fe, Al) SiOx silicates

and rutile TiO2.

Figure 3. Zero-waste electrochemically based process for mining MSWI ash based on present experimental findings

Photographs show the input and output materials resulting from a lab-scale execution of the proposed process. The number of each photo corresponds to a

given step in the process diagram on the left.

Table 1. The concentration of elements in the MSWI ash

leachates dissolved in 1, 2, and 5 M HCl for 24 h at room

temperature, measured using ICP-OES

All concentrations in units of mg/L

– 1 M 2 M 5 M – 1 M 2 M 5 M

Al 2,346 5,992 7,000 B 13 36 67

Ca 7,950 9,920 12,223 Ba 2 4 5

Cu 50 282 334 Bi 3 2 3

Fe 1,851 5,074 7,719 Cd 1 4 54

K 222 598 448 Co 8 27 24

Mg 853 1,363 1,786 Cr 4 11 19

Na 1,125 1,349 1,044 Ga 9 14 10

Pb 65 93 399 Li 67 57 54

Zn 340 973 647 Mn 52 97 109

– – – – Ni 7 22 28

– – – – Sr 18 33 20
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The acid-insoluble component of the ash was found to

contain <0.1 wt % of toxic metals such as Cu, Cd, and Pb,

compared with �0.5 wt % in the starting ash, showing that

the acid-leaching process has produced a more environmen-

tally benign residue than untreated MSWI ash. As shown later,

one of the electrowon metals is Pb. Such purified residue could

be landfilled with a lower risk of groundwater contamination

than conventional ash, but would still constitute an additional

waste stream that incurs disposal costs. Alternatively, this ma-

terial could be used as a supplemental cementitious additive

(SCM) in concrete.34–36 XRD characterization and Rietveld

refinement of the material using an internal Si standard show

Figure 4. Experimental findings illustrating proposed MSWI mining process

First row: images of starting ash and acid-insoluble residue after leaching.

(A) X-ray diffraction spectra for the starting MSWI ash and the remaining insoluble residue after leaching in 1 M HCl and vacuum filtration.

(B) MSWI ash sourced from York County, PA, USA.

(C) From left to right: MSWI ash, the 1 M HCl leachate (based on a 0.1 solid-liquid ratio), and remaining insoluble material. Second row: recovery of metals via

sequential electrowinning at decreasing potentials. Recovery of elements out of a 1 M HCl leachate at each sequential potential.

(D) The compositions of the collected electrode deposits at �0.3, �0.5, and �1.0 V (vs. SHE) as measured by ICP-OES.

(E) Photographs of the metal-coated electrodes after electrowinning at the designated potential. The electrodeposits consist mainly of Cu (�0.3 V), Pb (�0.5 V),

and Zn (�1.0 V), with the detailed compositions shown in (D). Third row: recovery of metal hydroxides via sequential precipitation at increasing pH.

(G) Recovery of elements out of a 1 M HCl leachate at each sequential pH.

(H) The compositions of the collected precipitates at pH 4, 9, 12, and 14 as measured by ICP-OES.

(I) Photographs of the starting HCl leachate and the precipitates collected after precipitation at the designated pHs. The precipitates consist mainly of Al and Fe

(pH 9), Mg (pH 12), and Ca (pH 14), with the detailed compositions shown in (H).
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that the remaining SiO2 is primarily amorphous SiO2 (70 wt %)

with the remaining SiO2 retaining a quartz structure. The com-

bination of high silica content and low crystallinity suggests a

high pozzolanic reactivity. Indeed, a standard test of the pozzo-

lanic reactivity of the silica with calcium hydroxide,34 based on

thermogravimetric analysis of the reacted mixture (Figure S2),

showed that the acid-insoluble material has similar pozzolanic

reactivity to fly ash, a well-known SCM that typically sells for

�$75/tonne37 in the US. Thus, the leached MSWI ash consti-

tutes an additional product stream, eliminates the need for

landfill disposal, and avoids the landfill tipping fee ($50/tonne).

The additional revenue gains from this avoidance are included

in the technoeconomic analysis. We do not, however, include

the economic benefits of avoided pollution, which would be

evident in a full life cycle analysis.

Metals recovery by electrowinning
The efficacy of metals recovery by electrowinning from the ash

leachate was evaluated through a series of potentiostatic exper-

iments. Similar experimental configurations and strategies have

been used to sequentially electrowin series of metals fromwaste

leachates, such as e-waste.13,38–40 Due to their relatively high

concentrations and their relevance in commodity markets, the

main metals of interest for electrowinning are Cu, Pb, and Zn.

In HCl solution, the expected cathodic reactions for electrowin-

ning of these metals at the given leachate concentrations are as

follows:

Cu2+
ðaqÞ + 2e� /CuðsÞ;E = � 0:1 V vs: SHE

Pb2+
ðaqÞ + 2e� /PbðsÞ;E = � 0:3 V vs: SHE

Zn2+
ðaqÞ + 2e� /ZnðsÞ;E = � 0:8 V vs: SHE

Based on the expected reduction potentials, a sequential

electrowinning experiment was conducted where a 1 M HCl

leachate was subjected to a constant cathodic potential for

1hr. After electrowinning at the constant potential, the leachate

was subjected to another hold at a lower potential. Based on

the reduction potentials, the metals should be won in order of

Cu, Pb, and Zn. Because electrowinning kinetics are dependent

upon the overpotential (the deviation from the equilibrium poten-

tial), five descending potential steps (�0.3, �0.5, �0.8, �1.0,

�1.25 V vs. SHE) were chosen for evaluating the efficacy of elec-

trowinning. Inductively coupled plasma (ICP) analysis of the

leachate (3 mL) was conducted before and after each potentio-

static experiment and used to calculate the metal recovery per-

centage throughout the sequential process (Figure 4D). Addi-

tionally, after each electrowinning step, the electrode deposits

were collected, rinsed with DI water, and then redissolved for

compositional analysis using ICP (Figure 4E). After the first po-

tential step at�0.3 V, 97% of the Cu was recovered from the so-

lution, with no Pb and Zn recovered, as expected from the reduc-

tion potentials. Compositional analysis of the electrodeposit is in

good agreement, showing a Cu purity of 98.7%, with the remain-

ing balance composed of Bi, which is in trace concentrations in

the leachate but has a higher reduction potential than Cu (0.2 V).

For the next step at �0.5 V, 90% of the Pb was recovered from

the solution, and has a purity of 96.6% based on the composi-

tional analysis. The remaining impurities are primarily Cu, which

represents the 2.3% of the Cu that was not electrowon within the

first step. This highlights the need for high recovery efficiencies

to produce high-purity metals in a sequential process such as

the experiment conducted here. Anymetals not completely elec-

trowon will be electrowon or precipitated as impurities in a later

stage of the recovery process. Zn recovery did not begin to occur

until �1.0 V, indicating a high overpotential required for electro-

winning, and 75%was recovered after 1 h. Only an additional 5%

of Zn was recovered after another 1 h at �1.25 V, a potential at

which H2 evolution (bubbling) was dominant.

The electrodeposit collected after the �1.0 V step is primarily

Zn, at 76.2% concentration. However, the Zn contains signifi-

cant amounts of Fe (16.8%) and Al (3%) impurities. The reduction

of Fe2+ to Fe0 is expected to co-deposit with Zn at a potential of

�1.0 V (vs. SHE); however, the deposition of Al0 is not expected

given its low reduction potential (�2 V vs. SHE). A fraction of the

detected Fe and the Al impurities are therefore attributed to the

precipitation of Fe(OH)3 and Al(OH)3 on the electrode surface

due to local increases in pH caused by the significant hydrogen

evolution. The challenge of removing Fe impurities from Zn elec-

trodeposits has been a long-standing challenge for electrolytic

Zn production and typically requires a pre-treatment of the

leachate to separate Fe from Zn.41 Based on these results, we

show that within our proposed process flow, the recovery of

Cu, Pb, and Zn at �0.3, �0.5, and �1.0 V (Figure 4F) provides

the best balance between recovery efficiencies (>90% for Cu

and Pb, >80% for Zn) and high selectivity (�99% purity for Cu,

�97% for Pb, �76% for Zn), while leaving behind the remaining

target elements for recovery by hydroxide precipitation.

Although these experimental purities are relatively low (e.g.,

electrical grade copper is 99.95% pure), the technoeconomic

analysis takes the observed purity into account (see Table S2

for further detail). Since the market price for most materials in-

creases sharply as 100% purity is approached, there is a clear

opportunity to further increase economic return by optimizing

the current processes for purity. Naturally, further purification

could also be conducted at the MSWI plant or by external

refiners.

Metal hydroxide recovery using pH swing-induced
precipitation
The chlor-alkali process produces one unit of base along with

each unit of acid produced. This stream of base can be used

for selective precipitation of the remaining elements as metal hy-

droxides. The efficacy and selectivity of elemental recovery via

precipitation were evaluated through a similar sequential pro-

cess as was conducted for electrowinning (Figure 4G). Begin-

ning with a 1 M (pH = 0) HCl leachate, the solution pH was

sequentially increased by 1 pH unit through the addition of

NaOH. After equilibration, any precipitated solids were filtered

and separated from the remaining leachate. The pH of the re-

maining leachate was then increased stepwise, and this process

was repeated until a final pH of 14. As expected from Figure 2A,

the first elements to precipitate are Al and Fe at pH 3. Of the el-

ements in solution, Al and Fe are the third and fourth most
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abundant elements in the ash leachate. Although all the Al is

precipitated by a pH of 4, the amount of Fe precipitated out of

the solution gradually increases with increasing pH and is not

completely precipitated until pH 7. It is hypothesized that this

is due to the presence of multiple iron valence states with

different solubility products (i.e., Fe2+ Ksp = 4.9 3 10�17, Fe3+

Ksp = 2.83 10�39).42 However, in the range of pH 3–7, a number

of less abundant elements also precipitate, including Cu, Pb, Zn,

Ni, and Mn. The elements that can be electrowon, such as Cu,

Pb, and Zn, can be recovered prior to the precipitation process.

At higher pHs, Mg is observed to precipitate nearly completely at

pH 12, and Ca is observed to precipitate at pH 13. Since almost

all other elements have precipitated out of the leachate by pH 12,

the purities of the Mg(OH)2 and Ca(OH)2 are quite high (89.8%

and 99.5%, respectively), Figure 4H. By pH 14, the only metals

remaining in solution are the alkali metals (Li, Na, K).

The compositions of precipitates collected at pH 4, 9, 12,

and 13 were measured by ICP optical emission spectroscopy

(ICP-OES) analysis (Figure 4H). Of the known elements pre-

sent in the ash leachate, Mg and Ca can be selectively and

completely precipitated as a metal hydroxide. Al and Fe can

be nearly completely precipitated as hydroxides but have

not been separated from each other due to incomplete precip-

itation of Fe at lower pHs. Note that the relative concentrations

of the mixed Al and Fe hydroxides recovered at pH 9 in Fig-

ure 4H are similar to their concentrations in the residue from

bauxite refining for aluminum, referred to as ‘‘red mud.’’ There-

fore, we find that pH-swing precipitation can recover a Fe/Al

mixture, Mg, and Ca hydroxides at pHs 9, 12, and 13,

respectively.

PMs and rare earth content
Previous urban mining efforts have targeted the recovery of

critical materials such as platinum group metals (PGMs),

precious metals (PMs), and rare earth elements (REEs).13 Us-

ing ICP mass spectrometry (ICP-MS) analysis, it was deter-

mined that the concentrations of Ru, Rh, Pd, Re, Os, Ir, Pt,

and Au in the starting ash are each below 10 mg/kg. Based

on the value of these metals, the PGM value embodied in

the ash is <$2/tonne, which probably cannot justify the recov-

ery costs.

Similarly, the REE content in the ash quantified by ICP-MS is

�20 mg/kg, with the most abundant elements being Y, Ce, Nd,

La, and Pr (Table 2). Although the reduction potentials of all the

REEs are too low (<�2 V vs. SHE) for electrowinning, based on

available solubility product data,42 it is expected that REE hy-

droxides will precipitate in the range of pH 3–7. ICP-MS analysis

of the precipitates collected at pH 9 confirms this hypothesis,

which shows the presence of REEs with a total REE content of

�70 mg/kg, with the majority of non-REE species being Al

and Fe.

Despite being �3.5 times more concentrated compared with

the starting ash, the total REE content in the pH 9 precipitates

is still relatively low. However, given other ashes or feedstocks

with higher REE content, a 3.5 concentration factor has the po-

tential to produce a valuable REE concentrate. For example,

anMSWI ashwith >6mg/kg Sc content would lead to a pH 9 pre-

cipitate with >20 mg/kg Sc, which is considered a viable Sc

ore.43 Examples of MSWI ashes with >6 mg/kg Sc content

have previously been reported.15 Thus, although the particular

feedstock used in this work does not contain critical materials

with concentrations justifying their recovery, these processes

can be adapted to feedstocks that do, for example, e-waste or

mine tailings, which can contain more than 1,000 mg/kg of these

valuable elements.13,40

Technoeconomic analysis
To be economically viable, the proposed model of using WTE

electricity to power an MSWI ash mining process must yield a

better return than the current model of selling WTE electricity

while incurring ash disposal fees. Here, we first show that the

electricity produced by the WTE plant is more than sufficient to

power the proposed ash mining process.

Data from York County Solid Waste Authority (YCSWA) shows

that this facility processed 466,316 tonnes of MSW in 2022, pro-

ducing 299 GWh of electricity, 153,000 tonnes of bottom ash,

and 27,000 tonnes of fly ash (e.g., 1.83 kWh/kg-ash). 13.7% of

the electricity was used for internal operations, leaving the re-

maining 258 GWh exported to the grid and sold at a price of

$20.4 MM. The cost of transportation was $9.85/tonne-ash,

and the disposal fee was $30.05/tonne-ash, so the total cost of

ash disposal was $4.1MM for 103,000 tonnes of mixed ash res-

idue. Because YCSWA is close to the landfill site (13 miles) and

the on-site Ash Recycling and Processing Facility can sort and

recycle all the bottom ash produced, the cost of ash disposal

here is much lower than other facilities without an ash recycling

process. Including other expenses and trash income at the Au-

thority, the net revenue for YCSWA in 2022 is $4.8 MM, or $27/

tonne of ash produced.

Let us now compare this revenue to that possible from ash

mining. As shown in Figure 2B, the York County, PA MSWI bot-

tom ash used in this work has a total theoretically achievable

value of $240/tonne, while our experiments targeted eight ele-

ments with a total value of $123/tonne-ash. Even in the current

unoptimized experiments, the combined value of the recovered

Cu, Pb, Zn, Mg(OH)2, Ca(OH)2, and SiO2 is $60/tonne. This

Table 2. Rare earth elements content in the starting ash and outputs of the mining operation

REE concentrations in dry material (mg/kg)

– Sc Y La Ce Pr Nd Sm Eu Gd Dy Ho Er Tm Yb Lu Th U

Starting ash 0.5 4.5 3.7 6.2 0.7 2.6 0.5 0.1 0.6 0.3 0.1 0.2 0 0.4 0 0.3 0.3

pH 9 precipitates 1.8 15.2 13 21.9 2.5 9.1 1.6 0.5 2.1 1.1 0.2 0.6 0.1 1.3 0.1 1 0.9

REE concentration factors 3.6 3.3 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.6 4 3.6

The concentrations are measured by ICP-MS.
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number assumes no value for the mixed Fe and Al hydroxides,

which, if separated, would increase the total product value to

$90/tonne. This, however, does not include the cost of mining.

Here, we estimate the energy consumption and resulting costs

for electrolysis and electrowinning. A more detailed technoeco-

nomic analysis appears in a related study.44

The primary operating cost (opex) is the electricity cost. The

energy consumption and associated electricity cost (assuming

$0.05/kWh) needed to process a tonne of ash using a chlor-alkali

reactor to produce the acid and base are plotted in Figure 5.

These values are also a function of acid/base concentration

and solid-liquid ratio (SLR), as explained in the following para-

graph. For a typical chlor-alkali electrolyzer, the specific elec-

tricity consumption, Especific, is 2,000 kWh/kgNaOH (2,194 kWh/

kgHCl = 80 kWh/molNaOH = 80 kWh/molHCl).
27 The number of

moles required per tonne of ash digestion is the ratio of the

molarity (mol/L) to the SLR (tonneash/L). This quantity can be

used to calculate the energy requirement for electrolysis per

tonne of ash (kWh/tonneash).

The minimum amount of acid to fully leach the soluble

portion of the solid ash can be calculated from the metal con-

centrations in ash (Equation S5); this acid has an energy and

cost represented by the horizontal dashed blue line (1.3

MWh/tonne-ash, $66/tonne-ash). However, in practice, an

excess of acid, described by the SLR (kg/L), is necessary to

improve rheology, leaching efficiency, and leaching ki-

netics.19,39 In our experiments, we used 1.5–2 times the stoi-

chiometric amount of acid required to dissolve the metals.

However, if the cost of producing this acid and base exceeds

the maximum value extractable from the ash (horizontal red

line, $240/tonne-ash), then ash mining by the proposed method

cannot be net positive in cost (Figure 5). Therefore, for ash min-

Figure 5. Technoeconomic analysis wherein

WTE electricity is used to power an MSWI

ash mining process

Energy consumption and corresponding electricity

cost to produce HCl and NaOH solutions with vary-

ing solid-liquid ratios and concentrations using

chlor-alkali electrolysis. An electrolyzer efficiency of

2,000 kWh/kg-NaOH. Each curve describes the en-

ergy required to produce acid and base sufficient to

process a tonne of ash, for a given solid-liquid ratio

(SLR) and acid/base molarity. The equivalent elec-

tricity cost, assuming an electricity price of $0.05/

kWh is shown on the right-hand axis. The red dashed

line represents the calculated ash value (see Fig-

ure 2B) of $240/tonne-ash. The blue dashed line

represents the energy consumption (1.3 MWh/

tonne-ash) and costs ($66/tonne-ash) required to

produce the stoichiometric minimum of acid and

base necessary for complete leaching of all metals,

providing the calculated ash value.

ing to be economically viable, the cost of

acid and base production must at least

lie between the red and blue lines.

Although increasing the acid concentration

and/or decreasing the SLR improves ash-

leaching kinetics, it also sharply increases the energy con-

sumption and associated cost, creating a tradeoff between

lower cost and higher leaching efficiency. Although we did

not fully explore this optimization, the experimental regime

examined in this work lies toward the lower energy/cost

rather than the higher acid concentration regime and requires

1–2 kWh/kg-ash.

In addition to the energy required to produce the reagents, we

consider the energy required for materials recovery. For hydrox-

ide precipitation, since the base required is produced concur-

rently with the acid, no additional electrolysis cost is incurred.

For electrowinning, the energy consumption is

Eelectrowinning =
X
m

VmQm

bm

=
X
m

VmcmzmF

bmmm

(Equation 2)

where m is the target metal, Eelectrowinning is the energy per unit

mass of ash (kWh/kg-ash),V is the cell voltage (V) for a given target

metal, Qm is the amount of metal in charge equivalents of the

target metal per unit mass of ash (coulombs/kg-ash), b is the cur-

rent efficiency (defined as the amount of metal plated, in charge

equivalents, relative to the total charge passed) for electrowinning

of the targetmetal, zm is the metal ion valence, F is Faraday’s con-

stant,mm is the molar mass of metal m, and cm is the concentra-

tion of metal m leached from the ash (g/kg-ash). Based on the

experimentally measured cell voltages, current efficiencies, and

electrowinning times, for each of Cu, Pb, and Zn, we calculate a

total energy consumption for recovery of all three metals to be

0.3 MWh/tonne-ash. Note that even for the present unoptimized

experiments, this cost is only 15%–30% of the energy required

for electrolysis (1–2 MWh/tonne-ash).
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Thus, the energy required for electrolysis and the ensuing

leaching and precipitation, and electrowinning, together is

�2 kWh/kg-ash. Because the electricity output from typical

WTE plant operation (after subtracting the 15% used for internal

plant operation) is 2.1 kWh/kg-ash, there appears to be sufficient

electricity production to carry out these processes. Because

WTE plants are already grid connected, co-location of the mate-

rials recovery plant allows easy access to additional electricity.

Based on the expected value of the product streams calculated

prior ($90/tonne-ash), up to 41% additional electricity cost

(0.82 kWh/kg-ash, at $0.05/kWh) could be incurred while still

generating greater revenue than in the current WTE model of

selling electricity ($49/tonne-ash). Although these calculations

only consider the energy consumption of electrolysis and elec-

trowinning, these two unit operations are the most energy inten-

sive. Our current experiments yielded $60/tonne-ash product

value out of a potentially realizable value of $123/tonne (from

the eight target elements). Adding the averted transportation

and landfilling costs of $40/tonne-ash, our experimentally vali-

dated return frommining the ash is $100/tonne-ash. We empha-

size here that the avoidance of transportation and landfilling

costs is 40% of the total return on this process. Thus, although

the individual unit operations are simple and based on industri-

ally practiced processes, the biggest benefit from such a pro-

cess is the reduction in amount of waste produced. Rather

than recovering only a fraction of thematerial from thewaste, de-

composing the entirety of the waste into valuable product

streams is key to overcoming both the challenges of economical

materials recovery and waste management. Improvements in

leaching efficiency, which reduces the consumption of acid,

and in separation efficiency can further improve this return. How-

ever, it is already about two times higher than in the current

model of selling MSWI electricity and paying the ash disposal

costs. A more detailed analysis44 that also includes labor, utili-

ties, materials, and capital costs shows that an optimized plant

at the scale of 40,000 tonnes-ash/year would be profitable with

a net revenue of $94/tonne-ash. Note that net revenues in the

current WTE operating model may well decrease in the future

as electricity prices drop and landfilling costs increase.44 The

proposed process is not inherently limited to the mining of

MSWI ash and can be tailored toward recovery from other waste

streams. Somewaste streams of interest include e-waste, which

is particularly rich in metals like Cu and Pb; industrial tailings like

bauxite residue, which is richer in REEs than the present ash; and

mine tailings. This inherent flexibility of an aqueous electrochem-

istry-based process creates a generalized framework for mate-

rials recovery that can be extended to a variety of waste

feedstocks.

This work proposes and experimentally validates an electro-

chemical mining operation that separates MSWI ash into

value-added outputs while creating no additional waste streams.

Using acids and bases, which may be electrolytically produced

using the electricity output of the MSWI plant, acid leaching of

the MSWI ash followed by aqueous electrowinning of metals,

including Cu, Pb, and Zn, from the leachate is demonstrated.

The leachate is subsequently processed by pH-induced precip-

itation ofmetal hydroxides, including those of Al, Fe, Mg, and Ca.

It is shown that these elements can be selectively recovered at

>90%purity for each of Cu, Pb,Mg, and Ca, andwith high recov-

ery efficiencies >80% for all target elements. The energy con-

sumption for the proposed process sequence is quantified,

from which it is shown that, firstly, the electricity output of a

typical WTE facility is sufficient to power the electrochemical

mining operation, and secondly, that the value of the ash mined

is about a factor of two greater than the value of the electricity

sold, when the avoidance of ash disposal fees is taken into ac-

count. Furthermore, by decomposing the entirety of the waste

stream into valuable products, the process acts as both a

method for materials recovery and a method for waste manage-

ment. We avoid the �$50/tonne landfilling fee as well as the

pollution from Pb and other heavy metals. The proposed electro-

chemical process may provide a cost-competitive pathway to-

ward zero-waste urban mining to address future challenges in

waste management, mining, and materials supply chains.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be

directed to and will be fulfilled by the lead contact, Yet-Ming Chiang

(ychiang@mit.edu).

Materials availability

This study did not generate new, unique reagents.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request.

Materials

The ash used in this work is MSWI bottom ash, collected and supplied by the

York County Resource and Recovery Center (York, Pennsylvania, USA) in

March 2021 (Figure S3). Prior to receiving, the ash was presorted by the facility

into different fractions (Figure S4). The compositions of as-received ash frac-

tion samples are shown in Figure S5. The fraction used in this work is the fine

ash fraction collected after magnetic and density separation, wash-screening,

and cycloning (Figure S4). This particular fraction was chosen as it

contained an optimal combination of particle size (no large pieces of residual

MSW) and representative composition (no major elements with outlying

concentrations).

Ash-leaching procedure

Prior to leaching, the ash was roller milled in ethanol for 24 h with ZrO2 milling

media and then dried and passed through a 1 mm sieve. Stock solutions

made from HCl (reagent grade HCl 37%, VWR) and Milli-Q UltraPure Water

were used for all leaching experiments. Ash leaching was conducted under

a variety of HCl acid concentrations with a solid-to-liquid ratio of 0.1 g/mL at

room temperature. After ash leaching, the solution was filtered through a

0.2 mm polypropylene filter using vacuum filtration. The insoluble material

was rinsed with deionized (demineralized or DI) water until the eluent had a

pH > 5.

Electrowinning procedure

After the leaching of the MSWI ash, metals were recovered from the filtered

leachates by electrowinning. Electrowinning from the leachate was conducted

using glass electrochemical cells maintained at a constant 60�C in a temper-

ature-controlled water bath and stirring at 500 rpm. Two Pt mesh electrodes

were used as the working and counter electrodes with an Ag/AgCl reference

electrode. Electrowinning was conducted at a constant potential, controlled

by a SolarTron 1470E potentiostat, for a fixed duration of time. After electro-

winning, the electrodes were removed from the solution and immediately

rinsed with DI water. The remaining solution was collected for further

experimentation.
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Chemical precipitation procedure

Metal hydroxides were recovered from the filtered leachates through an in-

crease in the solution pH. Solutions made from NaOH pellets (98%, Alfa Aesar)

and Milli-Q UltraPure Water were used as reagents for the precipitation of

metal hydroxides. Hydroxide precipitation was conducted at room tempera-

ture. Although stirring at 500 rpm, the pH was increased through the dropwise

addition of NaOH. The pHwas constantly monitored using a Sper Scientific pH

meter. Once the pH was stable at the desired pH, the solution was filtered us-

ing vacuum filtration through a 0.2 mm propylene filter. The remaining solution

was then collected for further experimentation. The collected precipitates

were rinsed with DI water and air-dried for further analysis.

Compositional analysis of materials and solution using ICP

spectroscopy

Compositional analysis of the ash, ash leachates, and the recovered materials

was performed using ICP-OES (Agilent ICP-OES 5100 VDV), and ICP-MS

(Tandem Triple Quadrupole Mass Spectrometer). The ash leachates were

diluted with DI water to an HCl concentration of 5 vol % and then filtered

through a 0.2 mm polypropylene filter. Similarly, ICP analysis of solid materials

was conducted by dissolving the materials in 5 vol % HNO3 depending on the

material and then filtered through a 0.2 mm polypropylene filter. The composi-

tions were then analyzed using appropriate standards (Inorganic Ventures). To

quantify the concentrations of PGMs and PMs, the solid materials were

leached in concentrated aqua regia for 24 h before diluting to a 5 vol% solution

and filtering for ICP-MS analysis. Similarly, the REEs were quantified by leach-

ing the solid materials in concentrated HNO3 before diluting them to a 5 vol %

solution and filtering for ICP-MS analysis.

Materials characterization

The MSWI ash and recovered materials were analyzed using XRD. XRD was

performed using a PANalytical X’Pert PRO X-ray diffractometer, and the

spectra were analyzed using HighScore+ software. Quantification of the amor-

phous content in the ash and insoluble residue was determined by mixing the

ash with crystalline silicon powder (99.5%, Alfa Aesar) in a 1:1 mass ratio in an

agate mortar and pestle. The silicon was used as an internal reference during

the XRD. Energy dispersive X-ray spectroscopy (EDS) was also used to deter-

mine the major elements in the MSWI ash. EDS was conducted using a

Phenom ProX (nanoScience Instruments) scanning electron microscope

(SEM).

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
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1. Supplemental Characterization

1.1 X-ray diffraction of as-received ash and the acid-leached insoluble materials 

Figure S1. X-ray diffraction (XRD) of as-received ash and the acid-leached insoluble material. 
The crystalline components of the as-received ash are primarily quartz (SiO2) and calcite (CaCO3) 
with minor amounts of the crystalline phases halite (NaCl), magnesioferrite (MgFe2O4), iron oxide 
(Fe2O3), and gypsum (CaSO4). The components of acid-leached insoluble residue are mainly 
quartz phase with small amounts of residual crystalline phases.  



Supplemental Note S1. TGA and characterization of SCM 

To characterize the performance of the acid-insoluble ash as supplementary cementitious 
materials (SCMs), we estimated the pozzolanic reactivity using a thermogravimetric analysis-
based approach by Weiss et al. [S1]. Test materials were mixed with calcium hydroxide (CH) 
(CH: SCM = 3:1 by mass) in an alkaline solution (0.5 M KOH; liquid: CH + SCM = 0.9 by 
mass). 40 g of material was mixed with a spatula for 4 min, and then 7 g of material was 
transferred in a sealed container and kept in a temperature chamber at 50°C for 10 days. After 10 
days, CH consumption was measured using thermogravimetric analysis (TGA, TA Instruments). 
Approximately 10 mg of the reacted paste was loaded onto a platinum crucible and the 
measurement was performed by heating from 30°C to 500°C at a rate of 10°C/min in a nitrogen-
purged environment. The weight loss around 400°C was used to calculate a CH consumption of 
58g of portlandite per 100g of SCM.  Based on the pozzolanic activity regimes determined by 
Weiss et al. [S1], a CH consumption of 58g/100g is representative of an SCM with pozzolanic, 
less reactive material, similar to fly ash and calcined clay.   

Figure S2. TGA result of ash insoluble, heating from 30°C to 500°C at a rate of 10°C/min in a 
nitrogen purged environment.  



2. Supplemental Ash Sourcing Information

Figure S3. Ash Samples received from York County Resource Recovery Center  



Figure S4. York County Resource Recover Center material flow and ash processing. 



Figure S5. Composition of York County ash fractions measured by ICP, including sand, residue, 
char, ferritic dirt, aggregate, and fly ash.  

3. Supplemental Estimation of Separation Condition

Supplemental Note S2. Estimation of Reduction Potential for Electrowinning Condition  

The reduction potential of elements is calculated by the Nernst Equation: 

𝑀!" + 𝑧𝑒# → 𝑀$, 	𝐸$,	 	(𝐸𝑞. 𝑆1)	

𝐸 = 𝐸$ −
𝑅𝑇
𝑧𝐹 𝑙𝑛 𝑙𝑛	

(𝑄)	,	 	(𝐸𝑞. 𝑆2)	

where Mn+ is the metal cation, E is the reduction potential, E0 is the standard reduction potential, 
R is the ideal gas constant, T is the temperature in Kelvins, z is the valence, F is the Faraday 
constant, and Q is the reaction quotient.  

Supplemental Note S3. Estimation of pH for Precipitation Condition  

The pH at which the metal hydroxide precipitation will occur can be predicted from 

𝑀(𝑂𝐻)! → 𝑀!" + 𝑛𝑂𝐻#,	 𝐾%&,							(𝐸𝑞. 𝑆3)	

𝑝𝐻 = 14 + 𝑙𝑜𝑔'$ @A
𝐾%&
𝑀!"B

'
!
C,	 	(𝐸𝑞. 𝑆4)	

where Mn+ is the metal cation, Ksp is the solubility product constant. 



Table S1.  Reduction potential and hydroxide solubility constants (Ksp) for various elements [S2] 

Element Molar Mass 
(g/mol) 

Reduction Potential 
(V vs SHE) 

Hydroxide Solubility 
Constant (Ksp) 

pH of Precipitation 
(at 0.01M) 

Cs 51.996 -2.91
K 200.59 -2.90
Li 39.0983 -2.82
Ca 40.08 -2.86 6.46E-06 11.55 
Ba 137.33 -2.81 2.51E-04 13.70 
Sr 87.62 -2.79
Rb 85.4678 -2.66
Na 54.938 -2.68
Mg 6.941 -2.33 6.31E-12 8.70 
Ce 140.12 -2.24 6.31E-24 7.81 
Nd 22.98977 -2.17
Hf 69.72 -2.13
Dy 63.546 -2.17
Sc 44.9559 -1.97 2.22E-31 5.45 
P 58.7 -1.74
Si 28.0855 -1.69
Al 26.98154 -1.64 3.00E-34 3.04 
Zr 91.22 -1.37
Ti 47.9 -1.31 7.94E-54 1.14 

Mn 24.305 -0.99 1.58E-13 8.80 
V 50.9415 -1.00
Zn 65.38 -0.72 6.31E-17 7.07 
Cr 251 -0.69 6.70E-31 7.34 
Ga 162.5 -0.38 1.00E-37 3.42 
Cu 132.9054 -0.29 5.01E-20 5.67 
Cd 112.41 -0.24 4.47E-15 9.42 
Ni 144.24 -0.21 6.31E-16 8.14 
Rh 102.9055 -0.02
Pb 30.97376 -0.02 1.43E-20 5.26 
Sn 118.69 -0.03 5.45E-27 2.82 
W 183.85 0.16 
Sb 121.75 0.29 
As 74.9216 0.49 
S 32.06 0.59 

Ag 107.868 0.88 2.00E-08 11.60 
Hg 178.49 1.04 



Pd 106.4 1.18 
Pt 195.09 1.43 
Au 196.9665 1.66 

Supplemental Note S4. Supplemental Technoeconomic Estimation

To estimate the amount of acid required for complete speciation of all metals in the ash, it was 
assumed that all metals in the ash exist as a metal oxide.  The number of moles of acid, in the 
form of H+, was then calculated based on a generalized form of the metal oxide dissolution 
reaction in acid: 

𝑀𝑂(
)	(%)

+ 𝑧𝐻(-.)" → 𝑀(-.)
(" +

𝑧
2𝐻)𝑂(/), (𝐸𝑞. 𝑆5)	

where M refers to a given metal with a given valence z. 

Table S2.  Assumed costs of elements (USD/tonne) for calculating values of ashes and product 
streams [S3, S4]. Unless otherwise specified, the cost of each element is taken as a commodity 
value [S3].  For each element, the element may exist in multiple forms of commodity (i.e. a metal, 
a metal alloy, an oxide, an ore).  The commodity value is a weighted average of the prices of each 
form of the commodity, weighted by the amount that each form contributes to apparent 
consumption [S3].  For the elements in which the analysis in this work is more highly sensitive 
(i.e. Sc, Ti, …), a specific form of the commodity (i.e. metal, hydroxide, oxide, ore) was chosen 
based on its likeliest form when recovered from a hydrometallurgical process and the price was 
updated accordingly.  The specific commodity form was also specified for the list of target 
elements comprising the product streams in this work (Cu, Pb, Zn, Al, Fe, Mg, Ca, Si).  The 
element costs for these elements were chosen in accordance with the form and purity in which they 
were experimentally recovered.



Element Cost/tonne Element Cost/tonne Element Cost/tonne 
Rb $8,460,548 S $93 Ce $6,140 

Ca (as 
Ca(OH)2) 

$277 Cr $2,360 Nb $19,700 

Fe (as 
Fe(OH)2, 
bauxite) 

$320 W $46,600 Ho $129,000 

Sc (as Sc2O3) $5,981,962 V $16,600 Yb $129,000 
Na (as NaCl) $667 Ta $317,000 La $6,300 

Cu $5,960 Co $33,100 In $615,000 
Si (as SiO2 in 
fly ash, [S5]) 

$75 Pt $27,700,000 Lu $129,000 

Al (as 
Al(OH)3, 
bauxite) 

$213 Hg $30,200 B $3,680 

Au $34,800,000 Dy $272,000 Cs $50,000 
As $400,000 Nd $63,600 Gd $30,900 

Mg (as 
Mg(OH)2) 

$648 Pd $70,100,000 Ge $190,000 

K (as KCl) $915 Ti (as TiO2) $60 Cd $2,730 
Zn $2,060 Be $660,000 Bi $19,200 
Rh $79,100,000 Y $35,500 Sm $14,900 
Ni $12,700 Pr $95,500 Se $21,400 
Sn $17,000 Li $13,000 Sr $79 
Ag $457,000 Mo $26,000 Ir $18,300,000 
Pb $2,000 Tb (as Tb(OH)4) $640,000 Tm $129,000 

Zr (as 
Zr(OH)2) 

$16,000 Sb $3,900 Tl $129,000 

Hf $830,000 Er $129,000 Ru $6,370,000 
P $70 Eu $129,000 Te $63,500 

Mn $1,620 Ba $180 Ga $336 
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