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1 Introduction

The rising need to create a decarbonized supply chain of
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The rising need to produce a decarbonized supply chain of energy critical metals with inherent carbon
mineralization motivates advances in accelerating novel chemical pathways in a mechanistically-
informed manner. In this study, the mechanisms underlying co-recovery of energy critical metals and
carbon mineralization by harnessing organic ligands are uncovered by investigating the influence of
chemical and mineral heterogeneity, along with the morphological transformations of minerals during
carbon mineralization. Serpentinized peridotite is selected as the feedstock, and disodium EDTA
dihydrate (Na,H,EDTA-2H,0O) is used as the organic ligand for metal recovery. Nickel extraction
efficiency of ~80% and carbon mineralization efficiency of ~73% is achieved at a partial pressure of
CO, of 50 bars, reaction temperature of 185 °C, and 10 hours of reaction time in 2 M NaHCOs and
0.1 M NayH,EDTA-2H,0. Extensive magnesite formation is evidence of the carbon mineralization
of serpentine and olivine. An in-depth investigation of the chemo-morphological evolution of the
CO,—fluid—mineral system during carbon mineralization reveals several critical stages. These stages
encompass the initial incongruent dissolution of serpentine resulting in a Si-rich amorphous layer acting
as a diffusion barrier for Mg2* ions, subsequent exfoliation of the silica layer to expose unreacted olivine,
and the concurrent formation of magnesite. Organic ligands such as NayH,EDTA-2H,O aid the
dissolution and formation of magnesite crystals. The organic ligand exhibits higher stability for Ni-
complex ions than the corresponding divalent metal carbonate. The buffered environment also
facilitates concurrent mineral dissolution and carbonate formation. These two factors contribute to the
efficient co-recovery of nickel with inherent carbon mineralization to produce magnesium carbonate.
These studies provide fundamental insights into the mechanisms underlying the co-recovery of energy
critical metals with inherent carbon mineralization which unlocks the value of earth abundant silicate
resources for the sustainable recovery of energy critical metals and carbon management.

routes while co-recovering energy critical metals such as nickel
and iron motivates scientific advances in accelerating these
pathways.'**® Prior advances in this field were exclusively

energy critical metals motivates scientific advances in
material-efficient pathways to harness earth abundant silicate
resources.’™ The opportunity to fix anthropogenic CO, emis-
sions via thermodynamically downhill carbon mineralization
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focused on carbon mineralization with limited attention being
given to the co-recovery of energy critical metals that are
present in earth abundant silicate resources such as serpentine
(Mg;Si,05(0OH),) and olivine ((Mg,Fe),Si0,4)."™"” However,
recent advances have shown that organic ligands such as
ethylenediaminetetraacetic acid (EDTA) are effective in facil-
itating the co-recovery of energy critical metals such as nickel,
while enabling accelerated carbon mineralization. However,
scalable realization of these pathways remains limited by the
lack of mechanistic insights into the complex chemo-
morphological interactions underlying the co-recovery of
energy critical metals with inherent carbon mineralization.
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Fig. 1 Schematic representation of the reaction pathways for direct carbon mineralization with concurrent metal recovery.

Prior studies unlocked the role of siliceous materials and
carbon mineralization in enabling enhanced H, gener-
ation,®'° creating carbonate-bearing construction materials,"
hydroxide/silica production,'*'® and low carbon and clean
manufacturing.'®'*'® However, the co-recovery of energy cri-
tical metals with inherent carbon mineralization remains
underexplored despite its transformative potential.

Carbon mineralization of siliceous materials generally
involves three primary reactions, as illustrated in Fig. 1. In
the first step, gaseous CO, undergoes hydration on contact with
the aqueous phase resulting in the formation of carbonic acid,
which dissociates to generate bicarbonate ions, carbonate ions,
and protons, based on the pH of the system.'” CO, hydration
precedes mineral dissolution, a process facilitated by acidic pH
conditions. The incorporation of buffering agents like sodium
bicarbonate modulates mineral dissolution and carbonate pre-
cipitation reactions.’®>' Reactions between bicarbonate ions
and divalent metals originating from olivine play a crucial role
in the overall carbon mineralization process.>?*?* The third
step involves carbonate formation, wherein the dissolved spe-
cies interact and precipitate as carbonate minerals.>*** Fig. 1
illustrates the sequence of these reactions in the carbon miner-
alization of Mg-rich olivine and serpentine minerals. It has
been reported that CO, hydration, mineral dissolution and
carbonate precipitation may be the rate-limiting processes
during carbon mineralization.”*>*?°3° Several approaches
have been proposed to accelerate the overall rate of carbon
mineralization including mineral pre-treatment,**> use
of chemical additives,®***® and tuning of experimental
conditions such as temperature, pH, and CO, partial
pressure.®?®?”?% While the chemical reactions underlying
CO,-water-rock interactions have been studied in the context
of carbon mineralization reactions, the morphological evolu-
tion of the underlying silicates and this impact on the kinetics
of mineralization and metal release have not yet been system-
atically elucidated. Furthermore, the influence of organic
ligands on the coupled interactions involving CO, hydration,
mineral dissolution and carbonate precipitation remain
unresolved.

This journal is © the Owner Societies 2024

Magnesium-rich ultramafic rocks are favored feedstocks for
carbon mineralization, given their substantial abundance as
Mg-bearing silicate minerals such as olivine ((Mg,Fe),SiO,) and
serpentine (Mg;Si,05(0OH),).**> Hydration of olivine from
peridotite results in partially serpentinized peridotite.*® Nota-
bly, ultramafic rocks also contain significant quantities of iron
(Fe) and a high concentration of energy critical metals such as
nickel (Ni), cobalt (Co), chromium (Cr), and manganese (Mn).
These elements are commonly present within the crystalline
matrices of minerals such as magnesium silicates, magnesium
hydroxides, sulfides, oxides, as well as alloy minerals including
chromite, heazlewoodite, trevorite, spinel, awaruite, wairauite,
among others.””*° These metals mobilize or disperse through-
out the sample during the mineral dissolution step of the
carbon mineralization process.>*°™** These metals are often
co-present with the Mg carbonate matrix after carbon
mineralization.** Efforts have been made to enhance the mobi-
lization and recovery of these metals into the aqueous
phase.”**™%” For example, CO, mineralization can be har-
nessed as a pre-treatment step to enhance the efficiency of
nickel extraction by 25-35%.> Notably, a comparative analysis
demonstrated a substantial enhancement in the leaching effi-
ciency of nickel in fully carbonated olivine compared to fresh
olivine, particularly when leached with HCl or HNO; acid. This
work also reports increased dispersion of nickel throughout the
sample after complete carbon mineralization, a precursor for
enhanced extraction efficiency.

Thus far, the majority of the work on aqueous phase metal
recovery from various sources, such as ultramafic mine tailings,
alkaline red mud, and laterite ore, primarily has relied on a
multi-step approach which commonly use sulfuric, nitric, and
hydrochloric acids for the initial extraction of metals followed
by carbonate precipitation.”**** In a recent study, Sim et al.*®
investigated a novel approach for CO, fixation and rare earth
element (REE) recovery by employing NaOH and oxalic acid-
assisted pH swing carbon mineralization of blast furnace slag.
Similarly, Gao et al.*” investigated waste iron(u) sulfate as a
reagent to extract Mg and Ni from laterite ore for simultaneous
Ni recovery and carbon mineralization, achieving optimal

Phys. Chem. Chem. Phys., 2024, 26, 9264-9283 | 9265


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp04996e

Open Access Article. Published on 19 February 2024. Downloaded on 10/16/2025 5:39:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

extraction efficiencies of 94% for Mg and 87% for Ni with
subsequent addition of Na,SO,, followed by mineralization
using (NH,),CO;. Despite the potential benefits of these pro-
cesses, the extensive use of acids and slow reaction kinetics
raise uncertainties in the development of ex situ indirect carbon
mineralization methodology.

To overcome these challenges associated with indirect car-
bon mineralization, direct aqueous carbon mineralization has
been proposed. Direct aqueous carbon mineralization is a
single step process wherein three key reactions during the
carbon mineralization process operate concurrently within a
single reactor.’"** For example, Wang et al.*® leveraged the
contrasting solubilities of Mg and Ni carbonates compared to
sulfides to facilitate nickel sulfide (NiS) and magnesium carbo-
nate (MgCO;) production from olivine containing Ni. The
dissolution of olivine in 1.5 M sodium bicarbonate (NaHCOj3)
resulted in a carbon mineralization efficiency exceeding 80% at
temperatures ranging from 115 °C to 150 °C, and a Ni to NiS
conversion efficiency of 32%. However, the use of hazardous
gases such as H,S, low NiS selectivity due to the co-precipitation
of by-products such as iron sulfide, and competition between
carbonate versus sulfide precipitation pose a significant con-
cern to the environmental and economic viability of this
approach. More recently, the use of organic ligands such as
EDTA have been investigated for integrated carbon mineraliza-
tion and selective metal recovery from olivine, as shown in
Fig. 1." The process has been reported to be a highly selective
single-step process reaching Ni and Co extraction efficiencies
above 90%, and simultaneous carbon mineralization efficien-
cies of 90%." Interestingly, the addition of EDTA in the aqueous
phase during CO, mineralization resulted in both improved
critical metal recovery efficiencies and accelerated carbon
mineralization by transitioning from a diffusion-controlled to
surface-reaction-controlled mechanism. It was reported that
the formation of a patchy porous carbonate layer on unreacted
olivine enables EDTA to extract metals from the shrinking
L7 Similar advantages have been observed with other
organic ligands such as oxalate which leads to enhanced
mineral dissolution. However, in the case of oxalate, the
formation of a secondary solid phase known as glushinskite
(magnesium oxalate) is noted, which limits further extraction.*’
Further, EDTA can be easily regenerated when utilized at
temperatures below 175 °C and has been used extensively in
mineral processing practices.”

While enhanced carbon mineralization and metal recovery
efficiencies have been extensively reported during direct carbon
mineralization, the impact of chemical and mineralogical
heterogeneity on this integrated process remains poorly under-
stood. Metal recovery during the carbon mineralization relies
on the mobilization of various metals from their respective
mineral structures.>*' Consequently, scalable advances require
a comprehensive understanding of the influence of chemical
additives or physical processes that may govern the migration
of metals during carbon mineralization. Another crucial but
understudied aspect of simultaneous carbon mineralization
and metal recovery pertains to changes in the structural and

core.
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morphological characteristics of minerals, including pore
volume, surface area, and particle size, which may significantly
influence metal leaching. Moreover, the effect of chemical
additives, such as organic ligands or acids, on the morphology
of the unreacted and carbonate-bearing products has not been
thoroughly investigated. This work advances the knowledge on
ex situ direct aqueous carbon mineralization of serpentinized
peridotite and concurrent recovery of energy critical metals
using Na,H,EDTA-2H,0 as the organic ligand. In this regard, the
specific research questions that are addressed in this current
study are: (1) What are the chemo-morphological mechanisms
underlying carbon mineralization and the recovery of nickel and
iron from serpentinized peridotite? (2) What is the role of
organic ligands, such as Na,H,EDTA-2H,0, on the efficiency of
carbon mineralization and metal recovery? (3) How can the
physico-chemical parameters be tuned to achieve >70% conver-
sion of CO, to magnesium carbonate and nickel recovery?

2 Experimental methods

2.1 Characterization of materials

A sample of ultramafic igneous rock is obtained by grab
sampling from the Mayodia-Hunli region of Dibang valley
ophiolitic sequence located in Arunachal Pradesh, India. To
establish a representative chemical composition of the rock
sample, the entire specimen is finely ground and thoroughly
mixed using a lab-scale bench-top mixer mill (8000 M Mixer/
Mill™ by SPEX"™ Sample Prep), with a small subsample selected
for further analysis. The particle size of the powdered samples
is determined using a Laser Diffraction Particle Size Analyzer
(Anton Paar). X-ray fluorescence (XRF) spectroscopy (Thermo
ARL Perform’X) is used to analyze the elemental composition of
the crushed rock. Information about the structural arrange-
ment and chemical phases present in the crushed mineral and
carbonate-bearing products is obtained using an X-ray diffract-
ometer (XRD) (Bruker D8 Advance ECO Powder Diffractometer),
which uses Cu Ko radiation, and is operated with an accelera-
tion voltage of 40 kV, and current of 25 mA. The XRD patterns
are obtained in the range of 20 = 20°-80°. The specific surface
area and pore volume of the powdered sample are determined
using the Brunauer-Emmett-Teller technique (BET, Quanta-
chrome Autosorb iQ Analyzer, Boynton Beach, FL) by obtaining
N, adsorption-desorption isotherms at 77 K. Prior to conduct-
ing the adsorption-desorption isotherms, the samples are out-
gassed at 120 °C for 24 hours. Thermogravimetric analysis
(TGA) is carried out in the temperature range of 30-1000 °C
to determine any pre-existing phases, which are sensitive to
thermal perturbations. The measurements are performed using
a Thermogravimetric Analyzer (TA Instruments, SDT650, New
Castle, DE) at a ramp rate of 10 °C min ' with N, purged at

50 mL min .

2.2 Carbon mineralization of serpentinized peridotite

The direct aqueous carbon mineralization experiments are
carried out using a 50 mL stainless steel batch reactor (Micro

This journal is © the Owner Societies 2024
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Bench Top Reactor, Parr Instrument Company) under high
pressure and temperature conditions. A schematic representa-
tion of the reactor is shown in Fig. 2.

In important studies that informed our reagent selection,
Wang and Dreisinger," Wang et al,® Gadikota et al,”® and
Gadikota et al.>® extensively investigated olivine carbon miner-
alization in CO,-saturated aqueous solutions under varying
temperature and CO, partial pressure conditions, incorporat-
ing sodium bicarbonate. These studies revealed a significant
enhancement in carbon mineralization efficiency with the
increasing concentration of NaHCOj;. Specifically, the carbon
mineralization efficiency increased from 15% to a peak of 76%
as the NaHCO; addition escalated from 0 to 2 M. Sodium
bicarbonate played a pivotal role in facilitating the transfer of
CO, from the gas phase to aqueous phase, accelerating the
diffusion of aqueous silica for carbon mineralization, and
establishing a buffered system with carbonic acid to regulate
pH during mineral carbonate precipitation. The only distinc-
tion between direct aqueous carbon mineralization and simul-
taneous enhanced metal recovery lies in the addition of the
metal-complexing ligand. Wang and Dreisinger' demonstrated
the efficiency of 0.1 M Na,EDTA in recovering nearly 90% of
nickel and cobalt from olivine. Hence, in our study, we main-
tained an optimal 0.1 M Na,H,EDTA-2H,0 and 2 M NaHCO;
dosage across all experimental conditions.

In each run, a slurry of 20 mL consisting of 15 wt% ground
minerals is suspended in a reaction fluid composed of deio-
nized water, 2 M sodium bicarbonate (NaHCO;), and 0.1 M
Na,H,EDTA-2H,0. The reactor, containing the slurry, is sealed
tightly, and a constant stirring rate of 500 rpm is maintained
throughout the experiment. After approximately 40 minutes,
when the reactor reached the specified temperature, the pres-
sure inside is increased to the desired level of CO, partial
pressure (Pgo,), marking the beginning of the experiment.
The experiments are conducted under a range of reaction
conditions, including CO, partial pressures of 35 and 50 bars,
reaction temperatures of 155 and 185 °C, and varying reaction

CO, Gas Inlet CO, Gas Outlet

Inlet Valve @ Outlet Valve

Pressure
Gauge

Thermocouple

€8 g Heating Jacket

Stirrer

Control System Slurry with 15

wt.% Solid

~

Fig. 2 Schematic of the experimental setup for direct carbon mineraliza-
tion with co-recovery of energy critical metals.
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times from 1 hour to 18 hours. The specific combinations of
these reaction parameters are listed in Table S1 (ESIt). To
replicate the conditions of purified and pressurized CO,
streams obtained after CO, capture, ultra-high-purity grade
CO, (99.99%) is used in these experiments.

Upon completion of the designated reaction time, the
temperature of the reactor is gradually decreased to a level
below 60 °C over a duration of approximately 50 minutes.
Subsequently, the reactor is depressurized and all the solid
and liquid samples are collected. The interior of the reactor is
thoroughly rinsed with water, and the resulting aqueous
solution is carefully filtered to capture any solid residues that
may have adhered to or formed on the reactor walls. Following
this, the resultant solution is centrifuged for 15 minutes at the
rate of 4000 rpm for effective separation of solid-liquid phases.
The solid fraction is subjected to multiple rinses with deionized
water until a colorless liquid is obtained during the separation
process, with each resulting liquid being collected. Subse-
quently, the solid component is dried for 24 hours at a
temperature of 70 °C in an oven. The liquid fraction, after
being filtered through a 0.45 pm filter paper, undergoes further
analysis.

2.3 Characterization of the reaction products

2.3.1 Quantification of the extent of carbon mineraliza-
tion. Determining the degree of carbon mineralization can pose
challenges, particularly when dealing with highly heteroge-
neous minerals. Even in the case of a homogeneous mineral
specimen, the process of sample preparation, such as employ-
ing different grinding techniques, can influence the outcomes
of carbon mineralization assessments. As a result, it is crucial
to carefully estimate the extent of mineral carbon mineraliza-
tion based on the chemical phases present in the sample,
taking into account reasonable assumptions.*® In this study,
several factors are taken into consideration when evaluating the
degree of carbon mineralization. First, the extent of carbon
mineralization is calculated by assuming that only the calcium
and magnesium components of serpentinized peridotite
undergo carbon mineralization to generate solid carbonates.
Iron oxide can react with CO, to form siderite (FeCO3), but the
low solubility of iron oxide typically inhibits siderite formation
under these conditions. Thus, this study calculates the CO,
storage capacity of serpentinized peridotite assuming siderite is
not formed. Second, it is assumed that other elements such as
Fe and Ni form complexes with organic ligand Na,H,EDTA-
2H,0 in the aqueous phase. Third, any weight changes
observed are attributed to carbonate formation and serpentine
dehydroxylation, while the dissolution of other minerals and
subsequent re-precipitation of phases are considered negligi-
ble. Based on these assumptions, the carbon content in the
carbonate-bearing samples is determined using thermogravi-
metric analysis (TGA, TA Instruments, SDT650, New Castle, DE)
and total carbon analysis (Primacs SNC-100 carbon and nitro-
gen analyzer). The following expression in eqn (1) developed
by Gadikota et al.”® was used to estimate the carbon miner-
alization efficiency (CE) based on the TGA method:

Phys. Chem. Chem. Phys., 2024, 26, 9264-9283 | 9267
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_ (Measured weight ratio of CO; stored in mineral o
CErea = ( The residual CO, storage capacity X 100%
(1)
TGA 0
= (RCO'_; X m) x 100%

In the expression above, TGA represents the % change in
weight of the carbonate-bearing product at its calcination
temperature, Rgo, is the amount of the mineral needed to store
a unit mass of CO, or 1/R¢o, is the mass of CO, that can be
trapped in a unit mass of the unreacted mineral which is
expressed as follows:

1 — ( yMg
Rco, MWy,

YcCa
MW 2
+ cha) X o, (2

In the expression above, Yy, and yc, denote the proportion of
magnesium and calcium, respectively, present in the mineral
that can undergo a chemical reaction with CO, to produce an
insoluble metal carbonate. MWy, and MW, are the molecular
weights of magnesium and calcium, respectively.

TCA, in conjunction with the TGA technique, is employed to
evaluate the extents of carbon mineralization. It is important to
highlight that the solid product obtained after the carbon
mineralization process is washed rigorously, involving four to
five cycles of rinsing with deionized water. This approach
dissolves any potential NaHCO; and Na,H,EDTA-2H,0 mole-
cules that may have been adsorbed on the surface of the
sample. The presence of these molecules has the potential to
interfere with the precise determination of the total carbon
content, which, in the context of this study, is not relevant as it
does not contribute to the formation of carbonates. The quan-
tification of total carbon in the carbonate-bearing samples is
performed at the Cornell Soil Health Laboratory, utilizing a dry
combustion furnace with controlled temperature. Sets of cru-
cibles, which are dried in an oven and contained around 0.3 g
of soil each, are prepared and processed by the autosampler for
subsequent analysis. The determination of total carbon in a
given sample involved the complete oxidation of sample carbon
into CO, through high-temperature combustion at 1100 °C. To
estimate the degree of carbon mineralization using TCA, the
equation proposed by Gadikota et al.>® as shown in eqn (3)
is used:

3.67 x TCA

CErca = Reo, (1 367 x TCA

) x100%  (3)

In the above equation, TCA represents the weight fraction of
carbon in the carbonate-bearing sample, expressed as the ratio
of carbon’s weight to the solid sample’s weight. To adjust for
the difference in molecular weights between CO, and carbon,
the coefficient 3.67 is introduced into the equation. This factor
accounts for the ratio of the molecular weights of CO, to
carbon. After determining the carbon mineralization efficiency,
the chemo-morphological properties of the solid carbonates are
also investigated to determine the underlying mechanisms.

9268 | Phys. Chem. Chem. Phys., 2024, 26, 9264-9283

2.3.2 Morphological and chemical properties of the post-
reaction solid products. A comprehensive set of post-carbon
mineralization tests is conducted on the solids obtained from
the reactor. Particle size distribution, surface area and pore size
distribution of the products are evaluated to determine the
morphological changes during carbon mineralization. The
changes on the solid surfaces are qualitatively analyzed using
secondary electron imaging with a Zeiss Gemini 500 Scanning
Electron Microscope (SEM) operating at a voltage of 3 keV,
along with energy-dispersive X-ray analysis at 20 keV. The
structural changes upon carbon mineralization are determined
using X-ray diffraction. The changes in the chemical states of
the unreacted and reacted samples are measured using X-ray
photoelectron spectroscopy (XPS, Thermo Nexsa G2, Al K,).
These comprehensive tests provide valuable insights into the
chemical and morphological changes in serpentinized perido-
tite on carbon mineralization. Finally, the liquid fraction from
the simultaneous carbon mineralization and metal recovery
experiments is analyzed to determine the efficiency of this
metal recovery approach.

2.3.3 Characterization of post-reaction liquid products and
estimation of metal recovery efficiency. The liquid samples
obtained after filtration and separation from the solid products
are carefully diluted using a 2% HNOj; solution to prevent any
reprecipitation. Subsequently, the concentrations of the metals
present in the samples are determined using inductively
coupled plasma atomic emission spectroscopy (ICP-AES, Spec-
tro Arcos FHE12). To assess the efficiency of metal extraction, a
calculation method provided by Wang and Dreisinger' is
employed, as represented by eqn (4) below:

Che X V

Metal extraction efficiency (%) = s 100 (4)

In the above expression, Cy,. represents the concentration of
each divalent metal in the aqueous solution following the
process of mineral carbon mineralization in mg L™, V denotes
the volume of the aqueous solution employed during the
reaction in L, m is the amount of raw powdered rock used for
carbon mineralization in mg, W, is the initial content of each
divalent metal present in the serpentinized peridotite sample.
The error associated with the metal extraction efficiency is
estimated based on the three repetitions of each reaction.
The variations observed in metal extraction efficiency can be
primarily attributed to the discrepancies in the original content
of the metals present in the mineral sample during the liquid
analysis.

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp04996e

Open Access Article. Published on 19 February 2024. Downloaded on 10/16/2025 5:39:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

3 Results

3.1 Characterization of serpentinized peridotite

The ultramafic rock sample in this study contains a signifi-
cantly higher amount of magnesium as determined using XRF
spectroscopy (Table 1).

Briefly, the sample comprises 42.84% MgO, followed by SiO,
(41.65%), Fe,0; (7.83%), Al,O; (1.58%) and CaO (0.58%).
Notably, significant amounts of Ni and Cr metals are present
in the sample, measuring 2547 ppm and 3154 ppm, respec-
tively. Based on the X-ray diffraction analyses (discussed in
more detail in Section 3.3), the antigorite polymorph of the
serpentine mineral group (Mg;Si,O5(0OH),) and forsterite
(Mg,Si0,) are the prominent mineral phases in the unreacted
sample. The powdered sample has an average particle size of
9.24 um, with over 90% of the material consisting of particles
smaller than 22.24 um. The specific surface area, pore volume,
and pore diameter of the sample are 7.67 m® g™ %, 0.021 cc g,
and 2.12 nm, respectively.

The weight loss (%) vs. temperature (°C) plot of unreacted
sample, obtained from TGA, shows a weight loss of 3.79%, at
temperatures between 600 to 800 °C, which corresponds to
the dehydroxylation process of antigorite, as indicated in
Section 3.2. The observed temperature range at which the
major decomposition of antigorite into forsterite and silica
takes place aligns well with existing literature®>>" as shown in
reaction (R1):

<800 °C

ZMg3Si205 (OH)4(S) = 2Mg28i04<5) + SiOz(s) =+ 4H20(g>

(R1)

3.2 Carbon mineralization and metal recovery efficiencies

This study investigates the combined effects of CO, partial
pressure, temperature, and reaction time on the kinetics of
carbon mineralization of serpentinized peridotite. Additionally,
the study seeks to examine the extent to which energy critical
metals can be extracted from the mineral matrix and recovered
in an aqueous solution using organic ligands. Through the
examination of these factors, a more profound insight into the
chemical and morphological dynamics of this multiphase
reaction environment during the processes of carbon miner-
alization and concurrent metal recovery is achieved. The

Table 1 Chemical composition of the serpentinized peridotite sample

Major oxides wt% Trace elements ppm
SiO, 41.65 Ni 2547
ALO, 1.58 Cr 3154
Fe,0, 7.83 % 37
MgO 42.84 Sc 10
CaOo 0.58 Cu 18
Loss On Ignition (LOI) (%) 4.43 Sr 1
Y 3
Zr 6.2
Ce 8
Nd 2
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primary aim is to uncover mechanistic insights into the phe-
nomena underlying the use of organic ligands for concurrent
recovery of energy critical metals and carbon mineralization. To
this end, Table 2 and Fig. 3(a) present the metal extraction
efficiencies and extents of carbon mineralization for serpenti-
nized peridotite under various reaction conditions.

The reacted mineral samples are analyzed by TGA and TCA
to determine the extents of carbon mineralization. It is worth
noting that the extents of carbon mineralization derived from
both the TGA and TCA methods are generally in agreement,
except for instances with notably high carbon mineralization
efficiencies achieved during longer reaction time of 10 and
18 hours. To maintain uniformity in our observations, the
carbon mineralization efficiency values discussed in the sub-
sequent sections are exclusively based on the TCA method.

The initial set of experiments is guided by the optimized
conditions for integrated carbon mineralization and concur-
rent metal recovery proposed by Wang and Dreisinger." The
carbon mineralization reaction is started at 155 °C, with a Pgo,
of 35 bars, and involves the addition of 2 M NaHCO; and 0.1 M
Na,H,EDTA-2H,0. The reaction proceeds for 5 hours, with a
solid concentration of 15 wt% and a stirring rate of 500 rpm.
Under these conditions, the carbon mineralization efficiency is
found to be 24%, which is determined based on the formation
of magnesium carbonate. Further details on post-reaction
carbonate phases are discussed later in this section. The
aqueous phase recovery efficiencies for Fe, Ni, Mn, Cr, and
Mg are ~18%, 27%, 14%, 2%, and 1%, respectively, based on
the compositions of the post-reaction liquid sample. Higher
carbon mineralization efficiencies of 49% and 76% are
observed at extended reaction times of 10 and 18 hours
respectively at 185 °C, under similar conditions of CO, partial
pressure and solvent concentration. Similarly, an increase in
the Ni extraction efficiencies from 56% to 79% is observed
when the reaction time is increased from 10 hours to 18 hours
at 185 °C. However, the increased reaction temperature and
extended reaction time does not significantly affect the extrac-
tion efficiencies of other metals, as shown in Table 2.

A second set of experiments is performed to probe the effect
of increased partial pressure of CO, on the extent of carbon
mineralization and metal recovery efficiencies. Under similar
solvent concentration of 2 M NaHCO; and 0.1 M Na,H,EDTA-
2H,0 in 20 ml slurry consisting of 15 wt% solids and stirring
rate of 500 rpm, reactions are carried out at 185 °C with P¢o, of
50 bars for 1, 3, 6 and 10 hours. Extents of carbon mineraliza-
tion of 44%, 63%, 70%, and 73% are observed for reaction
times of 1, 3, 6, and 10 hours, respectively. Similarly, Ni
extraction efficiency increases from approximately 39% to
81% between 1-10 hours of reaction as shown in Table 2. By
increasing Pco, from 35 bars to 50 bars, a significant increase in
Fe extraction efficiencies from ~20% to 33% and Ni extraction
efficiencies from ~56% to 81% is also observed for reaction
time of 10 hours at 185 °C. These findings suggest the potential
for effective metal recovery during carbon mineralization using
olivine and serpentine minerals under appropriate reaction
conditions.
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the presence of various chemical additives. The solid (mineral/rock) to liquid ratio was 15 wt% and a stirring speed of 500 rpm was maintained. (Reported values are the average of experiments

Table 2 Summary of post-reaction carbon mineralization and metal recovery efficiencies of serpentinized peridotite reacted at various reaction times, temperatures, and CO, partial pressures, and in
conducted in triplicate)
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To gain important insights into the underlying mechanisms
that govern the simultaneous carbon mineralization and metal
recovery process, and the resulting chemical and morphologi-
cal changes under different reaction conditions, three case
scenarios from prior experimental results were selected for
further analysis as discussed below.

Case I: reaction conducted for a duration of 5 hours at a
temperature of 155 °C and Pco, of 35 bars with CErca & 25%
and metal extraction efficiency for Ni & 27% and for Fe ~ 18%.

Case II: reaction conducted for a duration of 10 hours at a
temperature of 185 °C and Pgo, of 35 bars with CEpca ~ 49%
and metal extraction efficiency for Ni &~ 56% and for Fe ~ 20%.

Case III: reaction conducted for a duration of 10 hours at a
temperature of 185 °C and a Pco, of 50 bars with CErca ~ 73%
and metal extraction efficiency for Ni ~ 81% and for Fe =~ 33%.

For all three cases, the experiments were conducted with 15
wt% solid in an aqueous environment comprising, 2 M sodium
bicarbonate and 0.1 M Na,H,EDTA-2H,0, and a stirring rate of
500 rpm. Detailed mechanistic insights into the reactivity of
these multiphase reaction systems are obtained through a
systematic investigation of the effects of the partial pressure
of CO, (or Pco,), reaction temperature, reaction time, and fluid
composition.

3.3 Chemical and crystallographic phase changes during
carbon mineralization

The emergence of carbonate phases after reaction is validated
using X-ray diffraction (Fig. 3(b)). The unreacted sample pri-
marily consists of the antigorite polymorph of the serpentine
mineral group (Mg;Si,05(OH),) and forsterite (Mg,SiO,) as the
prominent mineral phases.”® The morphology of the resulting
post-reaction products may be impacted by the presence of
various carbonate mineral phases. Prior investigations have
highlighted the significance of reaction temperature in regulat-
ing the precipitation of various carbonate minerals. Magnesite
forms preferentially rather than hydrated magnesium carbo-
nate minerals at higher temperatures.>**® In this study, XRD
patterns of reacted products indicated the prevalence of mag-
nesite (MgCO;) as the dominant carbonate phase present in all
three cases. Moreover, the significant reduction in the relative
peak intensities of serpentine in Case II and III, compared to
Case I, implies either the complete dissolution of serpentine
into the aqueous phase or its conversion into forsterite
(Mg,Si0,) or (MgCOs3). The increasing trend in the magnesite
peaks for Cases II and III, in contrast to Case I, aligns with the
diminishing peaks of serpentine and forsterite. The quantita-
tive XRD data aligns with the observed trends, indicating an
increased intensity of magnesite and concurrent reduction in
the intensities of olivine and serpentine phases (Table S2,
ESIT). These findings collectively suggest the transformation
of serpentine and forsterite into magnesite during the carbon
mineralization process.

Further evidence of the presence of antigorite and subse-
quent magnesite formation during CO, mineralization is
observed using TGA (see Fig. 3(c)). While TGA can be used to
identify different phases, such as hydroxides and carbonates,
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(a) Post-reaction carbon mineralization and recovery efficiencies for various critical metals in solution (TGA: thermogravimetric analysis; TCA:

total carbon analysis); (b) XRD plots for lab scale demonstration showing CO, mineralization of serpentinized peridotite via carbonate formation;

(c) percentage weight change and the corresponding first derivative of th

e unreacted serpentinized peridotite and carbonate-bearing solids at their

calcination temperature as determined by thermogravimetric analysis. Yellow colour represents dehydroxylation of the serpentine mineral. Green colour

corresponds to the degradation of magnesite into MgO. All the results are

reported at various experimental conditions using 0.1 M Na;H,EDTA-2H,O

chelating agent + 2 M NaHCOg3, slurry density of 15 wt% and a stirring speed of 500 rpm.

based on their respective decomposition temperatures, the
presence of overlapping weight drop curves poses a challenge
in accurately determining phase proportions, particularly for
samples where minerals such as serpentine and carbonates
coexist. The thermal decomposition of serpentine, magnesite,
and calcite occurs within a temperature range of 400 °C to
800 °C, resulting in overlapping peaks. Consequently, it is
challenging to distinctly quantify the weight loss solely asso-
ciated with carbonates. In this study, the weight loss occurring
within the temperature range of 400 °C to 600 °C is assigned to
the thermal decomposition of magnesite,>® while the weight
loss within the range of 600 °C to 800 °C is attributed to the
thermal breakdown of serpentine.>>" Since the phase identifi-
cation analysis conducted using XRD does not detect the
presence of any crystalline calcium carbonate phase such as
calcite, the calculation of carbon mineralization efficiency is
restricted to the formation of magnesite alone. Consequently,
the carbon mineralization efficiency is calculated based on the

This journal is © the Owner Societies 2024

weight loss between 400 °C to 600 °C. In the unreacted sample,
weight loss of 3.79% is observed in the temperature range of
600 °C to 800 °C corresponding to the dehydroxylation of
antigorite (Fig. 3(c-1)), as discussed in Section 3.1. The observed
temperatures at which the major decomposition of antigorite
into forsterite and silica occurs align well with existing
literature.’®>" Weight loss in the temperature range of 400 °C
to 600 °C in all products corresponds to the decomposition of
MgCO; to produce MgO and CO,. The associated weight losses
for Cases I, II, and III are 10.92 + 0.8%, 16.01 + 1.4%, and
21.45 + 2.3%, respectively (Fig. 3(c-2)-(c-4)). These weight
losses are used to estimate the carbon mineralization effi-
ciency. Notably, the percentage weight loss between 600 °C to
800 °C increases in Cases II and III compared to the unreacted
sample. This observation can be attributed to the leaching of
metals and other phases into the aqueous solution, resulting in
serpentine becoming a more prominent phase in relation to the
total weight of the sample. Also, XRD analysis shows reduced
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intensity or nearly complete disappearance of forsterite, result-
ing in serpentine as the predominant remaining mineral from
the original sample.

X-ray photoelectron spectroscopy (XPS) survey scans were
employed to examine the chemical states and surface composi-
tions of unreacted serpentinized peridotite and the three
carbon mineralization cases. XPS survey scans reveal that the
relative intensities of Si exhibited slight variations, although
they display qualitative similarities (Fig. 4). Notably, a signifi-
cant disparity is observed in the Mg peak intensities between all
three cases and the unreacted sample. Further analysis of the
survey scans showed a decline in the Mg/Si atomic concen-
tration ratio, with values of 1.56 for the unreacted sample, 0.84,
0.45, and 0.23 for Cases I, II, and III, respectively (Fig. 4). This
observation suggests an enrichment of silica on the surface,
which can be attributed to the initial incongruent dissolution
of serpentine. This process involves the rapid exchange of Mg”*
and H' ions from the octahedral brucite-type layer, leaving
behind a silica-rich layer.>*”> Moreover, the re-precipitation of
silica from the solution is expected to have contributed to the
progressive thickening of the Si-rich layer on the unreacted
particle surface. Previous studies have noted that elevated pH
(>6) and temperature conditions (60-75 °C) can re-precipitate
extracted silica from the solution during thermally activated
serpentine dissolution.’®>® In our study, the pH of the solution
after completion of the reaction was reported as 10.4, 9.2, and
9.04 for Cases I, II, and III, respectively (Table 2). It has also
been observed that amorphous silica, a relatively soluble form
of Si, tends to precipitate at lower temperatures (T < 90 °C),
while the less soluble and thermodynamically stable quartz
phase is favored at higher temperatures (7 > 90 °C).*”* This
re-precipitated silica layer covering the unreacted particles
subsequently hinders the rate of magnesium extraction as the
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Fig. 4 Evidence of changes in the chemical composition of serpentinized
peridotite when reacted in 0.1 M Na,H,EDTA-2H,O chelating agent and
2 M NaHCOs3 and a stirring speed of 500 rpm based on X-ray photoelec-
tron spectroscopy (XPS) measurements. The peaks corresponding to C 1s,
O 1s, Si 2p, Mg 1s, Mg 2p core levels and the Auger structure (O KLL, Mg
KLL) are indicated.
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reaction progresses.’>>”> Interestingly, the XRD analysis does
not reveal the presence of any crystalline phase rich in silica,
indicating the potential existence of a glassy SiO, or Si-rich
amorphous coating that may be increasingly prevalent from
Case I to Case III. Additionally, in the unreacted sample, Mg is
dispersed throughout the sample in the form of olivine and
serpentine. However, as carbon mineralization progresses, Mg
content preferentially precipitates as MgCO; and concentrates
as a singular mineral form as noted from the high-resolution
scans of Mg 1s shown in Fig. 5(a-3)-(d-3). Further, the enrich-
ment of the surface with silica is corroborated by the O/Si
percentage atomic concentration ratio, which has a value of
3.84 for the unreacted sample, and subsequently decreases to
2.3 for Case III. This finding is further supported by SEM EDS
analysis, as indicated in Fig. S1 (ESIT). The intermediate carbon
mineralization reaction cases exhibit a gradual decrease in both
the Mg/Si and O/Si ratios, in alignment with the evolving
surface composition during the carbon mineralization process,
as reported in Table S3 (ESIt).

Additional insights into the chemical evolution during car-
bon mineralization are obtained from high-resolution XPS
elemental scans of individual elements such as silicon (Si),
oxygen (O), carbon (C), and magnesium (Mg) (Fig. 5). The
binding energies determined using XPS for high-resolution
scans are listed in Table S3 (ESIt). Broad peaks in the spectra
of all these elements indicate the coexistence of diverse
chemical structures across all four samples. All the spectra
are calibrated based on the adventitious carbon C-C (284.8 eV)
peak.®®®! Additional carbon peaks ranging from 286.4 €V to
287 eV are identified as C-O-C and C—O bonds.®" Peaks
observed between 289.5 eV and 289.7 eV are attributed to
carbonate (CO3>") species.®®> The CasaXPS curve resolution
platform is used to analyze the peaks of interest using a
combination of 30/70% Lorentzian/Gaussian functions, along
with a Shirley background. The relative ratios of % atomic
concentrations are determined using empirical sensitivity fac-
tors derived specifically for the XPS operating conditions
employed in this study. The C 1s peak values at 289.6 eV,
289.9 eV, and 289.7 eV for Cases I, II and III, respectively, are
indicative of the presence of MgCO; in the carbonate-bearing
samples.®™®® Notably, the intensity of the peak associated
with carbonate exhibits a notable increase from Case I to III
(Fig. 5(a-4)—(d-4)), signifying a higher concentration of MgCO;
in the samples as carbon mineralization progresses.

Deconvolution of the Si 2p core region results in a broad
peak at the binding energy of 102.7 eV for unreacted serpenti-
nized peridotite, as shown in Fig. 5(a-1). The Si 2p spectra of all
cases are subjected to deconvolution, separating them into Si
2p3/2 and Si 2p1/2 peaks. The spin-orbit splitting parameters
for Si 2p are assigned with atomic values, resulting in a
separation of 0.617 eV between the two peaks, while the
intensity of Si 2p1/2 is fixed at 50% of Si 2p3/2. Additionally,
all peaks and their corresponding components are constrained
to have identical fullwidth-at-half-maximum (fwhm) values. For
the unreacted sample, the binding energies of the observed
peaks for Si 2p1/2 and Si 2p3/2 are 102.1 eV and 102.9 eV,
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Identification of changes in the chemical states of silicon (a-1)-(d-1), oxygen (a-2)-(d-2), magnesium (a-3)-(d-3) and carbon (a-4)-(d-4) via

deconvolution of Si 2p, O 1s, Mg 1s, and C 1s peaks in the unreacted and reacted serpentinized peridotite reacted under various experimental conditions.

respectively which indicate the presence of serpentine in the form
of Si-O-Mg-OH and olivine in the presence of silicate tetrahedra
Si0, respectively.>**"® As a result of carbon mineralization, a shift
in the peak affiliated with Si 2p3/2 to a higher binding energy of
approximately 103.2 eV is observed in Cases II and III, indicating a
Si-rich surface layer of a SiO, type silica. In addition, higher binding
energies of 103.8, 103.9 and 104 eV for the Si 2p1/2 peaks in Cases I
to Il are also observed (Fig. 5(a-1)-(d-1)), which indicates the
presence of a complex amorphous silica phase containing siloxane
Si—O-Si and silanol Si-OH bonds.*

Evidence of multiple oxygen atom chemistries is also
observed by deconvoluting the O 1s spectra shown in Fig. 5(a-
2)-(d2). A weaker intensity O 1s peak at 530.57 eV is identified
as the non-bridging OH-Mg-O-Si serpentine bond,>® while the
O 1s binding energy around 531.4 eV is attributed to tetrahedral
silicates in the forsterite surface group.”>®%¢%%57%7 In Cases I,
II, and III, the respective O 1s binding energy peaks at 532.8,
532.61, and 532.65 eV are observed, which are higher than that
of standard olivine (531.2 eV).®*®” This increase in binding
energy suggests the presence of electronegative elements in
close proximity to oxygen atoms, possibly indicating the exis-
tence of a silicon-rich amorphous phase comprising siloxane
and silanol components. These findings align with the observa-
tions made with the Si 2p spectra. The carbonate-bearing
products exhibit even higher binding energies for O 1s, mea-
suring 533.26 €V, 533.74 eV, and 533.5 eV for Cases I-III,
respectively, indicating the presence of Mg carbonates.®®

This journal is © the Owner Societies 2024

In the Mg 1s core region (Fig. 5(a-3)-(d-3)), two peaks at
1303.8 eV and 1304.28 €V are noted for the unreacted sample.
These peaks correspond to Mg species found in the serpentine
and forsterite mineral phases of the raw sample.®*®” The trends
noted for Mg 1s align well with those observed for Si 2p and
O 1s, showing similar binding energy value ranges (1303.8-
1304.28 eV and 1304.8-1305.6 eV) for unreacted and carbonate-
bearing products. In the case of the carbonate-bearing samples
(Cases I-III), the higher binding energies for Mg 1s indicate a
slight oxidation of magnesium, suggesting the presence of
carbonate species in the reacted sample.®*?

The Fe 2p region in both unreacted and carbonate-bearing
samples exhibit an asymmetric shape with a significant split of
approximately 13.1 eV between the spin orbit components Fe
2p1/2 and Fe 2p3/2 (Fig. S2, ESIT). The Fe 2p3/2 binding energy
at approximately 710.4 eV aligns well with Mg-dominated
olivine.*” The obtained Fe 2p spectra for the carbonate-
bearing products show a slight shift of the Fe 2p3/2 peak
towards higher energies, located at around 712.6, 712.4, and
711.49 for Cases I, II, and III, respectively. This shift implies a
higher degree of iron oxidation at the surface of the carbonate-
bearing samples, aligning with the formation of Fe,05.°>¢”

To delineate the morphological changes during the carbon
mineralization reaction and the effect on mineral dissolution
chemistries, the changes in the morphology of serpentinized
peridotite on carbon mineralization, specifically focusing on
surface area, particle size, and pore volume distributions are
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Fig. 6 Particle size distribution of serpentinized peridotite when reacted
with CO, under different reaction conditions using 0.1 M Na,H,EDTA.
2H,0 chelating agent and 2 M NaHCOs3, slurry density of 15 wt% and a
stirring speed of 500 rpm.

determined. Through a comparison of particle size distribu-
tions pre- and post-reaction in Case I, it is observed that fine
particles with sizes smaller than 10 pm exhibit a higher
dissolution rate in comparison to coarser grains. As a conse-
quence, the particle size distribution becomes narrower, while
the overall particle size increases (Fig. 6). Mean particle size of
17.85 pm is observed for Case I, which is considerably larger
than the mean particle size of the unreacted sample (9.24 pm).
Furthermore, the particle size distribution curve obtained in
Case I exhibits a bimodal feature, indicating the presence of
two prominent peaks (Fig. 6). This represents a shift from the
multimodal curve observed in the particle size distribution of
the unreacted sample, where different particle size populations
co-existed. In Case II, where the reaction temperature is
increased to 185 °C, a narrower range of grain size variability
is observed compared to Case I. However, a simultaneous
increase in the number of fines (particle size < 10 pm) is also
observed in Case II relative to Case I. We hypothesize that this
can be attributed to smaller silica particles that are detached
from the surfaces of incongruently dissolved serpentine and
olivine, or small newly nucleated magnesite crystals, as
revealed by the SEM images (Fig. 7(c)). This trend aligns with
the findings of Gadikota et al.>® for carbon mineralization of
olivine at a reaction temperature of 90 °C. In Case III, which
shows an extent of carbon mineralization of 73%, the size
distribution is narrower and well defined with a mean particle
size of 25.38 pm. An increase in the carbon mineralization
efficiency achieved at higher pressure and temperature in Case
III corresponds to a significant growth of magnesite crystals,
leading to the formation of larger crystals. The morphological
evolution of the CO,-water-rock system, as shown in Fig. 8, with
increasing carbon mineralization efficiency and under variable
reaction conditions, has a significant impact on the morphology,
size, and shape of the magnesite crystals (Fig. 8 and 9). This
aspect is further discussed in detail in Sections 4.2 and 4.3.
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The effect of carbon mineralization and metal recovery on
the pore volume and surface area of serpentinized peridotite is
also investigated using the Brunauer-Emmett-Teller (BET)
method with N, adsorption at 77 K. The average pore size,
surface area, and pore diameter of the unreacted and
carbonate-bearing samples are summarized in Table 3. In Case
I, the surface area and pore volume decrease from the initial
values of 7.67 m* g ' and 0.021 cc g ' to 5.53 m> g " and 0.014
cc g ', respectively. This reduction suggests the rapid dissolu-
tion of fine particles with high surface-to-volume ratios and the
growth of carbonate precipitates. This finding aligns well with
the earlier work on the direct carbon mineralization of olivine,
where magnesium carbonate is produced.’**°

However, Case II exhibits a slightly different trend, where a
significant increase in surface area and pore volume is noted
compared to the unreacted sample (Table 3). This can be
attributed to the presence of large intergrown clusters of
magnesite and a Si-rich amorphous layer, a trend also observed
in the SEM image of the carbonate-bearing sample for Case II
(Fig. 7(c)). The higher temperature and the presence of the
organic ligand Na,H,EDTA-2H,0 promote enhanced growth
and size modulation of magnesite crystals, resulting in larger
particle size, and rapid formation of the Si-rich amorphous
phase, leading to a higher surface area. This hypothesis is also
supported with the experiments conducted in the absence of
Na,H,EDTA-2H,0. The magnesite crystal size reduces signifi-
cantly in the absence of Na,H,EDTA-2H,0, as shown in Fig. 10
(additional details are provided in Section 4.4).

Similar increases in surface area and pore volume have been
observed in the carbon mineralization of fly ash and waste ash in
the presence of monoethanolamine and sodium glycinate.®®
Furthermore, as discussed earlier, the particle size distribution
for Case II shows a higher number of fine particles compared to
Case I, which contributes to the higher surface area observed in
Case II. A similar observation should be expected for Case III.
However, a decrease in the surface area to 4.71 m® g~ and pore
volume to 0.019 cc g~ ' is observed. SEM images of Case III reveal
weathered and broken crystals of magnesite (Fig. 7(d) and Fig.
S3, ESIt). The intergrown clusters of magnesite crystals and Si-
rich amorphous phase are disrupted due to fluid saturation,
resulting in reduced surface area and pore volume. Remarkably,
Case III exhibited the highest carbon mineralization efficiency of
74%, along with notable metal recovery rates for Ni (81%) and Fe
(33%). The elevated level of nickel recovery indicates enhanced
dissolution of the native minerals present in the sample, which
may have leached into the pore spaces of the Si-rich amorphous
phase, potentially influencing the surface area and pore volume.

4 Discussion

4.1 Effect of chemical additives and mineral chemistry on
integrated carbon mineralization and metal recovery

The influence of chemical additives, including bicarbonate
compounds like NaHCO;, and organic ligands such as
Na,H,EDTA-2H,0, have been investigated for their individual
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Fig. 7 Characterization of morphological changes in carbonate-bearing solids using SEM showing the presence of magnesite and amorphous silica-rich
phases for (a) unreacted serpentinized peridotite and carbonate-bearing solids, (b) reacted for 5 hours at Pco, = 35 bars and 155 °C, (c) reacted for

10 hours at Pco, = 35 bars and 185 °C, (d) reacted for 10 hours at Pco,
NaHCOg3, slurry density of 15 wt% and a stirring speed of 500 rpm.

effects on carbon mineralization efficiency in direct carbon
mineralization studies.82228:30:31:48,70-74 1t hag been reported
that the addition of 2 M NaHCO; significantly enhances the
carbon mineralization efficiency by approximately 50-60%.%>®
Upon dissolution in the aqueous phase, NaHCO; dissociates to
produce bicarbonate ions (R2). The dissociation and transfor-
mation of NaHCO; to carbonate ion results in generation of
local protons (see R2-R4). Further, the high pH of this system
also promotes the reaction of hydroxide ion with CO,, leading
to formation of bicarbonate ions while promoting CO, hydra-
tion (R3). Thus, NaHCO; facilitates CO, hydration and olivine
dissolution during the carbon mineralization process.®

NaHCO; — HCO; + Na* (R2)
OH™ + CO, — HCO;~ (R3)
HCO;~ — CO;*>” +H" (R4)

In addition to aiding dissolution and carbonate formation,
NaHCO; enhances the diffusion of aqueous silica and prevents
iron oxide precipitation on the reactive mineral surface to
accelerate carbon mineralization.*®**”" The introduction of

This journal is © the Owner Societies 2024

= 50 bars and 185 °C using 0.1 M Na,H,EDTA-2H,O chelating agent + 2 M

Na,H,EDTA-2H,0 into the system facilitate the presence of
HEDTA®~ ions, which have been reported to be the dominant
EDTA species at pH 7-10 and the pH range at which the carbon
mineralization process is occurring (R6).>7*77® The formation
of HEDTA®?™ ions facilitates a catalytic effect on carbon miner-
alization due to their chelation effect (R7).”*”* Thus, NaHCO;
and Na,H,EDTA-2H,0 creates a buffered system, contributing
to the regulation of pH for mineral dissolution, metal chela-
tion, and magnesium carbonate precipitation as shown in

reactions, R5-R8 below.
NaHCO; + OH™ + CO, — 2CO;> +2H" + Na" (R5)

Na,H,EDTA-2H,0 — HEDTA®™ + H' + 2Na* + 2H,0

(R6)

(Mg,Fe)SiOy () + 4H,q" + HEDTA®™ — Mg,o>" + [Fe(HEDTA)]aq)
+ SiOy(aq) + 2H,0 (R7)
Mg.q>" + CO;>” — MgCO; (R8)

Also, Na,H,EDTA-2H,0, containing a diamine group, pos-
sesses a strong affinity towards CO,, thereby facilitating CO,
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Fig. 8 Schematic representation of the reaction mechanism and morphological evolution of serpentinized peridotite during carbon mineralization with

concurrent metal recovery.

hydration.”””® Primary diamines, like ethylenediamine, exhibit
high CO, adsorption capacity compared to other amines and
CO, can be bound as bicarbonate, carbonate, carbamate or
dicarbamate during chemical adsorption of CO, in aqueous
diamine systems.”® In this study, an optimum Na,H,EDTA.
2H,0 dosage of Na,H,EDTA-2H,O/TNi = 2 and 2 M NaHCO;
were maintained throughout all experimental conditions.™®
The addition of Na,H,EDTA-2H,0 increased carbon minerali-
zation efficiencies from 39% and 69% to 48% and 73% for Case
II and Case III, respectively. Thus, the combination of NaHCO;
and Na,H,EDTA-2H,0 can create a buffered system and foster a
catalytic effect for enhancing carbon mineralization while
facilitating metal recovery.!

In contrast to previous studies that employed EDTA for
enhanced mineral dissolution,***” our research focused on
the metal extraction from minerals with the controlled
Na,H,EDTA-2H,0 dosage. The findings, as discussed in Sec-
tion 3.2 and presented in Fig. 3(a), reveal that the extraction
efficiency of Ni with 0.1 M Na,H,EDTA-2H,0 is significantly
higher compared to the extraction of other metals. This dis-
crepancy can be attributed to the higher stability constant of
Ni-EDTA relative to that of Mg-EDTA, and Ca-EDTA, leading to

9276 | Phys. Chem. Chem. Phys., 2024, 26, 9264-9283

the preferential formation of Ni-EDTA complexes (Table S4,
ESIt). In contrast, the Mg”* ions originating from dissolved
serpentine and olivine tend to precipitate as stable mineral
carbonates when exposed to limited amounts of Na,H,EDTA-
2H,0 in the solution owing to their least stable complex with
Na,H,EDTA-2H,0 compared to other common multivalent
cations (Table S4, ESIt).

Despite chromium (Cr**) having a stability constant of 23.4
(Table S4, ESIT), which surpasses that of Ni-EDTA, we observe a
very low concentration of Cr’" in the post-carbon mineraliza-
tion liquid samples even though the raw sample has more
chromium content (3154 ppm) than nickel (2547 ppm). Numer-
ous previous studies, such as those conducted by Terzano
et al.,*° Jean-Soro et al.,*" and Jean et al.,*” have reported similar
trends in the leaching efficiencies of Ni and Cr by EDTA,
supporting the notion that Ni is more effectively leached by
EDTA compared to Cr. Therefore, the effectiveness of EDTA in
leaching Cr is not directly influenced by the thermodynamics of
complexation. Rather, it can be attributed to Cr phases within
different mineralogical structure of the host rock. Cr primarily
resides in highly refractory chromite or chrome spinel minerals
in the ultramafic rocks of ophiolitic settings, while Ni is
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Fig. 9 Characterization of the morphological changes in carbonate-bearing solids using SEM showing the amorphous silica-rich coating over solids
reacted for (a) and (b) 1 hour, (c) and (d) 3 hours, and (e) and (f) 6 hours at Pco, = 50 bars and 185 °C using 0.1 M Na,H,EDTA-2H,O chelating agent and

2 M NaHCOg, slurry density of 15 wt% and a stirring speed of 500 rpm.

Table 3 Comparison of the surface area, pore volume, and pore diameter
of unreacted and reacted serpentinized peridotite for Cases |, I, and IlI

Surface area Pore volume Pore

(m*>g™) (ccg™ diameter (nm)
Unreacted sample 7.67 £1.08  0.021 £ 0.001  2.12 % 0.001
Case 1 5.53 + 2.49 0.014 £ 0.006 2.85 £+ 0.774
Case II 27.57 £ 0.86 0.093 + 0.002 3.94 £ 0.001
Case III 4.71 £ 0.88 0.019 £ 0.003 2.97 £ 0.690

predominantly present in serpentine, trevorite, or Ni-spinel
type minerals.****%* The studied sample, belonging to the
Mayodia ophiolitic sequence, exhibits economically valuable
chrome spinel minerals (Mg,Fe)**(Cr,AlLFe),*>"0,.54 ¢ 1t com-
prises Cr-rich chlorite inclusions embedded within a matrix
consisting of Cr-rich serpentine. Additionally, the sample dis-
plays notable compositional enrichment in Cr and Fe species in
the form of ferrous chromite.®**¢ Furthermore, as discussed in
Section 3.3, XPS spectra of the Fe 2p region for the unreacted
sample show the presence of the Fe®* state, while the
carbonate-bearing samples of all cases exhibit a shift in the
binding energy towards higher values, indicating a higher
degree of iron oxidation at the surface of the carbonate-
bearing samples, consistent with the formation of Fe,O;. The
low Ky, values reported for Fe®" ions hinder their dissolution,
possibly explaining the slow leaching of Fe from the carbonate-
bearing samples.?” Consequently, the slow leaching of Cr and
Fe corresponds to the slow dissolution of the mineral matrix,
most likely involving chrome spinel and iron oxide dissolution.
As indicated in Table S5 (ESIt), minerals such as bunsenite,
heazlewoodite, trevorite, and Ni-spinel with lower formation

This journal is © the Owner Societies 2024

constants and less negative Gibbs free energy values exhibit a
higher propensity for dissolution compared to chromite, which
possesses higher formation constants. The potential influence
of higher Na,H,EDTA-2H,0 dosages on the leaching of iron or
chromium into the solution remains an intriguing aspect for
future investigation. Increasing the dosage of Na,H,EDTA-
2H,0 could potentially enhance the dissolution of Fe or Cr-
containing minerals, leading to a greater release of these metals
into the solution.

4.2 Morphological evolution during direct carbon
mineralization with concurrent metal recovery

A qualitative morphological analysis of surfaces of unreacted
and carbonate-bearing samples using SEM provide detailed
insights into the morphological transformations during carbon
mineralization and metal recovery. Prior to the reaction, the
surface of the forsterite powder appears featureless or displays
the typical texture resulting from the conchoidal fracturing of
ground olivine®® (Fig. 7(a)). However, after the reaction (Case I),
distinct features emerged on the surfaces of the olivine parti-
cles. These features include elevated regions (referred to as
mammillary structures),®>°° tooth-like edges (known as denti-
cular margins),”® and small cavities (etch pits)**°* (Fig. 7(b)).
These structures have been previously observed in experiments
studying natural olivine dissolution®® and in naturally weath-
ered samples.?®" The formation of such structures is attrib-
uted to the anisotropic nature of olivine dissolution, wherein
certain surfaces are preferentially dissolved. However, the exact
mechanism governing the rate-determining step based on
crystallographic orientation is still not fully understood.’®®?
The morphological examination of the carbonate-bearing
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Fig. 10 Characterization using SEM images of the morphological changes in carbonate-bearing reacted serpentinized peridotite in the absence of
NayH,EDTA-2H,0 chelating agent showing the presence of magnesite and amorphous silica-rich phases for (a) and (b) reacted for 10 hours at Pc02 =35
bars and 185 °C, and (c) and (d) reacted for 10 hours at Pco, = 50 bars and 185 °C and using 2 M NaHCO3, slurry density of 15 wt% and a stirring speed of

500 rpm.

sample in Case II revealed that the formation of elevated
regions (humps) during the experiments exhibited a depen-
dence on crystallographic orientation, as they are observed only
on specific surfaces of individual grains. Fig. 7(b) illustrates
mammillary structures pointing in one direction on a particular
surface of the reacted particles, coinciding with the nucleation
of magnesite crystals.

X-ray diffraction analyses reveal the presence of forsterite,
serpentine, and magnesite crystallographic phases in
carbonate-bearing samples. However, field-emission scanning
electron microscopy (FESEM) of the carbon mineralization
products unveils two distinct particle morphologies: well-
ordered structures and irregular-shaped particles, as shown in
Fig. 7(c) and (d). These ordered and irregular-shaped particles
are often observed individually but are also found intergrown
in the clusters. Energy-dispersive X-ray spectroscopy (EDS)
(Fig. S1(a)-(d) ESIt) confirms that the irregular particles exhibit
strong signals for Si and O, consistent with silica, while the
polyhedral crystals display strong signals for Mg and O, indi-
cative of magnesite. The EDS analysis of the amorphous

9278 | Phys. Chem. Chem. Phys., 2024, 26, 9264-9283

material indicates the presence of a significant silicon peak,
suggesting that this phase is enriched in silica.”* However,
there are still detectable but reduced amounts of Mg and Fe,
indicating the presence of the original olivine within this
amorphous phase. The presence of silica in the amorphous
layer is also supported by the XPS analysis of individual spectra
of the Si 2p and O 1s peaks revealing the presence of a complex
matrix containing Si-O-Si and Si-OH (Fig. 5(a-1)-(d-1) and (a-
2)-(d-2)). The formation of this Si-rich amorphous layer can be
associated with the initial rapid incongruent dissolution of
serpentine or Si re-precipitation from the solution phase post-
dissolution of serpentine or olivine.”®>*>%” Serpentine is a
mineral composed of sheet-like structures, characterized by a
1:1 arrangement resulting from the alternating layers of SiO,
tetrahedra and Mg octahedral brucite-type layers. These layers
are interconnected through -Si-O-Si- bonds. Notably, the
brucite-like layer exhibits higher reactivity and dissolves at a
faster rate compared to the adjacent Si-rich tetrahedral
layer.**>*° Therefore, the dissolution of serpentine is hypothe-
sized to occur through the rapid breakdown of Mg-octahedral

This journal is © the Owner Societies 2024
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brucite-like layers (Fig. 8(a)). Subsequently, the dissolution of
the highly polymerized silica sheets takes place at a slower rate,
acting as the controlling factor in the process. This observation
agrees with the previous observations of the concentrations of
dissolved Mg”* ions, which are approximately twice as high as
those of Si in serpentine dissolution experiments conducted
with a reaction time of 6-10 hours in the presence of 0.5 M
NajCitrate at 120 °C under 20 bars of Pgo.”® Previous
studies””®”°® have postulated the existence of a Mg-depleted
gel-like glassy SiO, layer, commonly known as a silica-rich
passivating layer, that remains on the mineral surface during
the process of mineral dissolution. It has been observed that
the thickness of this layer increases as the re-precipitation of Si
from the solution phase and serpentine dissolution continues
over time (Fig. 8(b)). Furthermore, EDS analyses in Fig. S1
(ESIT) indicate the absence of a pure amorphous silica phase
devoid of Mg. Two possible explanations can be proposed to
elucidate the consistent occurrence of Mg in the amorphous
phase, as suggested by Schulze et al.*® First, the reaction does
not reach complete conversion, resulting in the formation of a
mixed Mg-Si oxide as a by-product. Second, as previously
discussed, the initial stage of the reaction involves the disin-
tegration of the serpentine crystal structure, starting from the
brucite-like layer leaving behind a Si-rich amorphous layer. As
the reaction proceeds, magnesite grows from this amorphous
product, with the diffusion of Mg** ions out of the amorphous
phase, which could potentially serve as the rate-limiting step
(Fig. 8(b)).

The progressive increase in the thickness of the Si-rich
amorphous layer serves as an impediment, restraining the
subsequent mechanism by hindering the diffusion and
exchange of reactive species such as Mg>" and H".>>°>” This
observation substantiates the presence of Mg within the Si-rich
amorphous phase, thereby limiting the formation of pure SiO,.
Additionally, it accounts for the common occurrence of isolated
magnesite crystals exhibiting a minimal encircling amorphous
phase.>® Specifically, Mg diffuses out of the amorphous phase,
resulting in the formation of magnesite at the periphery, rather
than the expulsion of SiO, from the growing magnesite, as
observed in Fig. 7(c) and (d). The diffusion of Mg from this
intricate Si-O-Si-OH amorphous phase is considered to be the
rate-limiting step in the carbon mineralization reaction of
natural samples comprising serpentine as a primary mineral
alongside olivine. It is noteworthy that not only Mg, but also
trace metals like Fe or Cr, can become entrapped within this
amorphous phase. The SEM-EDS analysis (Fig. S1, ESIY)
shows the presence of Cr and Fe within the amorphous silica
phase. Furthermore, the continuous reaction leads to the
exfoliation of the Si-rich amorphous layer (Fig. 8(c)) from
the surface of the olivine due to volumetric differences and
resulting stresses between the olivine crystal and the layer
depleted of Mg and 0.”%%%% The exfoliation rate depends
on the thickness of the passivation layer. The hydrothermal
deposition of silica is known to contribute to the irregular
surface morphology of the amorphous layer, leading to
the formation of brittle silica.”” Hence, the combination of
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brittle silica and interfacial stresses renders silica-rich passivat-
ing layers highly prone to fracture and exfoliation. This cyclic
process continues until the amorphous layer reaches a critical
threshold, inducing stresses that lead to the detachment of the
silica layer. The exfoliation of the silica layer creates pathways
for the exchange of Mg>*, H*, CO;>~ species, and HEDTA®",
enabling the extraction of trace metals from the dissolved
minerals (Fig. 8(c)).

To validate the proposed step-by-step mechanism, we con-
ducted experiments under the best-case scenario (Case III) with
varying reaction times of 1 hour, 3 hours, and 6 hours and
observed the morphological changes, as shown in Fig. 9 and
Fig. S4 (ESIt). During the initial hour of the reaction, complete
coverage of the particles with an amorphous layer is observed,
indicating the rapid dissolution of serpentine at the onset of
the reaction (Fig. 9(a) and (b)). The presence of some magnesite
crystals on the surface can be attributed to the incongruent
dissolution process, where specific constituents migrate
rapidly. In this case, Mg diffuses quickly into the aqueous
phase, leaving behind a silicon-enriched layer and forming
few magnesite crystals. Following this initial stage of incon-
gruent dissolution, the subsequent dissolution is anticipated to
proceed uniformly and congruently. As the reaction time is
increased from 1 hour to 3 hours, the carbon mineralization
efficiency increases from 44% to 63%, indicating an enhanced
diffusion of Mg over time from the silica-rich amorphous
phase. This observation supports the hypothesis that the exfo-
liation of the amorphous layer allows for the re-exposure of
unreacted olivine, facilitating the carbon mineralization pro-
cess. However, the extraction efficiencies of Ni and Fe did not
show significant improvement, remaining at 39% and 18%,
respectively, for the 1 hour reaction duration, and increasing
only slightly to 41% and 20% for the 3 hours reaction duration.
Thus, in the short-duration experiments, carbon mineralization
is the preferred reaction over metal recovery. After reaction
for 6 hours, a gradual increase in the thickness of the Si-rich
passivating layer and the number of magnesite crystals is
observed, as shown in Fig. 9(e), resulting in a carbon miner-
alization efficiency of 70%. However, no significant improve-
ment in carbon mineralization efficiency is observed beyond
6 hours of reaction time with a carbon mineralization effi-
ciency of 73% being observed after 10 hours. This indicates
that almost all of the serpentines have dissociated, and the
mass transfer limitation becomes more prominent due to
slower exfoliation of the Si-rich amorphous layer and a
low concentration of free magnesium ions.'%® It is important
to note that in contrast to slower carbon mineralization
efficiencies after longer reaction times, the Ni recovery effi-
ciency continues to increase rapidly, reaching 61% and 81%
for 6 hours and 10 hours, respectively. Similarly, the Fe
recovery efficiency increased to 22% and 33% for the corres-
ponding reaction times. Hence, it can be concluded
that, given sufficient time, carbon mineralization and metal
recovery processes are equally facilitated through chemical
and morphological evolution of the Mg-silicate mineral
substrates.
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4.3 Effect of reaction kinetics on the morphology of the
magnesite crystals

Magnesium carbonate is consistently formed in all experi-
ments. Case II exhibits well-defined, sharp-faced euhedral
rhombohedral magnesite crystals (Fig. 7(c)), while Case III
shows weathered corners and surfaces of the magnesite crystals
(Fig. 7(d)). The morphology of the large Mg carbonate crystals is
found to be dependent on the saturation level of the CO,-fluid-
mineral system. Increasing the CO, partial pressure from
35 bars (Case II) to 50 bars (Case III) results in a significant
alteration in the crystal morphology, transitioning from well-
defined edges and smooth faces to fractured and worn-out
corners. Prior studies attribute such weathered surfaces to high
stirring speeds and particle-particle/particle-wall collisions
during the reaction process.”»®” However, in our experiments,
both Cases II and III are conducted at identical stirring speeds
of 500 rpm. Thus, this weathering phenomenon is not attrib-
uted to stirring speed but to other factors.

To probe this phenomenon further, we conducted addi-
tional experiments under conditions similar to Case II with a
constant CO, partial pressure of 35 bars and stirring speed of
500 rpm, while extending the reaction time to 18 hours. The
carbon mineralization efficiency increases to 82.36% and sig-
nificant changes in crystal morphology (Fig. S5, ESIf) are
observed compared to Case II with a carbon mineralization
efficiency of approximately 49%. This suggests that the degra-
dation of magnesite particles is influenced by CO, hydration,
which increases with longer reaction times. Interestingly, the
morphology of magnesite crystals obtained at CO, partial
pressure of 50 bars and reaction durations of 1 hour (CEyca =
44%) and 3 hours (CEpca = 63%) (Fig. 9(a)—(d)) closely resemble
the morphology observed in reactions conducted at a CO,
partial pressure of 35 bars and a reaction duration of 10 hours
(Fig. 7(c)) (Case II) (CEyca = 49%). This observation highlights a
strong correlation between the magnesite crystal morphology
and carbon mineralization efficiency. In summary, our findings
demonstrate that the morphology of Mg carbonate crystals is
influenced by the saturation level of the CO,-fluid-mineral
system, which is facilitated under high CO, partial pressure
conditions and longer reaction times with all other conditions
remaining unchanged. This observation can be expressed from
another perspective of aging. The aging process of carbonate
crystals exhibits a direct correlation with the increasing effi-
ciency of carbon mineralization. The observed changes in
crystal morphology emphasize the need for tuning the carbon
mineralization process to achieve the desired crystal structures
and maximize the efficiency of carbon mineralization.

4.4 Effect of Na,H,EDTA-2H,0 on the morphology of the
magnesite crystals

The introduction of Na,H,EDTA-2H,0O has a notable positive
effect on both the carbon mineralization efficiency and the size
and morphology of magnesite crystals. In the absence of
Na,H,EDTA-2H,0, the carbon mineralization efficiencies for
Case II and Case III decreased to 39% and 69% from their
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respective values of 48% and 73%. Fig. 10 and Fig. S6 (ESIT)
show the SEM and EDS analyses, respectively, of the carbonate-
bearing product for Case II and Case III without Na,H,EDTA-
2H,0. Particularly for Case III, where the partial pressure of
CO, is maintained at 50 bars and the temperature at 185 °C, the
magnesite crystals are observed to have a size smaller than
2 um in the absence of Na,H,EDTA-2H,0 (Fig. 10(c) and (d)).
However, in Case III with Na,H,EDTA-2H,0, larger magnesite
crystals with dimensions on the order of 10 pm are observed
(Fig. 7(d)). This observation is further supported by the particle
size distribution analysis for Case II and Case III in the absence
of Na,H,EDTA-2H,0O (Fig. S6, ESIf). The mean particle size
decreases to 9.54 pm and 10.73 pum from the values of 19.17 um
and 25.38 um for Case II and Case III, respectively, in the
absence of Na,H,EDTA-2H,O. Also, we observe a well-
distributed and well-sorted particle size distribution of
carbonate-bearing mineral when Na,H,EDTA-2H,0 is present
in the CO,-fluid-mineral system (Fig. 6). However, in the
absence of Na,H,EDTA-2H,0, the grain size distribution of
carbonate-bearing particles was bimodal and poorly sorted, as
shown in Fig. S6 (ESIt). As discussed in Section 4.1,
Na,H,EDTA-2H,0, containing a diamine group, possesses a
strong affinity towards CO,, thereby facilitating CO, hydration
and promoting enhanced growth and size modulation of mag-
nesite crystals. It has been shown that EDTA and its disodium
salts exhibit stability to heat, even up to 190-200 °C."°' Beyond
200 °C, decomposition occurs in the presence of metal ions,
leading to the formation of iminodiacetate and other degrada-
tion products.*®® The decomposition of Na,H,EDTA-2H,O can
also be influenced by factors such as acidity and the reaction
medium. In instances of a strong acidic environment, such as
hydrochloric acid in the presence of 1,2-phenylenediamine, the
decomposition of EDTA may occur at a moderately lower
temperature of 110 °c.1ot Consequently, Na,H,EDTA-2H,0 is
a viable option for use in carbon mineralization studies, and it
can be recycled as long as temperatures below 190 °C are
employed. The presence of Na,H,EDTA-2H,0 likely facilitates
the formation of more favorable reaction environments, foster-
ing the efficiency of carbon mineralization and growth of larger
magnesite crystals.

5 Conclusions

This study presents a comprehensive investigation into con-
current recovery of energy critical metals and carbon miner-
alization of serpentinized peridotite using organic ligands such
as Na,H,EDTA-2H,0 through a direct carbon mineralization
process. Calibrated tuning of the physico-chemical parameters
such as CO, partial pressure, reaction temperature, and reac-
tion time unlocked fundamental insights into the chemo-
morphological transformations associated with observed car-
bon mineralization and metal recovery efficiencies.

The best-case scenario for achieving maximum carbon
mineralization efficiency was observed at 185 °C, CO, partial
pressure of 50 bars, a reaction time of 10 hours in an aqueous
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fluid with 2 M NaHCO; plus 0.1 M Na,H,EDTA-2H,0 at a
stirring rate of 500 rpm and slurry composition of 15 wt%. At
these conditions, a carbon mineralization efficiency of 73% and
nickel and iron extraction efficiencies of 81% and 33%, respec-
tively, were achieved for serpentinized peridotite. Additionally,
significant morphological changes were observed in the reacted
rocks, with a shift in particle size distribution towards larger
sizes and faster dissolution of particles smaller than 10 pm. The
mean particle size was found to be directly proportional to the
carbon mineralization efficiency. Weathering of the magnesite
crystals was also observed with increasing carbon mineraliza-
tion efficiency, indicating a direct relationship between effi-
ciency and the aging of the magnesite crystals.

A thorough investigation into the reaction mechanisms and
morphological evolution during the metal recovery and carbon
mineralization process of serpentinized peridotite revealed that
these multiphase chemical reactions proceed via the following
major steps:

(1) Initial incongruent dissolution of serpentine, with rapid
exchange of Mg”" and H cations, results in a silica-rich gel-like
layer forming on the surface of the unreacted sample.

(2) Diffusion of Mg”* ions and other critical metals out of the
complex amorphous silica layer, accompanied by the exchange
of H" and CO;>" ions, which becomes the rate-limiting step.

(3) Exfoliation of the amorphous silica layer due to stresses
between the reaction layer and olivine, leading to the re-
exposure of unreacted olivine and an increase in carbon
mineralization efficiency in longer duration experiments.

(4) Saturation of the CO,-fluid-mineral system, resulting in
the erosion of corner edges and defects on the surface of
magnesite crystals at higher carbon mineralization efficiencies.

Organic ligands such as Na,H,EDTA-2H,0 facilitated solva-
tion of nickel and iron in serpentinized peridotite while
enabling carbon mineralization to produce magnesite. Condi-
tions that favor high carbon mineralization extents also enable
high recovery efficiencies of nickel and iron. HEDTA®>~ forms
more stable complexes with nickel and iron compared to
magnesium ions, which facilitates the partitioning of nickel
and iron into the solution phase, while precipitating magnesite.
Furthermore, the presence of Na,H,EDTA-2H,0O improved the
morphology and crystal size of the formed magnesium carbo-
nates. These results unlock the feasibility of using suitable
ligands for the co-recovery of energy critical metals from complex
mineral substrates while enabling carbon mineralization.
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