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fastest growth is in minerals and metals

Materials for 9 billion people?
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Fe, Al, Cu, … +450%

SiO2, CaO, KCl,…+173%
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3typical plant capacity: 114 tonnes each 1/2 hour

Metals processing: steel
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$300 per tonne

$20 per tonne

cost < $0.32 per kg (less than retail price of flour)

Metals processing: steel



5the liquid state and high temperature are ubiquitous

Metals processing: steel
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Metals extraction involves melts

Aluminium - 60 Mt per year 
electrolysis 

conversion costs: $1000/t

Copper - 20 Mt per year  
3600 kWh / t  

from concentrate to  
copper cathodes 

conversion costs: $320/t
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Sulfides electrolysis
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(gas)

several grams 
of liquid Cu (99.9%)

elemental sulfur 
as anodic product

electrolytic decomposition of metal sulfides 



Sulfides electrolysis
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• productivity 6x the one of aluminium electrolysis 
• electrical energy consumption around 3000kWh/t (-20%) 
• sulfur as by-product with selective recovery of As, Se, Te 
• principles transferable to Mo, Ag, Au, Zn, Co, Ni …



rare-earth oxides 
at 2200°C

3-electrodes

11

Molten rare-earth oxides electrolysis

• high selectivity for La vs Y (99 vs 1) 
• compatible with rare-earth oxide concentrates 
• enables to produce refractory alloys (e.g. Ir-La) 
• production of oxygen as by-product

a

c i

h

g

b

d

f l

k

j

e

1

0.80.2

0.4

0.6X
La

2
O

3
 = 0

U > U

o
U

o

XLa2O3 60
200 µ

10 µ

(-)

electrolyte

a

c i

h

g

b

d

f l

k

j

e

1

0.80.2

0.4

0.6X
La

2
O

3
 = 0

U > U

o
U

o

XLa2O3 60
200 µ

10 µ

Ir-La product



12

Sustainable Materials ProcessingAllanore
Research Group

process 
basic 

principle

incremental 
engineering

markets and society

Existing 
processes

process 
basic

new engineering 
solutions

higher 
productivity

higher 
selectivity

higher 
selectivity



Multi-physics of aluminium casting for more recycling
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Direct-chill casting of aluminium slabs
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•  With	Dr.	Samuel	Wagstaff		16’	

demonstrated	analy9cally	and	

experimentally	the	role	of	sedimenta9on	of	

solid	grains	during	cas9ng	of	aluminium	

ingots	of	large	rectangular	sec9ons.	

•  designed	a	novel,	cost	effec9ve,	metal	

injec9on	method,	validated	at	industrial	

scale,	producing	more	than	100	tonnes	of	

ingots	rolled	into	sheets	(more	than	10	

miles)	demonstra9ng	+20%	increase	in	

produc9vity	in	final	product.		

Allanore	
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Development of alternative materials processes My process development 

activities are centered on commodity metals (iron, copper, aluminium) and minerals 

(potash). I started my career with iron and steel by developing two new technologies to 

extract iron from iron ore. Those technologies, one under operation at the world largest 

steel producer, and another under commercialization by BEMC, offer to integrate C-free 

electricity with iron production, an approach that would suppress 5% of the world GHG 

emissions.  

On the MIT campus, my research branched to non-ferrous metallurgy, with 

copper initially (see Figure 2). Tackling the challenge of sulfides processing is needed to 

reduce emissions such as SOx or arsenic. 

It is also needed to guarantee access to 

energy critical elements that are today 

by-products of sulfide ores extraction 

(Ag, Mo, Re, Se, Te, Pt, In…).  I have 

identified and developed a suite of electrolytic media (molten sulfides) that allow the 

direct electrolysis of a metal sulfide feed into liquid or solid metal without SOx 

evolution [see ref. 2.16]. A provisional patent application has been filed [US Application 

No. 62/338950], illustrating the application 

of those electrolytes for metal extraction and 

recycling, or high temperature waste-heat 

harvesting (molten thermoelectric).  

 My developments at MIT include work 

on aluminium [Figure 3]. The master and PhD 

experimental work of Samuel Wagstaff [see 

refs. 2.19 to 2.21] has been conducted at the 

industrial research facility of Novelis, the world 

Figure 2. Copper (Cu, thickness 2mm) produced in 
the liquid state from the direct electrolytic 
decomposition of chalcocite (Cu2S) in a molten sulfide 
electrolyte at 1105°C. 

cathode 
(graphite) 

sulfide 
electrolyte 

copper 
(+98wt%) 

sulfide 
electrolyte 

with jet 
electrol

conventional 

Figure 3. horizontal cross-sections of 5m height 
aluminium castings (no grain refiner) 

1.75 m 
electrol

• demonstration of the method performance 
at industrial scale 

Future?

•validation of the design criteria and method 
performance at industrial scale for AlCu alloy 

•demonstration of the model robustness for 
other alloys (AlFe, heavier or AlMg, lighter) 

• justification for development of in-situ methods 
to monitor grain concentration and size 

•production of +10 miles of sheet metal for 
beverage can from 4+ ingots 

•deployment of the technology in a 1Mtpa plant 
in Germany
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• successfully  mitigated macrosegregation with minimal 
cost and process modification

Recognizing that the angle of inclination varies with
position along the ingot width, the average angle of
inclination for a given condition is presented. The plot
has been colored by angle of inclination to aid in
viewing. Rectangular ingots, as opposed to billet, have a
distinct length and width, where the width (shorter
dimension) determines the sump depth.[2] Since the
cooling boundary conditions have been assumed con-
stant in this analysis, an increase in ingot width or
casting speed causes an increase in sump depth. This
increase in sump depth leads to a larger angle of
inclination of the sump walls.

In discussion of sedimenting grains in casting, refer-
ence is made to fine- and coarse- cell dendrites, named
after their metallographic appearance. In discussion of
granular media, however, different notations are used.
Coarse media is often dendritic (snowflakes etc), while
smooth media is more spherical (gravel or sand). The
colorbar to the right of Figure 1 represents the full range
of sump angle of inclinations from horizontal to vertical.
The two values indicated along the bar represent the
static angle of repose expected for coarse and smooth
media.

Independently of our approach, Livanov et al.[10]

performed a series of trials at various casting speeds and

mold dimensions for AA2024 (3.8-4.9 pct Cu, 1.2-1.8 pct
Mg, and 0.3-0.9 pct Mn) ingots. For each mold
dimension, they identified a critical casting speed below
which the ingot exhibits positive centerline segregation
(solute enriched). Above this speed, the ingot exhibits
negative centerline segregation (solute depleted). This
critical speed has been represented by a white demarca-
tion line in the lower plot of Figure 1.
The demarcation line is remarkably found to repre-

sent the same angle of inclination for all casting
conditions. This finding suggests a key role of stacking
grains in a solidifying ingot in addition to the traditional
convective currents that drive the movement of free
moving grains to the center of the casting.[11]

The simultaneous appearance of fine and coarse
microstructures in ingots was the original justification
of the sedimenting grain theory. The underlying postu-
late was that one set of the dendrites transported to the
centerline had nucleated elsewhere. Recently, Eskin
et al.[12] performed electron-probe microanalysis (EPMA)
on both fine and coarse dendrites and suggested that
coarse-cell dendrites are the transported phase responsible
for centerline depletion.
Assuming that coarse-cell dendrites correspond more

closely to smooth media, our model suggests that the

Fig. 1—(Top) variation of the angle of inclination of the sump walls with casting speed and mold width. Colors represent the angle of inclina-
tion from horizontal (dark blue) to vertical (dark red). The inset colorbar to the right represents the entire range of inclination, with specific ref-
erences to the static angle of repose for smooth and coarse grains. (bottom) Top figure with the angle of view rotated perpendicular to the
casting speed and mold width plane. The dashed white line represents the experimentally determined delineation between positive and negative
segregation as specified by Livanov et al.[10] The dashed black line with triangular endpoints represents the casting parameters used in this inves-
tigation (Color figure online).

METALLURGICAL AND MATERIALS TRANSACTIONS B

S.	Wagstaff	and	A.	Allanore,	5	proceedings	and	

presenta9ons	at	Light	Metals	(TMS)		

Metallurgical	Transac1ons	B,	vol.	47,	
	issue	5,	3132-3138	and	3139-3143	

75k	of	giSs	from	Novelis	–	one	addi9onal	

current	master	students	with	job	offer	

Redesigning	molten	metal	distribu2on	
composition for the five casting conditions shown in
Figure 2.
In Reference 6 we noticed that the jet has a significant

impact on the macrosegregation profile of an Al4.5Cu
ingot, and clear trends are observed. Specifically, ingots
cast with a jet Reynolds number below 97000 exhibit
positive (enriched) centerline segregation, as opposed to the
negative segregation observed for ingots cast without a jet
(Figure 3(a)). In contrast, ingots cast with a jet Reynolds
numbers of 97,000 (Figure 3(e)) or above hardly exhibit
centerline segregation, and if any a negative (depleted)
segregation. In addition, the extent of the centerline region
is significantly narrowerwith respect to the short axis when
using a jet, with a few centimeters in thickness compared to
tens of centimeters in absence of the jet.

B. Quantitative Analysis

The qualitative analysis of the plots in Figure 3
illustrates the potential for jets to modify centerline
segregation in rolling slab ingots. The fact that the
centerline segregation zone itself is reduced is a success-
ful outcome of the jet addition, since thermo-mechanical
processing of the ingot is foreseen to reduce the
remaining segregation. However, in order to perform a
more quantitative analysis of the process performance, a
quantitative metric called the Macrosegregation Index
(MI) has been developed to quantify the degree of
centerline segregation. Equation [19] is a modified
second-area moment equation that assigns quantitative
values to the concentration measured at each position,
based on its deviation from the target alloy composition
and its distance from the center.
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Incorporating distance in the metric is important as
enriched chill zone, which can be handle by physical
means after casting, could skew the analysis of the
whole section of the ingot. Since the index includes a
squared term, it counts as equally unfavorable positive
or negative segregation. The MI will be minimal for
the cross section with the least macrosegregation.
Figure 4 is a plot of the MI for each of the jet tests

reported above, identified by their jet Reynolds number.
The red-dashed line represents the MI from the standard
DC profile analyzed in Reference 6 and reproduced in
Figure 3(a). For the range of jet diameter tested, the
macrosegregation index shows at least a 30pct reduction
from the standard casting method. The best performing
jet, (Re = 97,000) allows a 60pct reduction in centerline
segregation, confirming the validity of the quantitative
model presented above.

VI. CONCLUSION

A new liquid distribution method, based on an
impinging jet, capable of significantly reducing

Fig. 3—(a to f) Surface contours representing deviation from furnace
composition as observed in one quadrant of horizontal sections ta-
ken at 1800 mm of cast length: (a) Standard casting procedure (b)
through (f) using impinging jets of Rej = 64,000, 69,000, 81,000,
97,000, 121,000. The color code is based on relative deviation from
furnace composition (in pct), positive values corresponding to solute
enrichment, while negative values represent solute depletion. All X
and Y axes (in mm) are identical with (0,0) representing the center
of the cross section.

METALLURGICAL AND MATERIALS TRANSACTIONS B

• demonstration of the role 
of 2-phase flow in DC 
casting 

• novel, cost-effective 
method to improve alloy 
elements distribution 

• 100 tonnes of Al 
products, rolled into 
+10 miles of sheet 

• 20% increase in 
productivity at the plant

conventional

new
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Heat management : steel

16Blast furnace, H=30m, ∅= 15m

1 m tuyere
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Blast Furnace 
(Primary Steel Production)

400°C

1000°C

300 m2

~5 kW m-2

2000°C

100 m2

~1 kW m-2

T > 1500°C
1000°C < T < 1500°C

Regenerator

Crown

Glass Tank

364 m2

~3 kW m-2

~3 kW m-2

Furnace 
for Glass Melting

Figure 1. Schematic regions of generation and availability of high tempera-
ture waste heat in primary steel production (left)2,3 and glass melting (right).4,5

Not to scale.

temperature (TH ), and cold-end temperature (TC ):

η = TH − TC

TH

√
1 + Z T̄ − 1√

1 + Z T̄ + TC
TH

[2]

The maximum power generated (Pout ) is obtained from the thermo-
electric voltage and the internal resistance of the thermoelectric mate-
rial under the condition of impedance matching neglecting any contact
resistance where x is the material thickness and A is the cross-sectional
area:

Pout = (α!T )2

4 · 1
σ

· x
A

[3]

Additional constraints apply for high temperature industrial waste
heat. Large surface areas have to be covered calling for a material
with scalable manufacturing. Relatively small heat-fluxes must be
harvested and for a given material thermal conductivity (κ) and tem-
perature difference (dT ), the corresponding material thickness (dx)
varies with heat-flux (q) following Fourier’s Law,

q = −κ
dT
dx

[4]

Equation 4 implies the need for a large material thickness when heat-
flux is small.

Since the thermoelectric power is directly proportional to the
square of the temperature difference, it is desirable to maximize the
latter for thermoelectric generation. At the same time, a smaller ma-
terial thickness helps reduce the active material and manufacturing
costs. For a typical solid-state thermoelectric device designed to op-
erate at a 400◦C temperature difference (e.g. TH = 500◦C) with a
material thermal conductivity of 2 W m−1 K−1 and a thickness of
1 cm, a minimum heat-flux of 80 kW m−2 is required to achieve
steady-state based on Fourier’s Law. The corresponding 400◦C cm−1

temperature gradient is considered to date the upper limit of opera-
tions of solid-state thermoelectric devices beyond which mechanical
stability is limiting. Indeed, a larger temperature difference can, for
example, lead to cracking of the solid-state thermoelectric materials
due to the corresponding amplitude of thermal stress. Additionally,
the mismatch in coefficient of thermal expansion between the elec-
trode (usually a metal) and the thermoelectric material (usually a
non-metal) often leads to poor electrical and thermal contact.11–16 In
this context, harvesting heat-fluxes of 5 kW m−2 as experienced in
high temperature industrial waste heat requires a thickness of 16 cm

for a 400◦C temperature difference. All these realities indicate that a
large volume of material is required for high-temperature waste heat
thermoelectricity, which justifies the quest for low-cost materials.

The metric of “dollar per watt of generated power”, DPW, as
put forth for renewable power generation, can be readily evaluated
given the material volume (V ) and volumetric price (Mprice), only
accounting the raw thermoelectric materials costs:

D PW = V Mprice

Pout
[5]

Combining the maximum power output (Eq. 3) and the cost basis
(Eq. 5) allows to evaluate DPW as a function of the magnitude of the
heat-flux. The DPW evaluated on a materials basis is obtained via:

D PW = 4κ2 Mprice

α2q2σ
[6]

Figure 2 is a contour plot that shows DPW as a function of the magni-
tude of the input heat-flux and the volumetric material cost assuming
a ZT of 1 and a thermal conductivity of 2 W m−1 K−1. The plot shows
that a promising solid-state material such as bismuth telluride, at ap-
proximately S|| 106 m−3

, requires a flux of around 90 kW m−2 in order
to achieve a cost basis of S|| 1 W−1.

This analysis corroborates the results presented previously for mid-
temperature range waste heat recovery calling for a revolution in
solid-state materials discovery and engineering for large temperature
difference, low-heat-flux waste heat recovery.17 In our opinion, a novel
class of non-solid-state materials could be considered in order to
harvest the industrial waste heat discussed above, materials that have
a high temperature of operation and a low volumetric cost compared to
their solid-state counterparts. For the waste heat-fluxes encountered in
primary operations of steel and glass industry, a material cost ranging
from S|| 10,000 m−3 to S|| 60,000 m−3 is required for heat-fluxes of
no more than 10 kW m−2 in order to achieve S|| 1 W−1 to S|| 5 W−1

materials cost basis. Hereafter presented and discussed are molten
semiconductors which, according to their bulk price, are potential
candidates for such thermoelectric application.

Opportunity Offered by Molten Semiconductors

Molten semiconductors, as opposed to their solid-state counter-
parts, have high operating temperatures and low material costs as
shown in Table I. The materials cost are estimated here following
the approach developed previously by Yadav,18 i.e. using elemental

Figure 2. Variation of cost per watt of power generated, (DPW, color gradi-
ent), with the thermoelectric materials volumetric cost and the magnitude of the
heat-flux of the heat source. At a given heat-flux, DPW increases linearly with
material cost. The dots at the intersections of the dash lines give approximate
DPW for materials with different costs and at different heat-fluxes.

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 63.88.101.67Downloaded on 2016-12-06 to IP 
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temperature (TH ), and cold-end temperature (TC ):

η = TH − TC

TH

√
1 + Z T̄ − 1√

1 + Z T̄ + TC
TH

[2]

The maximum power generated (Pout ) is obtained from the thermo-
electric voltage and the internal resistance of the thermoelectric mate-
rial under the condition of impedance matching neglecting any contact
resistance where x is the material thickness and A is the cross-sectional
area:

Pout = (α!T )2

4 · 1
σ

· x
A

[3]

Additional constraints apply for high temperature industrial waste
heat. Large surface areas have to be covered calling for a material
with scalable manufacturing. Relatively small heat-fluxes must be
harvested and for a given material thermal conductivity (κ) and tem-
perature difference (dT ), the corresponding material thickness (dx)
varies with heat-flux (q) following Fourier’s Law,

q = −κ
dT
dx

[4]

Equation 4 implies the need for a large material thickness when heat-
flux is small.

Since the thermoelectric power is directly proportional to the
square of the temperature difference, it is desirable to maximize the
latter for thermoelectric generation. At the same time, a smaller ma-
terial thickness helps reduce the active material and manufacturing
costs. For a typical solid-state thermoelectric device designed to op-
erate at a 400◦C temperature difference (e.g. TH = 500◦C) with a
material thermal conductivity of 2 W m−1 K−1 and a thickness of
1 cm, a minimum heat-flux of 80 kW m−2 is required to achieve
steady-state based on Fourier’s Law. The corresponding 400◦C cm−1

temperature gradient is considered to date the upper limit of opera-
tions of solid-state thermoelectric devices beyond which mechanical
stability is limiting. Indeed, a larger temperature difference can, for
example, lead to cracking of the solid-state thermoelectric materials
due to the corresponding amplitude of thermal stress. Additionally,
the mismatch in coefficient of thermal expansion between the elec-
trode (usually a metal) and the thermoelectric material (usually a
non-metal) often leads to poor electrical and thermal contact.11–16 In
this context, harvesting heat-fluxes of 5 kW m−2 as experienced in
high temperature industrial waste heat requires a thickness of 16 cm

for a 400◦C temperature difference. All these realities indicate that a
large volume of material is required for high-temperature waste heat
thermoelectricity, which justifies the quest for low-cost materials.

The metric of “dollar per watt of generated power”, DPW, as
put forth for renewable power generation, can be readily evaluated
given the material volume (V ) and volumetric price (Mprice), only
accounting the raw thermoelectric materials costs:

D PW = V Mprice

Pout
[5]

Combining the maximum power output (Eq. 3) and the cost basis
(Eq. 5) allows to evaluate DPW as a function of the magnitude of the
heat-flux. The DPW evaluated on a materials basis is obtained via:

D PW = 4κ2 Mprice

α2q2σ
[6]

Figure 2 is a contour plot that shows DPW as a function of the magni-
tude of the input heat-flux and the volumetric material cost assuming
a ZT of 1 and a thermal conductivity of 2 W m−1 K−1. The plot shows
that a promising solid-state material such as bismuth telluride, at ap-
proximately S|| 106 m−3

, requires a flux of around 90 kW m−2 in order
to achieve a cost basis of S|| 1 W−1.

This analysis corroborates the results presented previously for mid-
temperature range waste heat recovery calling for a revolution in
solid-state materials discovery and engineering for large temperature
difference, low-heat-flux waste heat recovery.17 In our opinion, a novel
class of non-solid-state materials could be considered in order to
harvest the industrial waste heat discussed above, materials that have
a high temperature of operation and a low volumetric cost compared to
their solid-state counterparts. For the waste heat-fluxes encountered in
primary operations of steel and glass industry, a material cost ranging
from S|| 10,000 m−3 to S|| 60,000 m−3 is required for heat-fluxes of
no more than 10 kW m−2 in order to achieve S|| 1 W−1 to S|| 5 W−1

materials cost basis. Hereafter presented and discussed are molten
semiconductors which, according to their bulk price, are potential
candidates for such thermoelectric application.

Opportunity Offered by Molten Semiconductors

Molten semiconductors, as opposed to their solid-state counter-
parts, have high operating temperatures and low material costs as
shown in Table I. The materials cost are estimated here following
the approach developed previously by Yadav,18 i.e. using elemental

Figure 2. Variation of cost per watt of power generated, (DPW, color gradi-
ent), with the thermoelectric materials volumetric cost and the magnitude of the
heat-flux of the heat source. At a given heat-flux, DPW increases linearly with
material cost. The dots at the intersections of the dash lines give approximate
DPW for materials with different costs and at different heat-fluxes.
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• Temperature in excess of 1000°C 

• Heat flux less than few kW/m2 

• Surfaces greater than 20,000 sq ft

20Zhao, Rinzler and Allanore, ECS Journal of Solid State Science and Technology, 6 (3) N3010-N3016 (2017) 
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temperature (TH ), and cold-end temperature (TC ):

η = TH − TC

TH

√
1 + Z T̄ − 1√

1 + Z T̄ + TC
TH

[2]

The maximum power generated (Pout ) is obtained from the thermo-
electric voltage and the internal resistance of the thermoelectric mate-
rial under the condition of impedance matching neglecting any contact
resistance where x is the material thickness and A is the cross-sectional
area:

Pout = (α!T )2

4 · 1
σ

· x
A

[3]

Additional constraints apply for high temperature industrial waste
heat. Large surface areas have to be covered calling for a material
with scalable manufacturing. Relatively small heat-fluxes must be
harvested and for a given material thermal conductivity (κ) and tem-
perature difference (dT ), the corresponding material thickness (dx)
varies with heat-flux (q) following Fourier’s Law,

q = −κ
dT
dx

[4]

Equation 4 implies the need for a large material thickness when heat-
flux is small.

Since the thermoelectric power is directly proportional to the
square of the temperature difference, it is desirable to maximize the
latter for thermoelectric generation. At the same time, a smaller ma-
terial thickness helps reduce the active material and manufacturing
costs. For a typical solid-state thermoelectric device designed to op-
erate at a 400◦C temperature difference (e.g. TH = 500◦C) with a
material thermal conductivity of 2 W m−1 K−1 and a thickness of
1 cm, a minimum heat-flux of 80 kW m−2 is required to achieve
steady-state based on Fourier’s Law. The corresponding 400◦C cm−1

temperature gradient is considered to date the upper limit of opera-
tions of solid-state thermoelectric devices beyond which mechanical
stability is limiting. Indeed, a larger temperature difference can, for
example, lead to cracking of the solid-state thermoelectric materials
due to the corresponding amplitude of thermal stress. Additionally,
the mismatch in coefficient of thermal expansion between the elec-
trode (usually a metal) and the thermoelectric material (usually a
non-metal) often leads to poor electrical and thermal contact.11–16 In
this context, harvesting heat-fluxes of 5 kW m−2 as experienced in
high temperature industrial waste heat requires a thickness of 16 cm

for a 400◦C temperature difference. All these realities indicate that a
large volume of material is required for high-temperature waste heat
thermoelectricity, which justifies the quest for low-cost materials.

The metric of “dollar per watt of generated power”, DPW, as
put forth for renewable power generation, can be readily evaluated
given the material volume (V ) and volumetric price (Mprice), only
accounting the raw thermoelectric materials costs:

D PW = V Mprice

Pout
[5]

Combining the maximum power output (Eq. 3) and the cost basis
(Eq. 5) allows to evaluate DPW as a function of the magnitude of the
heat-flux. The DPW evaluated on a materials basis is obtained via:

D PW = 4κ2 Mprice

α2q2σ
[6]

Figure 2 is a contour plot that shows DPW as a function of the magni-
tude of the input heat-flux and the volumetric material cost assuming
a ZT of 1 and a thermal conductivity of 2 W m−1 K−1. The plot shows
that a promising solid-state material such as bismuth telluride, at ap-
proximately S|| 106 m−3

, requires a flux of around 90 kW m−2 in order
to achieve a cost basis of S|| 1 W−1.

This analysis corroborates the results presented previously for mid-
temperature range waste heat recovery calling for a revolution in
solid-state materials discovery and engineering for large temperature
difference, low-heat-flux waste heat recovery.17 In our opinion, a novel
class of non-solid-state materials could be considered in order to
harvest the industrial waste heat discussed above, materials that have
a high temperature of operation and a low volumetric cost compared to
their solid-state counterparts. For the waste heat-fluxes encountered in
primary operations of steel and glass industry, a material cost ranging
from S|| 10,000 m−3 to S|| 60,000 m−3 is required for heat-fluxes of
no more than 10 kW m−2 in order to achieve S|| 1 W−1 to S|| 5 W−1

materials cost basis. Hereafter presented and discussed are molten
semiconductors which, according to their bulk price, are potential
candidates for such thermoelectric application.

Opportunity Offered by Molten Semiconductors

Molten semiconductors, as opposed to their solid-state counter-
parts, have high operating temperatures and low material costs as
shown in Table I. The materials cost are estimated here following
the approach developed previously by Yadav,18 i.e. using elemental

Figure 2. Variation of cost per watt of power generated, (DPW, color gradi-
ent), with the thermoelectric materials volumetric cost and the magnitude of the
heat-flux of the heat source. At a given heat-flux, DPW increases linearly with
material cost. The dots at the intersections of the dash lines give approximate
DPW for materials with different costs and at different heat-fluxes.
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Figure 1. Schematic regions of generation and availability of high tempera-
ture waste heat in primary steel production (left)2,3 and glass melting (right).4,5

Not to scale.

temperature (TH ), and cold-end temperature (TC ):

η = TH − TC

TH

√
1 + Z T̄ − 1√

1 + Z T̄ + TC
TH

[2]

The maximum power generated (Pout ) is obtained from the thermo-
electric voltage and the internal resistance of the thermoelectric mate-
rial under the condition of impedance matching neglecting any contact
resistance where x is the material thickness and A is the cross-sectional
area:

Pout = (α!T )2

4 · 1
σ

· x
A

[3]

Additional constraints apply for high temperature industrial waste
heat. Large surface areas have to be covered calling for a material
with scalable manufacturing. Relatively small heat-fluxes must be
harvested and for a given material thermal conductivity (κ) and tem-
perature difference (dT ), the corresponding material thickness (dx)
varies with heat-flux (q) following Fourier’s Law,

q = −κ
dT
dx

[4]

Equation 4 implies the need for a large material thickness when heat-
flux is small.

Since the thermoelectric power is directly proportional to the
square of the temperature difference, it is desirable to maximize the
latter for thermoelectric generation. At the same time, a smaller ma-
terial thickness helps reduce the active material and manufacturing
costs. For a typical solid-state thermoelectric device designed to op-
erate at a 400◦C temperature difference (e.g. TH = 500◦C) with a
material thermal conductivity of 2 W m−1 K−1 and a thickness of
1 cm, a minimum heat-flux of 80 kW m−2 is required to achieve
steady-state based on Fourier’s Law. The corresponding 400◦C cm−1

temperature gradient is considered to date the upper limit of opera-
tions of solid-state thermoelectric devices beyond which mechanical
stability is limiting. Indeed, a larger temperature difference can, for
example, lead to cracking of the solid-state thermoelectric materials
due to the corresponding amplitude of thermal stress. Additionally,
the mismatch in coefficient of thermal expansion between the elec-
trode (usually a metal) and the thermoelectric material (usually a
non-metal) often leads to poor electrical and thermal contact.11–16 In
this context, harvesting heat-fluxes of 5 kW m−2 as experienced in
high temperature industrial waste heat requires a thickness of 16 cm

for a 400◦C temperature difference. All these realities indicate that a
large volume of material is required for high-temperature waste heat
thermoelectricity, which justifies the quest for low-cost materials.

The metric of “dollar per watt of generated power”, DPW, as
put forth for renewable power generation, can be readily evaluated
given the material volume (V ) and volumetric price (Mprice), only
accounting the raw thermoelectric materials costs:

D PW = V Mprice

Pout
[5]

Combining the maximum power output (Eq. 3) and the cost basis
(Eq. 5) allows to evaluate DPW as a function of the magnitude of the
heat-flux. The DPW evaluated on a materials basis is obtained via:

D PW = 4κ2 Mprice

α2q2σ
[6]

Figure 2 is a contour plot that shows DPW as a function of the magni-
tude of the input heat-flux and the volumetric material cost assuming
a ZT of 1 and a thermal conductivity of 2 W m−1 K−1. The plot shows
that a promising solid-state material such as bismuth telluride, at ap-
proximately S|| 106 m−3

, requires a flux of around 90 kW m−2 in order
to achieve a cost basis of S|| 1 W−1.

This analysis corroborates the results presented previously for mid-
temperature range waste heat recovery calling for a revolution in
solid-state materials discovery and engineering for large temperature
difference, low-heat-flux waste heat recovery.17 In our opinion, a novel
class of non-solid-state materials could be considered in order to
harvest the industrial waste heat discussed above, materials that have
a high temperature of operation and a low volumetric cost compared to
their solid-state counterparts. For the waste heat-fluxes encountered in
primary operations of steel and glass industry, a material cost ranging
from S|| 10,000 m−3 to S|| 60,000 m−3 is required for heat-fluxes of
no more than 10 kW m−2 in order to achieve S|| 1 W−1 to S|| 5 W−1

materials cost basis. Hereafter presented and discussed are molten
semiconductors which, according to their bulk price, are potential
candidates for such thermoelectric application.

Opportunity Offered by Molten Semiconductors

Molten semiconductors, as opposed to their solid-state counter-
parts, have high operating temperatures and low material costs as
shown in Table I. The materials cost are estimated here following
the approach developed previously by Yadav,18 i.e. using elemental

Figure 2. Variation of cost per watt of power generated, (DPW, color gradi-
ent), with the thermoelectric materials volumetric cost and the magnitude of the
heat-flux of the heat source. At a given heat-flux, DPW increases linearly with
material cost. The dots at the intersections of the dash lines give approximate
DPW for materials with different costs and at different heat-fluxes.
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Heat management : high T !

Is it possible to harvest or manage 
such heat?

thermoelectric at temperature greater 
than 1000°C for low heat fluxes?
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△T 
thermal 

conductivity 
W/m/K

thickness 
material heat flux

400 2 1 cm 80 kW/m2

400 2 16 cm

Thermoelectricity for low heat fluxes

e.g. crystalline Bi2Te3 
 225°C  

few cm thick?

Industrial reality: temperature in excess of 1000°C,  few kW/m2

call for different metrics and materials

5 kW/m2
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temperature (TH ), and cold-end temperature (TC ):

η = TH − TC

TH

√
1 + Z T̄ − 1√

1 + Z T̄ + TC
TH

[2]

The maximum power generated (Pout ) is obtained from the thermo-
electric voltage and the internal resistance of the thermoelectric mate-
rial under the condition of impedance matching neglecting any contact
resistance where x is the material thickness and A is the cross-sectional
area:

Pout = (α!T )2

4 · 1
σ

· x
A

[3]

Additional constraints apply for high temperature industrial waste
heat. Large surface areas have to be covered calling for a material
with scalable manufacturing. Relatively small heat-fluxes must be
harvested and for a given material thermal conductivity (κ) and tem-
perature difference (dT ), the corresponding material thickness (dx)
varies with heat-flux (q) following Fourier’s Law,

q = −κ
dT
dx

[4]

Equation 4 implies the need for a large material thickness when heat-
flux is small.

Since the thermoelectric power is directly proportional to the
square of the temperature difference, it is desirable to maximize the
latter for thermoelectric generation. At the same time, a smaller ma-
terial thickness helps reduce the active material and manufacturing
costs. For a typical solid-state thermoelectric device designed to op-
erate at a 400◦C temperature difference (e.g. TH = 500◦C) with a
material thermal conductivity of 2 W m−1 K−1 and a thickness of
1 cm, a minimum heat-flux of 80 kW m−2 is required to achieve
steady-state based on Fourier’s Law. The corresponding 400◦C cm−1

temperature gradient is considered to date the upper limit of opera-
tions of solid-state thermoelectric devices beyond which mechanical
stability is limiting. Indeed, a larger temperature difference can, for
example, lead to cracking of the solid-state thermoelectric materials
due to the corresponding amplitude of thermal stress. Additionally,
the mismatch in coefficient of thermal expansion between the elec-
trode (usually a metal) and the thermoelectric material (usually a
non-metal) often leads to poor electrical and thermal contact.11–16 In
this context, harvesting heat-fluxes of 5 kW m−2 as experienced in
high temperature industrial waste heat requires a thickness of 16 cm

for a 400◦C temperature difference. All these realities indicate that a
large volume of material is required for high-temperature waste heat
thermoelectricity, which justifies the quest for low-cost materials.

The metric of “dollar per watt of generated power”, DPW, as
put forth for renewable power generation, can be readily evaluated
given the material volume (V ) and volumetric price (Mprice), only
accounting the raw thermoelectric materials costs:

D PW = V Mprice

Pout
[5]

Combining the maximum power output (Eq. 3) and the cost basis
(Eq. 5) allows to evaluate DPW as a function of the magnitude of the
heat-flux. The DPW evaluated on a materials basis is obtained via:

D PW = 4κ2 Mprice

α2q2σ
[6]

Figure 2 is a contour plot that shows DPW as a function of the magni-
tude of the input heat-flux and the volumetric material cost assuming
a ZT of 1 and a thermal conductivity of 2 W m−1 K−1. The plot shows
that a promising solid-state material such as bismuth telluride, at ap-
proximately S|| 106 m−3

, requires a flux of around 90 kW m−2 in order
to achieve a cost basis of S|| 1 W−1.

This analysis corroborates the results presented previously for mid-
temperature range waste heat recovery calling for a revolution in
solid-state materials discovery and engineering for large temperature
difference, low-heat-flux waste heat recovery.17 In our opinion, a novel
class of non-solid-state materials could be considered in order to
harvest the industrial waste heat discussed above, materials that have
a high temperature of operation and a low volumetric cost compared to
their solid-state counterparts. For the waste heat-fluxes encountered in
primary operations of steel and glass industry, a material cost ranging
from S|| 10,000 m−3 to S|| 60,000 m−3 is required for heat-fluxes of
no more than 10 kW m−2 in order to achieve S|| 1 W−1 to S|| 5 W−1

materials cost basis. Hereafter presented and discussed are molten
semiconductors which, according to their bulk price, are potential
candidates for such thermoelectric application.

Opportunity Offered by Molten Semiconductors

Molten semiconductors, as opposed to their solid-state counter-
parts, have high operating temperatures and low material costs as
shown in Table I. The materials cost are estimated here following
the approach developed previously by Yadav,18 i.e. using elemental

Figure 2. Variation of cost per watt of power generated, (DPW, color gradi-
ent), with the thermoelectric materials volumetric cost and the magnitude of the
heat-flux of the heat source. At a given heat-flux, DPW increases linearly with
material cost. The dots at the intersections of the dash lines give approximate
DPW for materials with different costs and at different heat-fluxes.
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Molten semiconductor?

How do we know the range of temperature for semiconductivity? 
Can we demonstrate power generation at T>1000°C? 
What are the actual material performance limitations?

Figure of 
Merit

Thermal 
conductivity

Melting 
point

Cost 
$/m3

Ni3S2 na na 800°C 54,000

SnS na na 882°C 65,000

PbS na na 1120°C 13,500

Cu2S 1 @1130°C 0.8 to 1.4 1130°C 27,400

FeS na na 1200°C <5,000

FeO na na 1400°C <3,000
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Materials science for high T?
• Handbook of phase diagrams…

Sharma and Chang, Bulletin of Alloy Phase Diagram, 1986
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• Need for transport properties: Handbook again? 

• density 

• viscosity 

• electronic properties (conductivity, Seebeck, mobility) 

• thermal conductivity: 

• electronic thermal conduction? 

• radiation? … optical properties 

most useful database are trade secrets… 
and unique for each field (!)

Materials science for high T?
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Device tested with SnS
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molten 
SnS
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Device tested with SnSECS Journal of Solid State Science and Technology, 6 (3) N3010-N3016 (2017) N3015

a. b.

Figure 5. (a) Variation of the device voltage (V, open mark, left axis), and power (P, solid mark, right axis) with the current (I) for five different temperature
profiles with an average temperature difference of around 55◦C. (b) Maximum output power of the device, measured for each temperature profile, as a function
of the hot-end temperature. Data were taken over the course of four hours of experiment when the material was thermally cycled over a range of 200◦C above
melting point.

the uncertainty associated with thermal conductivity, the results prove
that electricity is indeed generated by the molten material inside the
thermoelectric test cell. In addition, it suggests that the experimental
method followed to subtract the lead materials contribution from the
molten material is reliable. Finally, it shows that limited chemical in-
teraction between the device and the thermoelectric material occurred
such that the molten material is exhibiting performances approaching
its theoretical limit.

In agreement with the predictions and analyses presented in the
introduction, devices based on molten semiconductors will exhibit a
material cost (i.e. excluding manufacturing cost) that is one to two
orders of magnitude lower than their solid-state materials counterpart.
Taking into account the ease of manufacturing, the synthesis method
for SnS (see Experimental section) proves very flexible in terms of
final geometry and dimension of material. The simplicity indicates a
simple path to produce a thermoelectric material with large material
thickness, in contrast to the challenges reported for the manufacturing
of large-dimension solid-state materials.

Despite the promising thermoelectric properties of molten SnS
and the stable device operation demonstrated in this work, the future
deployment of molten thermoelectrics for high temperature waste heat
recovery requires tackling open materials and engineering questions,
discussed hereafter.

Envisioning a unicouple thermoelectric cell design (i.e. using both
p- and n-type semiconductors) will require using materials with peak
performance in the same temperature range. Otherwise, it might be
more economically advantageous to adopt a unileg cell design.47 The
present and previous studies have identified several promising candi-
date materials (e.g. Cu2S, SnS, and PbS) which are all binary systems,
but their Seebeck performances and optimum temperature range of op-
eration are potentially too dissimilar to allow their coupling. However,
it has been demonstrated that a binary molten material system with
small composition variation around a stoichiometric compound could
exhibit both p- and n-type characteristics,24,28,43,48 enabling the po-
tential use of the same materials for both legs of a cell. In addition,
the evolution of the fundamental properties of binaries upon addition

a. b.

Figure 6. (a) Variation of the experimental Seebeck coefficient of molten SnS with the hot-end temperature during four hours of experiment at temperatures up
to 1074◦C. Error bars indicate ±1 standard deviations from the mean based on measurements from both primary and secondary leads after subtracting the lead
contribution. (b) Variation of the maximum melt power (black squares, left axis), after subtracting lead contribution, and Figure of Merit (red circles, right axis)
with hot-end temperature during four hours of experiment.
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△T ∼50°C

• successful power 
generation 
at T>1000°C 

• very stable power 
• >4h operation 
• reusable

Zhao, Rinzler and Allanore, ECS Journal of Solid State Science and Technology, 6 (3) N3010-N3016 (2017) 
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Seebeck 
✔

Conductivity 
✔

Device and material
Results in agreement with known electronic properties
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Materials limitations?

ECS Journal of Solid State Science and Technology, 6 (3) N3010-N3016 (2017) N3015

a. b.

Figure 5. (a) Variation of the device voltage (V, open mark, left axis), and power (P, solid mark, right axis) with the current (I) for five different temperature
profiles with an average temperature difference of around 55◦C. (b) Maximum output power of the device, measured for each temperature profile, as a function
of the hot-end temperature. Data were taken over the course of four hours of experiment when the material was thermally cycled over a range of 200◦C above
melting point.

the uncertainty associated with thermal conductivity, the results prove
that electricity is indeed generated by the molten material inside the
thermoelectric test cell. In addition, it suggests that the experimental
method followed to subtract the lead materials contribution from the
molten material is reliable. Finally, it shows that limited chemical in-
teraction between the device and the thermoelectric material occurred
such that the molten material is exhibiting performances approaching
its theoretical limit.

In agreement with the predictions and analyses presented in the
introduction, devices based on molten semiconductors will exhibit a
material cost (i.e. excluding manufacturing cost) that is one to two
orders of magnitude lower than their solid-state materials counterpart.
Taking into account the ease of manufacturing, the synthesis method
for SnS (see Experimental section) proves very flexible in terms of
final geometry and dimension of material. The simplicity indicates a
simple path to produce a thermoelectric material with large material
thickness, in contrast to the challenges reported for the manufacturing
of large-dimension solid-state materials.

Despite the promising thermoelectric properties of molten SnS
and the stable device operation demonstrated in this work, the future
deployment of molten thermoelectrics for high temperature waste heat
recovery requires tackling open materials and engineering questions,
discussed hereafter.

Envisioning a unicouple thermoelectric cell design (i.e. using both
p- and n-type semiconductors) will require using materials with peak
performance in the same temperature range. Otherwise, it might be
more economically advantageous to adopt a unileg cell design.47 The
present and previous studies have identified several promising candi-
date materials (e.g. Cu2S, SnS, and PbS) which are all binary systems,
but their Seebeck performances and optimum temperature range of op-
eration are potentially too dissimilar to allow their coupling. However,
it has been demonstrated that a binary molten material system with
small composition variation around a stoichiometric compound could
exhibit both p- and n-type characteristics,24,28,43,48 enabling the po-
tential use of the same materials for both legs of a cell. In addition,
the evolution of the fundamental properties of binaries upon addition

a. b.

Figure 6. (a) Variation of the experimental Seebeck coefficient of molten SnS with the hot-end temperature during four hours of experiment at temperatures up
to 1074◦C. Error bars indicate ±1 standard deviations from the mean based on measurements from both primary and secondary leads after subtracting the lead
contribution. (b) Variation of the maximum melt power (black squares, left axis), after subtracting lead contribution, and Figure of Merit (red circles, right axis)
with hot-end temperature during four hours of experiment.
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Good cyclability - what limits power conversion?
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??

Thermal conductivity?

RADIATIVE? 
• Refractive 

index n 
• Absorption 

coefficient α

CONVECTION? 
• need density, 

viscosity data



graphite plate

SnS (l)

physical properties  
of molten sulfides 

(from 150 to 2000°C)

Seeing the melt
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sample

sample
Xe lamp

quartz tube

electrodes

sample

electrodesstudy of 
molten refractory oxides 

above 2100°C
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• QH  is fixed by max ΔT of refractory 
• TH limited by TL location and ability to 

remove QC

Process heat management?
conventional refractory

TH

QH

QH

QH

TL
pr

oc
es

s

• higher apparent thermal conductivity 
• ability to be controlled by electricity 
• can enable higher TH, fast QH removal

TH

QH

QH

TL
Thermoelectric

Thermoelectric

Thermoelectric

active refractory

pr
oc

es
s
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• High temperature melts represent the ultimate state of 
condensed matter, pertinent to the entire metal supply 
chain (including oxidation products!) 

• Existing predictive and experimental framework for 
properties is quickly evolving 

• Novel media for heat, electrical or mass transfer in high 
temperature conditions can be designed and scaled-up 
promptly 

• Scalability and implementation will be possible if it 
increases productivity of underlying process flow-
diagram
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Materials processing
• realm of liquid state, high temperature, plasma, …

Electric Arc Furnace, 
Ingot, 
Plasma deposition, 
EBeam (sublimation), 
RT Process…

What is the state of the art in ‘high temperature’ materials science?
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3

Conduction
0.5-1.5 W/m K

Convection + Radiation
3-5 W/m K

Educated Guess
Based on other molten 

sulfide systems

FZF CONTACT ANGLE MEASUREMENTS

Cu2S on Graphite FeS on Graphite

146.5° +/- 0.8° 96° +/- 4°

Cu2S 
146°

graphite

FZF CONTACT ANGLE MEASUREMENTS

Cu2S on Graphite FeS on Graphite

146.5° +/- 0.8° 96° +/- 4°

FeS 
96°

Cu2S-BaS-La2S3 
76°

graphite graphite
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Secondary  
HE 

Furnace 
HE 

TE 
Liquid 

top T

bottom T
natural  

convection?

insight into 
density, viscosity, 

diffusivity

seeing the melt?

M. A. Patrick and A. A. Wragg, Int. J. Heat Mass Transf., 18, 1397–1407 (1975). 

aqueous electrochem.

Thermal conductivity?



Liquid semiconductors
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Certain compounds maintain semi-conductivity upon 
melting…described by a ‘pseudo-gap’ 

N
(E

) 

E 

T > Tcrit 
T > Tmelt 
T = Tmelt 

EF 

Mott’s formulas 
for amorphous SC

conductivity

thermopower

J. E. Enderby and A. C. Barnes (1990), Rep. Prog. Phys., 53, pp. 85–179 
V. A. Alekseev, A. A. Andreev, and M. V Sadovskil, (1980), Sov. Phys. Usp., 23, no. 9, pp. 551–575 
D. L. Price, (1990), Annu. Rev. Phys. Cher 
P. W. Anderson, (1958), Phys. Rev. 109, pp.1492– 1505,
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Zn�

Na2S-ZnS

Molten sulfide electrolyte #2

Allanore et al., Presentation at the 11th Workshop on Reactive Metal Processing 
February 20, 2016, Cambridge, MIT
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Refining	Precious	Metals	In	Molten	Sulfide	Electrolytes

• In	sulfide-based	systems,	metal	reactivity	
varies	widely	from	oxide-based	systems.	

• Fe,	for	example,	is	more	noble	
than	Cu	at	high	temperatures.

• Recent	experiments	suggest	Au	
is	less	noble	than	Ag	in	sulfide	
systems.
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Motivation

Mary	Elizabeth	Wagner	and	Antoine	Allanore
Department	of	Materials	Science	and	Engineering,	MIT,	Cambridge,	USA

• Current	refining	methods	require	aqueous	
electrorefining in	series	and	complex	anode	slime	
treatment1 (right)

• Molten	sulfide	electrolytes	show	promise	as	an	
alternative	electrolyte	for	refining	metal	in	
parallel,	rather	than	in	series.

• Experimental	data	show	that	Na2S-ZnS	can	dissolve		
Ag	and	Au	at	levels	comparable	to	current	
solvents,	making	it	a	viable	alternative	to	nitric	
acid	and	aqua	regia,	respectively.	
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• Visualized	using	Mathematica.	
• Data	were	imported	from	FactSage

using	the	SGNoble,	FactPS,	and	
FTmisc databases.	

Experimental
• 800C	in	a	molten	solution	of		Na2S-

ZnS	at	the	eutectic	concentration	
• Saturated	during	pre-melt	with	Au	

or	Ag,	concentration	estimated	
through	weight	loss

• Electrolytes	examined	pre-and	post	
electrolysis	for	signs	of	metal	via	
SEM	analysis Above	left:	silver	electrorefining setup.	

Above	right:	gold	electrowinning setup.	
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• Molten	Na2S-ZnS	can	dissolve	Ag	and	Au	at	levels	competitive	with	industrial	solvents	
• By	engineering	the	activity	of	the	solutes	in	the	electrolyte,	one	can	determine	the	order	in	

which	e-waste	elements	are	electrorefined
• Stable	electrochemical	signals	could	be	produced	from	silver	electrorefining and	gold	

electrowinning experiments.	
• Post-experiment,	metal	had	been	visibly	produced	at	the	cathodes.	

Cell	potential	
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anode-cathode	
distance	increase	
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Possible	evidence	of	sulfur	gas	
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Right:	Extracting	trace	Ag,	Au,	and	PGM	from	coper	ore	or	
electronic	waste	is		energy	intensive	and	must	be	done	in	series
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engineered	to	produce	
a	desired	cathode	
product.	Conversely,	
the	composition	of	the	
cathode	provides	
insight	into	the	
thermodynamics	of	
the	electrolyte.	

• By	engineering	the	activity	of	the	metal	sulfides	dissolved	in	the	electrolyte,	it	is	possible	to	
control	which	species	is	oxidized	at	the	anode	and	reduced	at	the	cathode.	

• Electrochemical	synthesis	diagrams2 were	constructed,	accounting	for	activity	in	the	
electrolyte.	These	diagrams	predicted	limited	co-deposition	between	Au,	Ag,	and	PGM.	
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Refining	Precious	Metals	In	Molten	Sulfide	Electrolytes

• In	sulfide-based	systems,	metal	reactivity	
varies	widely	from	oxide-based	systems.	

• Fe,	for	example,	is	more	noble	
than	Cu	at	high	temperatures.

• Recent	experiments	suggest	Au	
is	less	noble	than	Ag	in	sulfide	
systems.
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