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Rapid Electrochemical

Mineralization to form Dolomite

(REMineD)

Overview: We will develop a general electrochemical method to react alkaline mine tailings with CO, to form carbon-negative aggregate to
be used in low-carbon concrete. Simultaneously, pozzolanic silica will be recovered from tailings which will be used to reduce OPC usage and
trace rare earth elements will be purified and recovered, which can be sold to offset cost. The electrochemical method is guided by
modeling, allowing a diverse range of tailings compositions to be processed. While reaction of alkaline mine tailings and CO, is
thermodynamically favorable, it naturally occurs at a very slow rate. Utilization of electrochemistry will enhance reaction rate by orders of
magnitude and will be compatible with atmospheric levels of CO, at low pressure, avoiding need for concentration and pressurization.
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Project Team
Structure
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Electrochemical Pourbaix Characterization
Reactor Modeling of Products
Experiments
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FY 24 Milestones

On track for FY24
milestones

_Task/
Subtask/
Milestone
#

Milestone Title &
Description

Planned
Completion
Date

Verification method

2.1.1

Fabrication of small-scale
electrochemical reactors
at NREL.

7/17/2023

_ The reactor has been assembled, and

experiments have begun.

1.1.1

Stoichiometric
characterization of
partner’s stewarded mine
tailings.

4/17/2023

_ Mine tailings from several sources have been
characterized, establishing characterization capabilities.
As needed, further tailings will be characterized.

3.1.1

Schedule three two-week
focus periods during which
Blue Planet shall evaluate
opportunities for use of
Newmont and/or Quapaw
Nation mine tailings in
CM-1.

10/17/23

_. Focus periods planned for March 2024 and
2025 as well as September 2025. Dates subject to shift
based on CM-1 operating schedule.

2.2.1

Generate Mg-Ca-CO,
Pourbaix diagrams

1/17/24

_ Pourbaix diagrams have been generated.
These will be refined iteratively to provide insights for the

electrochemical process.

2.2.2

Model the impact of key
impurities on carbonation
products.

6/30/2024

_ Bulk energy calculations of 117 Ca-Mg-0-X
materials were completed, where X =C, S, Na, K, Cl, and N

. These elements are present in a sample of Newmont’s
mining waste.

3.1.2

Identify critical feedstock
parameters for Blue
Planet’s processes

7/01/24

_Provide a document to DOE summarizing
findings on feedstock characteristics. No proprietary
information shall be included.

2.3.1

GNG: Electrochemically
increase carbonate
formation rate by >50x
via control of reaction
conditions.

0/30/24

Electrochemically induced carbonate
ormation occurred in a synthetic solution by

pplying 1.5V, for 2.5 h. No carbonate formed in a
tatic solution without applied potential for 4 days.
hermochemical precipitation tests are underwayifo
omparison.




Upcoming Milestones

Task/
Subtask/M
ilestone #

Milestone Title &
Description

Planned
Completio
n Date

Verification method

2.3.1

GNG: Electrochemically
increase carbonate formation
rate by >50x via control of
reaction conditions.

0/30/24

Electrochemically induced carbonate formation occurred in a synthetic
olution by applying 1.5V, for 2.5 h. No carbonate formed in a static solution without
pplied potential for 4 days. Thermochemical precipitation tests are underway for
omparison.

4.1.1

Demonstrate impact of
dolomite in concrete
aggregate on mechanical
properties.

12/31/24

Commercially available carbonate has been transferred to Colorado Earth to
test their effect on building materials. The commercial carbonate is similarly sized as
initial electrochemically mineralized carbonate.

3.1.3

Identify an NREL-developed
method to optimize Blue
Planet’s thermochemical
mineralization process

12/31/24

- Provide a document to DOE summarizing findings on optimization
parameters. These parameters could include examining the effect of particle size on
leach rate of desired ions. In addition to this summary, appendices may be provided as
desired to detail relevant characterization data but are not required. No proprietary
information shall be included in either the summary document or the optional
Qppendices.

2.1.2

Experimentally test impact of
key impurities on
electrochemical carbonation.

3/31/25

Relevant impurity compositions have been chosen based on active mining
Sites

2.1.3

GNG: Demonstrate
electrochemical carbonation
of mine tailings from
Newmont and/or Quapaw

6/30/25

- Using either mine tailings from partners or, if necessary, near-identical
simulated material, demonstrate conversion of Mg, Ca, Na, and /or other carbonate
formers in mine tailings into solid carbonates.

Nation.
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Accomplishments:

1. Review Paper accepted: Walker, |. et al. "Mineralization of Alkaline Waste for CCUS”,
npj Mater. Sustain. doi.org/10.1038/s44296-024-00031-x
2. Established baseline protocol for electrochemical mineralization experiments and

precipitation collection
K Weak electrical energy imposed /
. (current or voltage)
Electrode Choice: - o
&\
RE Notes PR /T\e‘
SHE Bubbles cause noise \
Ag/AgCl  Current standard Cat + HCO, + OH' ==
0, +2 HzD“w ©l— caco
WE CE Notes e : o
Pt wire  Ptwire  Negligible current 8l
Pt mesh Ptmesh Ptcomplexissues E )
SS plate Pt mesh  Current standard ot £0IE Inert
Cathode anode
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NREL small-scale electrochemical calcium carbonate

mineralization
Electrolyte: 0.5 M CaCl, saturated w/ CO,, pH raised to >5 w/ 1M NaOH
Applied 1.3V

X-ray Diffraction Results of Product CaCO,
(Arbitrary intensity units)

15 35 55 75
2theta

Beginning of test After test

Filtered solids identified as Calcite
NREL | 8



Limited Fouling in High Purity Tests

Calcite Distribution

140+ * Most calcite in suspension
120+
o * H, bubbles may be clearing
£ 100-
= electrode
T 80-
% 60- * Additional testing necessary
o 0. in presence of impurities
20-
{)._

Stirred, avg
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NRE Small Reactor Overall Results

Bubble w CO
(L:Ia Cle Wt Pre-saturated w/ pure CO,
27
M mol CO,/mol e~ % Caremoved % CO, conversion Dosed w/ NaOH to increase initial pH to pH 5
0.5 3.06 4.9% 68.3% Apply 1.5V vs Ag/AgCl
0.25 0.81 2.1% 13.4%
Bubble w air Pre-saturated w/ air
CaCl,, Apply 1.5V vs Ag/AgCl
M mol CO,/mole- % Caremoved % CO, conversion
0.5 0.84 0.8% 5.7%

Comparable electric efficiencies with pure CO, and air
 Non published results! Require duplication of results before publication
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NREL Simple Reactor: Role of Potential

3.0 -
Working to identify optimal reactor ® e 14V
operation for given feedstocks 25 m 1.5V
. * A 16V
©
© _
= 2.0
o 15-
S
O 10- : .
° n
£ A A 4
0.5- A o °
0.0 -

| I I |
0.0 0.5 1.0 1.5 2.0
Electrolysis Time (h) NREL | 11



Princeton Pourbaix Modeling

Mg + Ca phases
investigated

At fixed
concentrations, pH
ranges determine
thermodynamically
preferred phase

— Dolomite,
MgCa(CO,),

— Huntite,
Mg,Ca(CO,),

Kingsbury Lab
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Princeton Modeling Results: Particle Shapes

Wolff Constructions of relevant phases

Calcite Aragonite
(001) : 32,4068 (001) : 20.046
. (101): 20,4538 mm (010): 26.464
mm (011):0
e (100} : 43.0002 .
. (101): 0.0 (100) : 16.405
104 :ﬂ'u (101) :37.083
— [1101:{].& B (110):0
- 10 = (111):0

B (111):0.0

Kingsbury Lab
B b s e o v
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NREL Reactor Particle Shapes

* Applied voltage
influenced phase and
morphology of CaCO,
formed.

* Morphology impacts
utilization in building
materials
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Colorado Earth: Earthen Bricks with

Carbonates

Proof of princi
CaCO; use in
earthen bricks

— 20 wt.% CaCoO,

— 80 wt.% natural
fines



Products: Review in Nature Partner Journal, Materials

Sustainability Published

1 -Invited submission to npj Materials
Mineralization of alkaline waste for CCUS Sustainabilit)/, Smeitted Jan 31St, 2024.

Irene Walker!, Robert Bell?, Kerry Rippy'*

The Nationa Renewable Energy Laboratry -Detailed survey of current efforts for
oo o Gt it A0 mineralization at scale
ABSTRACT -Includes tables discussing current approaches

Ex-situ mineralization processes leverage the reaction of alkaline materials with CO; to form
solid carbonate minerals for carbon capture, utilization, and storage. Annually, enough alkaline a n d fe e d StO C ks
waste is generated to reduce global CO; emissions by a significant percentage via

mineralization. However, while the reaction is thermodynamically favorable and occurs

the efficiency of mineralization to achieve a scalable process. In this review, we discuss Methcd Taitings - Temperature Fressure Fatticle | Time Liguid/satia Camonation | Carbenation | Authorvear
i i ) ) . ) i Mineral Size {L/E] ration content afficiency
mlnerallzat.:lon of waste streams with significant potential to scale to high levels of CO; e— Chrysotie | Ambient TP an | =2 5% g 8 -
sequestration. solid Mg co2 mm sat. mmalfg/h 2013
Direct gas- Serpentine 258 C 5.6 bar flue =2 310 min 012g/25 37 Vaefil 2014
1. INTRODUCTION solid residus - gas (pCO2=1 mm £
Mz bar
In recent centuries, atmospheric CO; levels have risen from less than 250 ppm to roughly 420 Directsolid- | Chrysotile | 375C 0.1 MPa, 60% Moist
ppm. Levels continue to rise, as we emit an additional 37 gigatons of CO; each year. 12 To avoid gaa wasts - Mg G032 cenditions 2010
. L. L Direct gas- Chrysotile 22¢C Ambient, 10% 1 mm, 2B days A40% Hamilton
global temperature increases above 1.5 C, carbon dioxide emissions need to be reduced to 18 solid mining CO2 flue gas 1.3 humidity 2020
gigatons of COsfyear by 2030 2. Carbon capture, utilization, and sequestration (CCUS) has waste - Mg glem3
. I . Direct gas- Steslslag s00C 10 vol% CO2 <74 1hr BB.EkE 55.5% Tian 2013
emerged as an important route toward achieving this goal. solid um cot
. L . . . ) . . ) Direct gas- AOD/EAF 300 C 0.4 MPa 48-75 | 90 min 8.2 it 16% Zhang 2018
Mineralization, or reaction of alkaline materials with CO; to form solid carbonate minerals, is a solid um {Degres)
promising CCUS technology. The reaction is thermodynamically favorable and occurs Direct gas- Waste Ambient .2 MPa Bopm | 2p - 19.8 wi% Fang and
. . - lid nt Chang 2015
spontaneously, albeit slowly. Current research efforts focus on enhancing the rate and efficiency se ;::1: ng
Direct gas- CKD, CED Ambignt 2 bar 24 hr T0% Gunning
solid moistura 2009

doi.org/10.1038/s44296-024-00031-x NREL | 17



UCLA: Dissolution of Mg and Ca

Containing Phases

Time (hour) Time (hours)

¢ MEthOdS Of 0 27 54 81 108 0 18 36 54 72
2 ' L l 12 l | I
. ° ° = @
dissolving solid | £, L ! T A
oo . E -———- Mean
tailings into 0 . . g T
5120 ' - 100 —Ll——1 110
1 = ---== Lin. reg s X . -
solution. 2 g0 |0 50 3 o Fo 3
Kinetics of M 2 60 o e B
® o 60 - - £
ineticsof Mg | a 10 & e 4 =
and Ca Z 307 iromsgnesie 20 S -2 2
° g 0 T T 1 Ll 0 m “‘l L) “'l ” T 0
| | |
enterin g 0 30 60 90 120 0 20 40 60 80
Expected DIC (mmol/L) Total carbonate dissolved (mmol/L)

solution.
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