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INSPIRE Aim and Objectives

The aim of INSPIRE is to develop molecularly integrated CO, capture and
mineralization pathways with inherent recovery of high value metals using
multifunctional solvents and electrochemically mediated transformations.

The two primary objectives of the INSPIRE technology are to:

(i) demonstrate the recovery of acids (alongside CaCO4, Mg(OH), and H,) from
industrial wastewater for recovering Fe- and Al-rich solids followed by the
use of CO,-bearing solids for recovering Ca- and Mg-carbonates, and
electrochemical separation of base metals such as Ni, Zn, Co as carbonates,
and Cu in Mode 1 in alkaline industrial residues bearing more than 5 wt% of
(non-carbonate) Al, Fe, Mg, and Ca-components,

(i) develop an integrated approach for the recovery of Ni, Zn, Co as carbonates,
Cu metal, and solid carbonate product bearing Ca, Mg, Fe, or Al in Mode 2 in
alkaline industrial residues where a single metal component is dominant
(e.g., Al is at least 5-fold greater compared to other major elements such as
Fe, Mg, Ca).



INSPIRE Mode 1: Metal Recovery and Carbon Mineralization

Schematic representation of the INSPIRE technology for selective metal recovery
integrated with CO, capture and conversion.

(A) Mode 1: Compositions of Al, Fe, Ca, Mg exceed 5 wt% Integrated CO, capture and mineralization
for recovering high value metals
Photo-Assisted Electrochemical FeO(OH) or Fe(OH),
Recovery of Acids, H,, CaCO,, and
Mg(OHI)_2 t\_/la CO, capture and AlRaliia i Fy Al ’ Al(OH),
mineraization - residues as feedstock pH 3 pH5
= N\
. CO,-bearing
Industrial flue2 gas streams L
wastewater _ H
pH <1 CO,-bearing
flue gas
Acids (e.g., H,SO,, HCI) streams

CO,-lean solvent
NaOH
Recovered - (1) RNHCO,RNH,* + MO
H : 2 3
2 solid L g i = 2RNH,, MCO.
CaCO; &
Mag(OI3-|)jz . ’ Renewable

l Energy
(2) 2RNHCO,RNH;* + M’'O = [M(RNH,),, CO,], CO,

Co (COy), (OH)y MnCO,
(3) CO, + NaOH = 2Na,CO, + H,0 l '

Ni (CO,),(OH),

Ca- and Mg-
depleted water

e _ - CaCo
(4) IM(RNH,),, CO,] + Cu?* = [Cu(RNH,),, CO,] + M 21 (COL(OH, 3

Mg (COS)X(OH)y
(5) M2* + Na,CO; + H,0 = M(CO;),(OH), + NaOH

Mode 1 is applied for alkaline residues with Al, Fe, Ca, and
Mg content exceeding 5 wt%



INSPIRE Mode 2: Metal Recovery and Carbon Mineralization

Schematic representation of the INSPIRE technology for selective metal recovery
integrated with CO, capture and conversion.

(B) Mode 2: Compositions of one of the following elements: Al, Fe, Ca, Mg is at
least 5 fold greater compared to other elements,

Integrated CO, capture and mineralization for recovering high value metals

M (CO;),(OH),
M = Mg, Ca, Fe, Al

’ Zn ((Zog)x(OH)y
Alkaline industrial

: ‘ Ni (CO;),(OH), L
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(1) RNHCO,RNH* + 1O = 2RNH,, MCO.

(2) 2RNHCO,RNH,* + M'O = [M(RNH,),, CO,] + CO,
(3) CO, + NaOH = 2Na,CO; + H,0

(4) [M(RNH,),, CO] + Cu?* = [Cu(RNH,),, CO,] + M2*

(5) M2* + Na,CO; = M(CO,) (OH),

Mode 2 is applied for alkaline residues with Al, Fe, Ca, and Mg
content at least 5 fold greater compared to other elements



Key Tasks and Subtasks

1

10

C2
C3

Task & Subtasks Year 1 Year 2
Quarter 1 2 3 4 1 2 3 4

Project Management and Planning (including kick-off meeting) 1.1 -

Material characterization, solvent synthesis and identify solvents

2.1 Characterize chemical and morphological features of alkaline materials 2.1 -

2.2 Synthesize third generation solvents and determine CO:2 capture behavior 2.2

2.3 Determine the appropriate solvents based on thermodynamics and kinetics 2.3

Metal recovery using CO32-bearing solvents and electrochemical approaches
Extractive carbon mineralization for Mn, Ca, and Mg recovery
Experimental setup for electromediated stripping, recovery, and solvent
regeneration

Develop frameworks for techno-economic assessments and life cycle analyses
6.1 Develop frameworks for process-scale analyses and TEA

6.2 Develop a framework to assess life cycle impacts

Engage K-12 students in science education and communication

Recover Al —and Fe — bearing solids

Recover Mn-, Ca-, and Mg-bearing carbonates

8.1 Phase separation, compositional analyses, quantification of CO2 capture

and mineralization

8.2 Produce Ca-carbonate via integrated CO2 capture and conversion
Electromediated critical metal stripping, recovery, and solvent regeneration
9.1 Selective Ni stripping by Cu?* ion substitution

9.2 Selective Ni and Co stripping by Cu2+ substitution and metal recovery by
carbon mineralization

Conduct whole system TEA and LCA

10.1 Evaluate the overall techno-economic impacts

10.2 Assess whole system life cycle impacts

Expand internship opportunities for underrepresented students and women
Engage women, rural communities, and general public through symposia
organization and presentations



Milestones

e _Milestones _____________

1. Project Management Y1, Q1 1.1. Develop the communication plan and other deliverables and

organize the project kick-off meeting
2. Material characterization, solvent Y1, Q1 2.1. Quantify the chemical compositions and morphological
synthesis and identification for metal features of the alkaline industrial residues from secondary
recovery aluminum processing and steel making
Y1, Q2 2.2. Synthesize third generation solvents and quantify CO, capture
behavior

Y1, Q3 2.3. Identify 2-3 appropriate solvent systems

Y1, Q4 3.1. Leach > 60% of Ni and > 80% of Ca from select alkaline
industrial residues - SMART; Go — No Go Milestone

AR SR e eIV R f\ B Y1, Q4 4.1. Achieve selective separation of Mn, Ca, and Mg-carbonates
Ca, and Mg recover
SE Sl el R e = S idelpl=niEi=h B Y1, Q3 5.1. Demonstrate a working experimental setup for separating
separation metals of interest
6. Develop frameworks for TEA and LCA Y1, Q4 6.1. Complete the TEA framework for INSPIRE

Y1, Q4 6.2. Complete the LCA framework for INSPIRE
7. Recover Al- and Fe-bearing solids Y2, Q1 7.1.Achieve the precipitation of Al- and Fe-rich solids from select

alkaline industrial residues with yields > 60% - SMART
8. Recover Mn-, Ca-, and Mg-bearing Y2, Q2 8.1. Recover > 90% of select solvents after Mn,Ca, and Mg-
carbonates carbonate precipitation - SMART
Y2, Q4 8.2. Produce > 10 kg of CaCO, based on optimal conditions -
SMART
9: Electromediated metal recovery Y2, Q3 9.1 Selective electrochemical recovery of Ni, Co, Zn-carbonates

Y2, Q4 9.2. Develop solvent regeneration strategy
10: Conduct whole system TEA and LCA Y2, Q4 10.1. Final TEA for the fully integrated INSPIRE technology
Y2, Q4 10.2. Final LCA for the fully integrated INSPIRE technology



INSPIRE Mode 1: Metal Recovery and Carbon Mineralization

Schematic representation of the INSPIRE technology for selective metal recovery
integrated with CO, capture and conversion.

(A) Mode 1: Compositions of Al, Fe, Ca, Mg exceed 5 wt% Integrated CO, capture and mineralization
for recovering high value metals
Photo-Assisted Electrochemical FeO(OH) or Fe(OH),
Recovery of Acids, H,, CaCO,, and
Mg(OHI)_2 t\_/la CO, capture and AlRaliia i Fy Al ’ Al(OH),
mineratization reS|dues as feedstock H3 pH 5
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(5) M2* + Na,CO; + H,0 = M(CO;),(OH), + NaOH

Mode 1 is applied for alkaline residues with Al, Fe, Ca, and
Mg content exceeding 5 wt%



wwwwm Advances in Direct Electrolysis of Brine

How can we produce acids, bases, H,, and O, by harnessing brine and electricity
while suppressing Cl, gas evolution?
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_ _ What is the effectiveness of using MnMo/Ti electrode for
PH Scale: S suppressing Cl, gas evolution?

Kim, Lu, Ochonma, and Gadikota, ACS Energy and Fuels, 2024 (Invited Article) 10
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Advances in Direct Electrolysis of Brine

NaOH and HCI yields normalized to charge are higher
using MnMo/Ti vs. Pt electrode
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Advances in Direct Electrolysis of Brine

Calculated oxygen evolution efficiencies using various electrodes and membrane configurations

Cl, Evolution
Efficiency
[%]

[Million USD/yr]

Anode System Total Coulomb [C] clh
[mol]
DE 3,647 0.0031
AEM 3,647 0.0026
CEM 3,647 0.0083
MnMo/Ti DE 1,621 0.0002
MnMo/Ti AEM 1,621 0.0002
MnMo/Ti CEM 1,621 0.0001
g o .
= a Exper!ment-Pt 53
= '[T]] Experiment-MnMo
X 51
5 42
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s
c 3
2 - 24
o - 2.1 %
£ 2 . -
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c
)
o 4
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Energy consumption for producing NaOH
iIs higher using MnMo/Ti
economics are more favorable with brine
compared

electrolysis
electrolysis!

to

electrode but

water

25
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O, Evolution
Efficiency
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evolution efficiency and

compared to Pt electrode

[ H, revenue [ NaOH revenue [l HCIrevenue[ ] O, revenue

Brine electrolysis
(This study)

b Water electrolysis !
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Ongoing work involves developing
novel electrodes for direct electrolysis!

Significant decrease in Cl, gas

enhancement in O, gas evolution
efficiency using MnMo/Ti electrode

12



INSPIRE Mode 1: Metal Recovery and Carbon Mineralization

Schematic representation of the INSPIRE technology for selective metal recovery
integrated with CO, capture and conversion.

(A) Mode 1: Compositions of Al, Fe, Ca, Mg exceed 5 wt% Integrated CO, capture and mineralization
for recovering high value metals
Photo-Assisted Electrochemical ges=r==rseremsesseraransansararanans : FeO(OH) or Fe(OH),
Recovery of Acids, H,, CaCO,, and : :
Mg(OHI)_2 t\_/la CO, capture and : AlRaliia i Fy Al . ’ Al(OH),
mineratization - : residues as feedstock : pH 3 pH 5
Eﬂ eeeeresnnssennnnesihe eerenemrnaranne :
. CO,-bearing
Industrial flue2 gas streams L
wastewater _ H
pH<1 CO,-bearing
flue gas
Acids (e.g., H,SO,, HCI) streams

CO,-lean solvent
NaOH
Recovered - (1) RNHCO,RNH,* + MO
H : 2 3
2 solid L g i = 2RNH,, MCO.
CaCO; &
Mag(OI3-|)jz . ’ Renewable

l Energy
(2) 2RNHCO,RNH;* + M’'O = [M(RNH,),, CO,], CO,

Co (COy), (OH)y MnCO,
(3) CO, + NaOH = 2Na,CO, + H,0 l '

Ni (CO,),(OH),

Ca- and Mg-
depleted water

e _ - CaCo
(4) [M(RNH,),, CO,] + Cu?* = [Cu(RNH,),, CO,] + M 21 (COOH), 3
Mg (COS)X(OH)y

(5) M2 + Na,COj; + H,0 = M(CO,),(OH), + NaOH _ _ _ _ _
Mode 1 is applied for alkaline residues with Al, Fe, Ca, and

Mg content exceeding 5 wt%
13



Milestone 2.1: Quantify the chemical compositions and morphological
features of the alkaline industrial residues from secondary aluminum
processing and steel making

EAF Steel EAF Ladle

Slag Slag Black Dross White Dross
Major Maior Wt (% Major Wt %
Elements UIE(E0) UIE(E0) eIemJents oxid(eso) elements (oxides)
cCaO 338 33.4 :
sio, 12.29 SIO: n.d.
MgO 11.6 31.3 . Ap— TiO, 0.089
2 .
Na,O  0.04 0.08
2 A|203 38.40 A|203 104.22
K,O  0.04 0.1 oo L1 FeO* 0.28
AlO;  7.23 11.2 Y- . MnO 0.213
Fe,O 214 5835
205 MO TRz MgO 3.90
SO, 18 9.66 cao 210 CaO 0.15
MnO  4.68 0.92
n Na,O 13.44 —— e
Zno s 5 KZO 9.13 KZO 0.22
Cr,0, 14 0.11 P.,0x 0.138 P,Os 0.011
NiO - - LOI (%) P LOI (%) -10.69
CuO i i Total 99.13 Total 99.12
Compositions of Compositions of
Ca- and Mg-bearing content Ca- and Mg-bearing content
exceeds 40 %. is less than 20 %.

Cu ~ 200 — 500 ppm;
Ni ~ 50— 100 ppm;
Cr ~50 - 200 ppm

Ultramafic mine tailings can contain ~ 40 — 50% SiO,, and
30 — 40% Mg-oxide, 5 — 15% Fe-oxides in

addition to ~ 100 — 2000 ppm of Ni 14



Milestone 2.1: Quantify the chemical compositions and morphological

features of the alkaline industrial residues from secondary aluminum

processing and steel making

Evidence of Ca-, Mg-, and Fe-silicates, silica, and
iron oxide phases in EAF slags

Evidence of soluble KClI and NaCl phases in
addition to insoluble Al, O3, Al, MgO, and MgAI.,O,
phases in black dross

Evidence of metallic Al, AlI20;, MgAl,O,, and MgO
phases in white dross.

Significant differences in the compositions of the
slags and dross materials motivate advances in
customized pathways to recover high value
products
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INSPIRE Mode 1: Metal Recovery and Carbon Mineralization

Schematic representation of the INSPIRE technology for selective metal recovery
integrated with CO, capture and conversion.

(A) Mode 1: Compositions of Al, Fe, Ca, Mg exceed 5 wt% Integrated CO, capture and mineralization
forrecovering.high.value metals
Photo-Assisted  Electrochemical FeO(OH) or Fe(OH), :
Recovery of Acids, H,, CaCO,, and : :
Mg(OHI)? t\'”a CO, capture and Alkaline industrial : ’ Al(OH)s2
mineraization - residues as feedstock P pH3 pH5 :
Eﬂ ' - e —— :
. CO,-bearing
Industrial fluezgas streams L
wastewater _ H
pH <1 CO,-bearing
flue gas
Acids (e.g., H,SO,, HCI) streams
CO,-lean solvent
NaOH

(1) RNHCO, RNH* + MO

Recovered - ‘
H . )
2 . J‘%X@E i - ZRNHZ, MC03
-~
CaCO3 & . l\[ I
Mg(OHY, Cu Renewable pH 7

l Energy
Co (COy),(OH), l MnCO,

Ni (CO,),(OH), '

Zn (CO,),(OH), Mg (COL.OH)
3/x y

Ca- and Mg-
depleted water

(2) 2RNHCO,RNH;* + M’'O = [M(RNH,),, CO,], CO,

(3) CO, + NaOH = 2Na,CO; + H,0

(4) IM(RNH,),, CO] + Cu?* = [Cu(RNH,),, CO] + M?* Ccaco,

(5) M2 + Na,COj; + H,0 = M(CO,),(OH), + NaOH _ _ _ _ _
Mode 1 is applied for alkaline residues with Al, Fe, Ca, and

Mg content exceeding 5 wt%
16



Task 2. Material Characterization, Solvent Synthesis, and
Determination of Key Solvents

Water-lean solvents are a prime medium for integration of capture
and mineralization and metal recovery.

A
CO;in

flue gas Pure CO,

Carbonate
in solution

Carbamate

Compressed CO,

Polycarbonate

in solution MgCO;
Relative
energy
(kJ/mol)  Reaction coordinate CaCo0;
/Alkanolguanidines N /Aminopyridines (AP)\
N b N OCH,
| | 3
/LNé/NJ\ ~N

e.g. 1-BEIPADIP-2-BOL

.

Brickett et al. Chem. Sci., 2022,13, 6445-6456

/

4 Diamines (DA) N

e.g. 2-MeOEAMP

\_

AN

» Overall process is catalytic with respect to solvent

« Catalytic exothermic mineralization offsets
endothermic solvent regeneration

Bypasses CO, compression

* PNNL’s single-component water-lean solvents are
tunable bi-dentate ligands for cation chelation

K/N\/\/H\/\O/\

e.g. EEMPA: N-(2-ethoxyethyl)-3-
morpholinopropan-1-Amine

17



Task 2. Material Characterization, Solvent Synthesis, and
Determination of Key Solvents

Towards Designing Candidate Solvents: PNNL has libraries of available solvents
from three classes to select from and reduced-order models enable us to quickly

design and synthesize solvents with tailored properties (as needed).
Syntheses are designed for use of off-the-shelf reagents.

™~

2-EEMPAw/wo CO» + Ni and Co

| X N/\/OCHg | X N&Q | X H/\/\OCH3

Design Criteria: okt
« Hardness o_ .0 S
(\O o A~ M SN, Hn
A N~ >"0H N N/\/N\) | > H/\pOCH3 pKa N M o ot Y @
| N H | 4 H N OH * Nucleophilicity =

e Conductance
» Binding enthalpy

Cantu et. al. ChemSusChem., 2020, DOI: 10.1002/cssc.202000724. * -60 to -85 kJ/mol 18



Milestone: 2.2: Synthesize third generation solvents and quantify CO,
capture behavior and 2.3: Identify 2 — 3 appropriate solvent systems

Water — lean solvents developed at PNNL

1) HoN o
B o i v \ﬁ\)\/ o XTONTT 07
o) (2) (o] S - | H
- H H N
LN NH . = LN N | 2.) NaBH, Z
o~ NH 80 °C R s W ~N MPMPA
(1) EEMPA 3)

Evidence of the carbon mineralization of Ca(OH), and Mg(OH), using 2-EEMPA in gas — liquid — solid mode.
Experimental conditions include pCO, of 1 atm, 15 wt% solid in a well-stirred slurry environment

m calcium hydroxide  mmagnesium hydroxide 100 100

100

H N
NN
N (0] CH,

92.2

95.3

TN
2EEMPA O N~

95

90.9
90

85

Extent of
Carbon Mineralization (%)

80

~J
(8]

75% solvent and 50C 75% solvent and 75C 56% solvent and 90C

The team will build on these studies for the selective separation of
Mn, Ca, and Mg-bearing carbonates in INSPIRE.
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Milestone 3.1: Leach > 60% of Ni and > 80% of Ca from select alkaline
iIndustrial residues - SMART: Go — No Go Milestone

Inorganic acid driven leaching

100
1 Al
msi Black Dross
80+ -Mg
g | Bca ]
E, ------------------ ol — ke
@ 60—
o
o
w
£ 40+
S T
o 4
3 +
20+

0 | | . .
1:10 1:50  1:10 1:50  1:10 1:50 : 1:10 1:50 :
Solid-to-Liquid Ratio  ----eeeeeeenni?

100
EAF Steel Slag
80 4 Olivine
=
>
8 60 4
0
e
L
o
£ 40+
N
[$]
(1]
[h]
-
20
0 T L
Ca Ni

87% leaching of Ca in EAF slag and
78% leaching of Ni in olivine was
observed using 1.5 M HCI on stirring at
300 rpm at 40 °C for 60 minutes.

Dissolution of black dross in a 2 M HCI solution at

50 °C and 300 rpm for two hours

20



wmn Task 3. Metal Recovery

Decreasing concentrations => precipitation of dissolved ions

— Si — Ca

~— Al

~— Al

—Si — Mg

~— Ca

S:L::1:10

S:L::1:50

Gradual increase in the pH from 2, 5, 7, and 9 using
sodium hydroxide (NaOH) results in the precipitation
of various products. Near complete recovery of Si
and Al is achieved.

High content of Al in the solid recovered at pH 5 is
noted.

Similar quantity of Al is noted in the recovered
product with S:L::1:50 and 1:10

Purity (%)

100+

20-

3 4 5 6 7 8 9 10
pH
OAOM EK

Hl si O Na @ Ca

1:10
Solid-to-Liquid Ratio

1:50 21



Task 3. Metal Leaching using CO,-Bearing
Solvents and Electrochemical Approaches

Acid - free leaching and metal recovery

,CO,

System of
extractonts “ System of metals

¢

Organic Organocatalysis
@ Mechanochemistry
supramolecular
%ol Acidfree leaching
CO,capture Separative MgCO;,
Precipitation CaCoO,,
a4 {) Fe(OH),
H—‘ I i
HoN Dt .
@Elecfrochemicol 7 Supramolecular
Electrochemistry Regeneration ¢%  Coordination chemistry
HzHQN/ﬁ
No. |, WNH,
2
e- ozc“(u/\\NH;

\ N o,
Mn, Ni, Co

Advance sustainable pathways to recover energy critical metals by
harnessing selective chelation ability of specific ligands.
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Task 3. Metal Leaching using CO,-Bearing Solvents and

Electrochemical Approaches

Harness differences in
affinities of various metals for ligands to
drive metal separations

Thermodynamic constants of competing
solvent-metal complexation (columns) vs
hydroxylation (black line) (a-c) and
carbonation (d-f) (black line).

Bottom: water-lean solvent models (A3),
polyamines (A2) and aminoacid solvents
(Al) reported in the literature.

Next steps: Advance experimental
efforts to determine the effectiveness
of various solvents In effectively
capturing energy relevant metals.
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Task 4. Extractive carbon mineralization of Mn, Ca, and Mg recovery

Milestone 4.1. Achieve selective separation of Mn, Ca, and Mg-carbonates

CO,-lean flue CO,-loaded Ca-or Mg-bearing
gas stream solvent alkaline residues
CO,-bearing Lean Ca-or Mg-bearing

flue gas stream solvent carbonate

How do we guantify solvent regeneration?

13C NMR comparison for solvents recovered after mineralization of Ca(OH), using
CO, pre-loaded 2.5 M Na-Glycinate at: a) 25°C, b) 50°C and c) 75°C.

400

- COO- -CH,-NH
2004 a) (EOO CHNH, | 200 b) SR ) ,,CQO' -CH,-NH,
’/ // ’ n'/
300 4
200 4
1004 100
“O0C-NH.
CH-COO- ‘OOCNH, CH-COO- ’
/ 100
re - _ ¥ _~0O0OCNHCOO"
- OOCNHCOO " - 75 OC
: 25°C 50 °C
04 04 0+
200 150 100 50 0 200 150 100 50 0 200 150 100 50 0
f1 (ppm) 1 (ppm) f1 (ppm)

H,NCH,COO" + CO, 2 “OOCNCH,COO" + H*
“OOCNCH,COO" + H,0 2 H,NH,COO" + HCO;
COyq* OH 2 HCOy 2 CO2 + H
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Intensity (a.u.)

Task 4. Extractive carbon mineralization of Mn, Ca, and Mg recovery

[ ] Extent of Mineralization
[ ] Solvent Regeneration

O Extent of mineralization, solvent regeneration and 100 L] Effective Solvent Regeneration
effective solvent regeneration for mineralization of
Ca(OH), using CO, pre-loaded 2.5 M Na - Glycinate 80+
at 25 9C, 50 °C and 75 °C.

60 -

(%)

O Extent of carbon mineralization ~ 92% and solvent
regeneration ~ 92% is realized using Ca(OH), “1
O Solvent regeneration ~ 94% is achieved on the 1
mineralization of by-product obtained on slag dissolution

0

25 50 75
Temperature (°C)

®: Ca(OH), (Portlandite) V: Mg(OH), (Brucite) =2 CaCO;, (Calcite) V: Mg(OH), (Brucite)
+: MnO2 (Pyrolusite) 8: MnCO; ( Rhodochrosite) @: MgCO, (Magnesite)
_— 7 By-product of * Product obtained coo-  NMR of
. slag on carbon 2 ’ regenerated
dissolution = mineralization of solvent
S 0. slag -CH,-NH,
1000 4 @ 100 4 )
_2
c
villoll
0 0
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Milestone 6.1. Complete the TEA framework for INSPIRE

[RenoL+
[iGcos }—

The costs of crushing and grinding slag is $10/ton which is
2

Total Operating Cost $174,221.06

Total Raw Materials Cost $160,842.59

Total Product Sales $555,884.26

Total Utilities Cost $158.16

Operating Profit per ton $220,662.44

incorporated in ASPEN.

The tax credits for carbon capture are considered to be $20/ton
of CO, captured. In ASPEN, this is reflected as -$0.02 per
kilogram to incorporate it into raw material costs.

The separation efficiency of the centrifuge filters in ASPEN
model is set at 99%. The power required for processing 1
ms/hr. of feed rate in a centrifuge filter is 1 kW.

Solvent recovery rates are set at 90% for CO, capture solvent
(Sodium Glycinate) and 95% for metal-recovery solvent
(DETA). These rates are factored into the calculation of raw
material costs.
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s Milestone 6.1. Complete the TEA framework for INSPIRE

O The annual slag processing volume amounts to
8,640 tons, based on plant operation for 360 days
per year. Each ton of slag yields a profit of
$220,662.44, predominantly derived from the sale
of carbonates and metal oxides. Additionally,
revenue is generated from the recovery of critical
metals.

Q0 About 338 tons of CO, captured per ton of slag.

Product-wise revenue for Metals

¢

Product-wise revenue for Metal
carbonates and Oxides

Calcium Manganese

Iron Carbonate Carbonate
Hydroxide 2% 2%

0%

Aluminium
Hydroxide

2%\
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Milestone 6.2. Complete the LCA framework for INSPIRE

LCA is based on processing 1 ton of slag coupled with the electrochemical co-generation of
NaOH, HCI, H,, and O, for extracting energy critical metals and producing inorganic carbonates

via CO, capture and mineralization.

E=1678.27M) ;1 E=199.8M] — E=10550M] — E=581.78MJ — E=14591M] - E=3.93M)J E 10 M)
Water = 7200 kg — DETA =500 kg
A 4 Y A\ 4 A A v A 4 A 4 A 4
E=74.56 MJ — .
'L» 2 Pro- 3. Mineral 4. Separation 5. Multi-stage 6. Multistep 7.Amine 8. Separation 9. Electro- ﬁ;uﬂoﬂgggggﬁﬁ K
Slag = 1000 kg »| processing [—# dissolution |—# step - pH swing > separation »| dissolution — (centrifuge  —» chemical Clc;' 0 00355 kg ;
reactor i i i s
: reacto: 2(centrifuge) (DETA) Filter) separation Zn:0.0631 kg
‘ t9'5_|:TETJ'\—I
o % recovery | » AlOH);:99.93 kg
n » Fe(OH);:262.77 kg
=] » Silica=211.85 kg
o
~
[} <
o iy h 4
T @
N |4eskg | 10
- »| Mineralization [—
™ reactor @25 °C
;HCl(recchedl =811.3 kg Y
Brine = 15401 kg »| 1-Chloralkali NaOH = 1685 kg 16. Chloralkali [« E=1723 M)
E =5545 MJ »| system . waste processing » H,=0.56kg
v » 0,=0.088 kg
NaOH=1295kg = T 11. Separation
a0k < e e
_ < = -8 Kg
Q0,=0.18 kg NaOH = 1077.5 kg > (Instead, we can be
reprocessed
90% Na-Glyecycieq) - to mineral dissolution
reactor forthe nextrun)
15. Separation 14. 13. Separation 12.
centrifuge l¢— Mineralization [#— centrifuge [ Mineralization » MnCO;=64.43 kg
filter reactor @90 °C filter reactor @40 °C
t * L L » CaCO,: 478.693 kg
» MgCO;=191.43 kg
Ne=
E=1278.7 MJ E=472 M) E=32.67 M E=2093 M) E=3450.6M)
CO,: 101 Kg CO0,: 212.535 Kg H,0O = 6391 kg
Glycine= 872.11 kg

E=35.77M] — CO, =25Kg
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Milestone 6.2. Complete the LCA framework for INSPIRE
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Qutreach Activities

C1l. Engage K — 12 community in science education and communication

The REACT (Research Education and Activities for Community Teachers) program
connects K-12 educators with cutting-edge research at Cornell University. Organized by
graduate students, this initiative highlights the latest research techniques and advancements
for teachers, aiming to bring cutting-edge research into their classrooms. Dhruv Mehta
participated in the virtual lab tour, where he showcased various equipment and analytical
instruments in the lab used for research on carbon capture and metal recovery.

D Ay v e Upcoming activities
£ ! " y“.'; ¢
S A < L4 We are organizing the ACS Women in Energy
g J- B Symposium in the ACS Fall Meeting in
'ﬂ H n Denver, Colorado from August 18 — 22, 2024.
fﬁ' e)U

We welcome you to attend!

RESEARCH EDUCATION AND ACTIVITIES
FOR COMMUNITY TEACHERS
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Key Tasks and Subtasks

The team has made significant progress on Tasks 1 — 6 during the first year

Task & Subtasks Year 1 Year 2
Quarter 1 2 3 4 1 2 3 4

1 Project Management and Planning (including kick-off meeting) 1.1

2 | Material characterization, solvent synthesis and identify solvents

2.1 Characterize chemical and morphological features of alkaline materials 2.1

2.2 Synthesize third generation solvents and determine CO2 capture behavior 2.2

2.3 Determine the appropriate solvents based on thermodynamics and kinetics 2.3

Metal recovery using COz-bearing solvents and electrochemical approaches
Extractive carbon mineralization for Mn, Ca, and Mg recovery 4.1

Experimental setup for electromediated stripping, recovery, and solvent 51
regeneration '

6 Develop frameworks for techno-economic assessments and life cycle analyses

6.1 Develop frameworks for process-scale analyses and TEA
6.2 Develop a framework to assess life cycle impacts
C1 Engage K-12 students in science education and communication
7 Recover Al — and Fe — bearing solids
8 Recover Mn-, Ca-, and Mg-bearing carbonates
8.1 Phase separation, compositional analyses, quantification of CO2 capture
and mineralization
8.2 Produce Ca-carbonate via integrated CO2 capture and conversion
9 Electromediated critical metal stripping, recovery, and solvent regeneration
9.1 Selective Ni stripping by Cu?* ion substitution
9.2 Selective Ni and Co stripping by Cu2+ substitution and metal recovery by
carbon mineralization
10 Conduct whole system TEA and LCA
10.1 Evaluate the overall techno-economic impacts
10.2 Assess whole system life cycle impacts
C2 Expand internship opportunities for underrepresented students and women
c3 Engage women, rural communities, and general public through symposia
organization and presentations

o o]



o Milestones

Milestones 1.1, 2.1, 2.2, 6.1, and 6.2 are achieved.
Significant progress is being made towards Milestones 2.3, 4.1, 5.1, 6.1, and 6.2.
Green: completed | Blue: In Progress | Black: To Begin

1. Project Management Y1, Q1
2. Material characterization, solvent
synthesis and identification for metal
recovery

Y1, Q1

Y1, Q2

Y1, Q3

Ca, and Mg recover
separation
Y1, Q4

7. Recover Al- and Fe-bearing solids Y2, Q1

8. Recover Mn-, Ca-, and Mg-bearing Y2, Q2
carbonates

9: Electromediated metal recovery Y2, Q3
Y2, Q4

10: Conduct whole system TEA and LCA

- ped ___ Milestones _______________

1.1. Develop the communication plan and other deliverables and
organize the project kick-off meeting

2.1. Quantify the chemical compositions and morphological
features of the alkaline industrial residues from secondary
aluminum processing and steel making

2.2. Synthesize third generation solvents and quantify CO,
capture behavior

2.3. ldentify 2-3 appropriate solvent systems

3.1. Leach > 60% of Ni and > 80% of Ca from select alkaline
industrial residues - SMART; Go — No Go Milestone

4.1. Achieve selective separation of Mn, Ca, and Mg-carbonates

5.1. Demonstrate a working experimental setup for separating
metals of interest

6.1. Complete the TEA framework for INSPIRE

6.2. Complete the LCA framework for INSPIRE

7.1. Achieve the precipitation of Al- and Fe-rich solids from select
alkaline industrial residues with yields > 60% - SMART

8.1. Recover > 90% of select solvents after Mn,Ca, and Mg-
carbonate precipitation - SMART

8.2. Produce > 10 kg of CaCO, based on optimal conditions -
SMART

9.1 Selective electrochemical recovery of Ni, Co, Zn-carbonates

9.2. Develop solvent regeneration strategy
10.1. Final TEA for the fully integrated INSPIRE technology
10.2. Final LCA for the fully integrated INSPIRE technology



Thank you!
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