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Abstract

One-step high pressure and temperature direct aqueous mineral carbonation of tailings derived
from mining of Platinum Group Metals in South Africa, requires a fundamental understanding
of the reactivity of the most dominant mineral phases, i.e. pyroxene and plagioclase (66 wt.%
and 12 wt% of the bulk rock respectively) that are typically found in these tailings. The silicate
minerals pyroxene and plagioclase were sampled from a pyroxenite footwall mined with the
ore-bearing UG2 and from Merensky Reefs outcropping in the eastern limb of the Bushveld
Complex. These pyroxene and plagioclase grains were concentrated by gravity-separation from
the orthopyroxenite bulk rock and batch-reacted in a sodium chloride (NaCl) brine saturated
with pure carbon dioxide (CO2) gas-only or seeded with sodium bicarbonate (NaHCOs3; as an
additional COz source) for 13 days at 100 °C and 10 MPa. Pyroxene dissolved slightly but no
weathering features were observed in plagioclase. Analyses of the filtrates obtained from the
pyroxene sample in the absence of NaHCO3 showed an increased concentration of magnesium
and calcium ions in solution. However, they had also reached a cation saturation sealing. On

the other hand, liquid samples from reactions where both CO2 gas and NaHCOs3 were added to



the solution, exhibited a pronounced decrease in dissolved magnesium and calcium ions. XRD
patterns of some of the post-reaction solids collected from the cation-depleted solution aliquots
showed peaks of newly formed secondary magnesite and vermiculite. Moreover, the presence
of magnesite was further confirmed by Raman shift analysis of the dried solid products. The
formation of secondary magnesite was observed only in the experiments seeded with NaHCO3,
specifically where the pre-reaction solid was pyroxene rich. Some of the resultant fluid
chemistry was corroborated by the geochemical model that simulated the reaction parameters
using the Geochemist Work Bench (GWB) software. Overall, the results indicate low pyroxene
dissolution, which leads to limited carbonation. These findings suggest that the carbonation of

PGM tailings may be constrained under the evaluated physicochemical conditions.
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1 Introduction

The concentration of carbon dioxide (COz2) in the atmosphere has increased from ca. 278 ppm
at the beginning of the industrial revolution to the current value of ca. 417.9 ppm (WMO 2023).
In 2022, the total measured anthropogenic CO2 emissions were approximately 40.7 Gt of CO2
(Friedlingstein et al. 2024) up from the 2020 levels of around 37.4 Gt CO2 emitted that year
(Friedlingstein et al. 2023). The Intergovernmental Panel on Climate Change (IPCC 2018)
assessed numerous mitigation scenarios from several integrated assessment models to model
key Representative Concentration Pathways (RCPs) that chart the likely result in 80 years if
the collective member states of the Paris Agreement pursue specific emission policies. The
most ideal of these pathways (RCP 2.6) is attaining the desired climate-crises-averting global
average temperature rise equal to or less than 2 °C by 2100. If the world is to achieve such a
bold and comparatively low global rise in average temperatures, the average annual CO:2
emissions must be eliminated from ~36 Gt to nil over the next 760 years (Fuss et al. 2014).
Other interventions, such as the active removal of CO:2 from the atmosphere, may have to play
an increasingly important role during this period (Fuss et al. 2014; Lomax et al. 2015; Galik
2020).



Mineral carbonation or CO:2 mineralisation, a type of greenhouse gas removal (GGR)
technology, is one of several leading suite of such carbon dioxide removal (CDR) technologies
(Lackner et al. 1995; Veetil and Hitch 2021; Kusin et al. 2022). The technology, when
deployed, should mimic how nature has managed the flux of carbon in the atmosphere —
through the weathering of mostly mafic silicate rocks and subsequent precipitation of
carbonates on the Archean Earth’s surface, naturally sequestering the COz, then at levels 1000’s
fold higher than today, (Altermann 2004, Altermann et al. 2011). Since the proposal of this
idea by Seifritz (1990), a vast number of reviews and experiments have been devoted to ex situ
mineral carbonation of natural rocks and mine tailings (e.g. Kelemen et al 2008; Olajire 2013;
Naraharisetti et al. 2019; Giir 2022; Yadav and Mehra 2022), emphasizing the enormous role
that mineral carbonation of rocks and especially mine waste materials can contribute to this
process (e.g. Daval et al., 2011, Sissmann et al, 2014, Back et al., 2022, Bullock et al. 2022;
Stockreef et al., 2022, Kularante et al., 2023, Power et al. 2024, and many more), which all
describe similar experiments on various mafic rocks, mimicking the CO: burial processes

during the Precambrian, when COz levels in the atmosphere were so much higher than today.

The assessment of ‘direct' aqueous ex-situ mineral carbonation (or direct aqueous carbonation
— DAC) is at the core of this study, the focus being on the reaction of CO2 with the target
material and subsequent precipitation of carbonates, all in a one-step aqueous process like the
one devised by O'Connor et al. (2005) and Gerdermann et al. (2007). The past research using
this method (Munz et al. 2012; Gadikota et al. 2014; Sissmann et al. 2014; Gadikota et al.
2020), has evolved towards showing the key rate limiting (i.e., passivating layer) and rate
promoting parameters (i.e., temperature, solution chemistry). However, several outsized
limitations plague the scaling-up of this CDR procedure, with most prominent being the
heterogeneity of the potential feedstock material (Bullock et al. 2022), negatively affecting the
costs of reacting the materials with COz to form the carbonate minerals in sufficient quantities
to warrant piloting and commercialising (Power et al. 2014; Li et al. 2018). Vogeli et al. (2011)
demonstrated the relative geochemical heterogeneity of tailings from various PGM mines
within South Africa's vast platinum 'belt'. Characterisation of the mineral contents of these
tailings, however, showed that the abundance of Mg-Ca-containing mafic minerals might have
the potential for being used as COz sinks and potentially making South Africa an essential and

leading country in mineral carbonation technologies (Doucet et al. 2011, Bullock et al. 2023).

Several studies have experimented on minerals similar or comparable to those found in PGM

tailings. O'Connor et al. (2001, 2004, 2005), Gerdemann et al. (2007), Gadikota et al. (2020)
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tested several Mg, Ca, and Fe-bearing silicate minerals by subjecting them to direct aqueous
carbonation under supercritical CO2 conditions at varying reaction parameters. They found that
target silicate minerals such as olivine, wollastonite, and serpentine had the highest reaction
rates compared to other minerals tested. In addition, parameters such as the solution in which
the reaction occurs, the pre-treatment process (milling or preheating), and the reaction
temperatures and pressure are key rate-limiting/enhancing factors. Meyer et al. (2013)
discovered that leaching of the target metals using several acids had little effect on the most
abundant target mineral, orthopyroxene. Mohamed et al. (2016) obtained better results using a
thermochemical method that used ammonium sulphate as chemical reagent to extract several

major elements such as calcium and aluminium.

The role of mining waste materials as feedstock to mineral carbonation as a key player in CDR
value chain is gaining much traction in the discourse of CDR (Power et al. 2024). South Africa
is listed as one of the key future sites (Bullock et al. 2022, 2023) due to its longstanding history
of mining, especially from the world’s largest platinum-rich layered mafic intrusion (Zeh et al.
2015). However, there is a lack of research on the suite of minerals (such as magnesian-rich
orthopyroxenes and calc-rich plagioclase) typically found in there. This study aims to add
further understanding of how Mg- and Ca- rich minerals such as pyroxene and plagioclase
respond to DAC experimental conditions, more specifically established net-carbonation
promoting parameters namely, supercritical CO2, saline and NaHCOs3 seeded experimental
conditions. Can carbonates form when the feedstock minerals are exposed to the best DAC
experimental parameters as outlined in previous studies? The results should spur on more

comprehensive experimental work from other workers in South Africa and beyond.

2  Materials and methods

2.1. Material preparation and chemical reagents

Bulk rock samples of footwall and hanging wall pyroxenite from the Bushveld Complex,
Rustenburg Layered Suite in the eastern limb, were retrieved from Booysendal mining
operations (Fig. 1) located near Mashishing, South Africa. The pyroxenite rock samples were
crushed using a jaw and roller crusher, which produced less than sand-grain-sized particles (<
2.0 mm) from the intergrown large, pegmatitic mineral mash (average crystal size > 5 mm).
These particles were then density-separated using a heavy fluid (Bromoform — CHBr3) with a
specific gravity of 2.89 g cm™ at room temperature. The average theoretical density of

pyroxene minerals is about 3.43 g cm™, which is denser than that of feldspar minerals (2.63 g

4



cm3, Cairncross and McCarthy 2015); the separation resulted in the aluminosilicate grains (and
other lighter minerals) floating to the surface of the heavy fluid and the inosilicates (and other
heavier minerals) sinking to the bottom. The two fractions of the bulk rock sample (pyroxene

concentrate and plagioclase concentrate) were separated (Fig. 2) and washed with acetone.

Table 1 Mineral composition of the whole rock and heavy mineral concentrates as determined

by XRD. The mineral phases are listed and ranked according to their relative density.

Percentage Composition (wt. %)

Specific
Minerals itoa Pyroxene Plagioclase

Gravity Bulk Rock

Concentrate Concentrate

Enstatite 3.43 66 74 4
Hornblende 3.41 3 5 n.d.
Augite 3.38 7 9 6
Biotite 3.00 5 n.d. 1
Talc 2.80 4 5 n.d.
Quartz 2.66 3 1 14
Plagioclase 2.63 12 6 76

2 The specific gravities were obtained from Cairncross and McCarthy (2015); n.d. = not

detected.

The semi-quantitative XRD analyses (Table 1) confirmed that the heavy fluid separation
successfully increased the pyroxene phase by ~13.7 % and subsequently reduced the amount
of cumulus plagioclase by over 50% compared to that of the bulk rock wt. %. Similarly, the
plagioclase component was also optimised from ~ 12 wt. % in the bulk rock to ~76 wt. % in

the concentrate. When conducting reruns of the XRD analyses on the pyroxene concentrate



samples, the pyroxene to plagioclase distribution varied around 94:6 wt. % ratio when

normalised to 100%.

Reagent grade sodium chloride (NaCl), sodium bicarbonate (NaHCO3), and acids were sourced
from Thermo Fisher (Kandel) GmbH. Solid CO2 was produced in the laboratory using a
propriety machine that converted liquid CO2 of 99.8% purity (supplied by Westfalen AG) into
solid pellets of dry ice. Ultra-pure water with an electrical conductivity of < 1 puS cm™! was

used in all experiments.
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Fig. 1 Image of the (a) in-situ pyroxenite above the target ore, (b) samples collected during
routine horizontal drilling exercise, and (c) geological map of the eastern limb showing the

location of the Booysendal mine (Northam Platinum Holdings Limited 2023)



Fig. 2 Images of (a) pyroxenite whole rock hand specimen, which was crushed and underwent
(b) heavy fluid separation, resulting in the two (c) lighter plagioclase and darker pyroxene

concentrates.

2.2. Carbonation experiments

The static experiments were conducted in 36 cm? steel shell autoclaves (Berghof Products &
Instruments GmbH) lined with Teflon (Fig. 3). The methodology was adapted from
experimental designs employed in several previous studies that utilised low water-to-rock
ratios (O’Connor et al. 2005; Gerdemann et al. 2007; Gadikota et al. 2014; Dawson et al. 2015;
Tibane et al. 2021). Briefly, Experiment 1 consisted of immersing 2.0 g of milled dry samples
of pyroxene or plagioclase concentrates in 10 mL ultrapure water (1:5 m/v solid-to-liquid ratio)
containing 0.580 g NaCl(s). Experiment 2 was similar to Experiment 1, except that the NaCl
solution also contained 0.538 g of NaHCOs3(s) seed which was added to allow the immediate
availability of active CO2 in the system. Before closing and sealing the autoclaves, CO2 was
charged in its solid state (dry ice). The equation of state (Equation 1; Peng and Robinson 1976),
which is typically used to predict the vapour pressure and volumetric behaviour of pure or
binary mixtures such as H20(1)-COz(sc), was applied to calculate the precise amounts of solid
CO2 needed to induce a partial pressure of 100 bar at 100 °C in the given headspace volume.

The autoclaves were placed in an oven at 100 °C for 13 days.

_ R«T a*xa
p= Vin—=b  VZ,—2bxV,—b?

Equation 1



Fig. 3 Photographs of (a) high-temperature and pressure autoclaves, and (b) inner Teflon
capsule used in experiments conducted at the Institute for Geosciences and Geography, Martin-

Luther University, Halle-Wittenberg, Germany.

The experiments were conducted in a closed system where real-time reactions could not be
observed or monitored. At the end of the 13 days, the autoclaves were removed from the oven
and allowed to cool down to room temperature before further processing. The suspensions were
filtered using Macherey-Nagel™ (MN 615) paper filter, which retained particles larger than
ca. 8 um. The filtrate was preserved at pH 1-2 by adding nitric acid (HNO3). The solid residues
were rinsed using ultrapure water until all the residual salts (NaCl and NaHCO3) had been
removed. Lead (II) nitrate was used to confirm the absence of residual salts at the end of the

washing step. The rinsed residues were dried in a dry-air oven at 40 °C for three days.

In each experimental run (Fig. 4), the pyroxene concentrates were loaded in four autoclaves,
and the plagioclase in the remaining autoclave as a control. Baseline measurements were
conducted on both concentrate types, mixed with ultra-pure water and NaCl at room
temperature and pressure. The resultant fluids and solids, and those derived from experiments

1 and 2, were also analysed.
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Fig. 4 A schematic flow chart of the experimental procedure

2.3. Analytical methods

2.3.1. Filtrates

The cation content (Ca, Mg, Fe, and K) of all filtrates from the baseline and autoclave
experiments were analysed using the inductively coupled plasma optical emission spectrometer
(ICP-OES) Plasma quant 110. The ICP-OES machine had a 3o detection limit of 4.23 ug L.
Potassium was measured as a control cation, as it was anticipated to be the least mobile element

in the system under high T/P conditions (Ho and Palmer 1987; Zimmerman et al. 2022).
2.3.2. Solid parent concentrates and residues

The heavy fluid-separated mineral concentrates were individually milled using a tungsten
carbide milling pot and loaded at 50g per milling cycle. Each cycle was set at 1400 rpm for 60
seconds. The specific surface area of representative sub-samples was then analysed using the
Brunauer, Emmet and Teller (BET) method with a Tristar II 3020™ Surface Area Analyser

from Micromeritics™.

Elemental compositions were measured using an ARL Perfom'X Sequential X-ray fluorescence

(XRF) spectrometer, and the Quantas™ software was used for data analysis. Before the



measurements, the samples were roasted at 1000 °C until they reached a constant mass. The
difference between the initial and final mass was calculated to determine each sample's loss on
ignition (LOI). One gram of each sample was carefully weighed and thoroughly mixed with 6
g of lithium borate (Li2B4O7) flux in a platinum-gold crucible, then fused at 1050 °C to form a

stable glass disk, which was subsequently analysed for its content in major and minor elements.

The mineral phases were measured using a Panalytical X'Pert® Powder with Pixcel 1D detector
and Cu cathode. The XRD measurements were conducted with 45 kV and 40 mA, with fixed
slits. The diffractograms were measured from 2 thetas 5° to 70°, with 18.87 s per step and a
step size of 0.013°. The resultant diffractograms were processed using X'Pert Highscore Plus
(v3.0.0) software. The peaks were manually evaluated and assigned since the software's
automated peak detection algorithms were ineffective at discerning discrete peaks. The
instrument has a limit of detection of ~ 0.01 wt %, thus crystalline phases present in amount

below this value cannot be detected.

The Raman spectra measurements were done using a confocal Raman microscope (alpha300
R, WITec GmbH, Ulm, Germany) with a ~400 nm (lateral) resolution and an axial focus of ~
1 um. Photons produced by Rayleigh scattering and reflection were filtered out using a long-
pass edge filter. A lens-based spectrometer measured the spectra with a CCD camera (1024 by
128 pixels), resulting in a resolution of 3.7 cm™! per pixel from the detector using a 60 nm’!
grating. The laser excitation source was 2 mW (Nd: YAG laser), focused with a 20X objective
(Nikon).

Scanning electron microscopy (SEM) analyses were performed using a JOEL JSM-6300 and a
Bruker™ X-Flash EDX-detector (energy resolution of 125 eV) equipped with the Quantax 200
software. The Cameca SX100 electron probe microanalyser (EPMA), was used to obtain high
resolution mineral chemistry, with settings: beam current between 38 and 40 nA, accelerating
voltage of 20 kV, an electron beam size of 2 pm. Detection limits were ca. 0.2 mass% and

monitored using the Cameca SX100 PeakSight software.

2.4. Geochemical modelling

The main objectives for modelling were to determine if a simplistic computer model would
generate (dis)similar outcomes to what has been observed from the experimental results and to
establish the likely kinetics operating during the closed-system reaction in which real-time
reaction changes could not be observed. Additionally, the model was designed to predict

dissolution kinetics based on the internal (e.g., Equation 2) rate laws. The proprietary
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geochemical modelling software, Geochemist's Workbench (GWB™) version 2023, and more
specifically the React® component, was used to model the geochemical (dissolution and
precipitation) reaction processes that occurred between the mineral concentrates and the
aqueous fluid medium. The default thermodynamic database, 'thermo.dat', was used, which
employs the Dybe-Hiickel equation calculating activity coefficients. Due to the introduction of
salinity into the system (modelled and empirical), the ‘salting-out’ effect, which refers to the
reduced solubility of a non-electrolyte/neutral species such as COz should be accounted for in
the GWB software, by way of introducing an activity coefficient of the neutral species (Allen
et al. 2005). However, since the ionic strength of the model in this study was less than 3 mol/L
(Allen et al. 2005), it is assumed that not accounting for this in our model, results in negligible
internal COz solubility estimates. In addition, the database contains equilibrium constants for
the various reactions at the specific temperature and pressure conditions ranging from 0 — 300

°C and 1 — 100 bars, respectively (Bethke 1996).

The initial chemistry (Table 2) is outlined as close to its experimental analogue as reasonably
possible and provides the basis of the initial fluid chemistry. Unlike the experiments, this
reaction was simulated as occurring in a system containing 1 L of H2O (instead of ~10 mL).
Thus, the mineral-to-solution ratio was adjusted accordingly. To keep the model as simplistic
as possible, in the pyroxene-rich computer model, for example, the kinetic enstatite was
programmed as contributing 94 wt. % of the modal abundance and kinetic anorthite was
described as the second most abundant mineral phase at 6 wt. % (vice versa). The other mineral
phases were excluded from the model to limit the likely compounding error effect of using
ideal kinetic data to represent the minerals (i.e., dissolution rates). The exclusion of said
minerals (except for augite, which was treated as part of the total pyroxene phase) in the
geochemical model meant that the total mass accounted for in the model was 175 g for both

mineral concentrates according to the phase distribution displayed in Table 1.
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Table 2 Initial input chemistry of the modelled batch reaction, with some variation between
Experiment 1 and Experiment 2. For pre-experiment water quality, the Mg, Ca, and K cation
concentrations were measured after the NaHCO3 and NaCl were added to deionised water

(possible impurities). The other parameters were calculated and estimated.

Chemistry Experiment 1 Experiment 2
H20 [Free kg] 1 1
CO2(aq) [molality]* 0.64 0.64
Ca’ [mg.kg'] 0.01 0.01
Mg?* [mg.kg!] 5.05 5.05

CI" [molality]** 1 1

Na* [molality] 1 1.64

K" [mg.kg'] 7.15 7.15
SiO2(aq) [mg.kg™!] 0.01 0.01
AP [mg.kg!] 0.01 0.01
HCOs [molality] 0.01 0.64

pH Swap CO2(aq) for H+ Swap CO2(aq) for H*
Temperature [°C] 100 100

The high pressure was accounted for by setting CO2 (aq) at the calculated amount derived from
the solubility models by Duan et al. (2006). The systems' charge balance was not measured
analytically; thus, it was balanced based on Cl- ion activity. A fundamental rate law (Equation
2) was applied to calculate the dissolution and precipitation rate of the component kinetic
phases in the model. The specific surface area of samples was measured to be 2.54x10* cm? g
!'(using the BET method), three measurement runs were conducted on a 2.8870 g sample after

the concentrate samples were milled. The reaction rate constant is another physical parameter
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that needed manual input; for enstatite, the pre-exponential factor (2.4 x 10* mol cm? s!) and
activation energy (48.50 KJ mol™") were loaded instead of a direct rate constant value (Oelkers
and Schott 2001), this allows the program to calculate a dynamic dissolution rate as the
simulation progresses. On the other hand, only a fixed rate constant for plagioclase (specifically
labradorite) could be determined from the literature (3.55 x 10-'> mol cm™ s°!; Black and Haese,
2012). This was the ‘approach to equilibrium’ or ‘steady state’ dissolution rate measured by
the authors based on Si and Ca species derived from reacting a labradorite
(Nao.4Cao.7A11.5S12.508) specimen in a saline solution at high temperature (80 °C) and pressure

(200 bar) (Black and Haese, 2012; 2014).

= Ak, ( - —) Equation 2

3 Results

3.1 Characterisation of starting materials

Based on the petrographic analyses (Fig. 5) and later confirmed by microprobe analyses, the
plagioclase pyroxenite samples contained phaneritic crystals of orthopyroxene, clinopyroxene,
plagioclase, quartz, and minor amounts of phlogopite, biotite, olivine, and opaque crystals
(mostly chromite). The average orthopyroxene (Table 3) is highly magnesium-rich (Mg# ~80),
typically dominated by enstatite endmember (En77Fs20Wo03) chemistry. The calcium-rich
pyroxene (Wo47EnasFsos) plots on the augite region of the clinopyroxene nomenclature ternary
system of Morimoto et al. (1988). The typical plagioclase is calcium-rich (Ane7Ab310r01),
constraining most feldspar minerals in this study as labradorite in the continuous plagioclase

series (Howie et al. 1992).
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Fig. 5 Photomicrographs demonstrating the typical petrographic properties of pyroxenite's (a)

anhedral chromite crystals in granular orthopyroxene with cumulus plagioclase and minor low-
relief quartz in plane-polarised light; and (b) sizeable euhedral clinopyroxene in cross-polarised

light

Table 3 Major element composition of eastern BIC footwall pyroxenite minerals

Oxides Bulk Bulk

a b
Rock Rock Orthopyroxene® Clinopyroxene®  Plagioclase®

(n=069) (n=2)

(n=19) (n=22) (n=19)
Si0» 54.80 51.45 55.14 52.30 51.20
TiO» 0.20 0.20 0.16 0.33 0.04
ALO3 1.03 5.37 1.44 2.70 30.26
Cr203 0.42 0.95 0.49 0.95 0.01
MgO 29.20 24.50 28.48 15.68 0.03
Ca0 1.41 3.91 1.44 22.78 13.96
MnO 0.25 0.23 0.26 0.14 <0.01
FeOx 12.97 12.40 13.02 4.98 0.21
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NiO 0.10 0.12 0.11 0.06 0.01

Na20 0.02 0.41 0.02 0.36 3.58
K20 <0.01 0.19 <0.01 <0.01 0.26
Total 100.41 99.73 100.56 100.29 99.55

@\/alues obtained from Mondal and Mathez (2007)
PBulk rock oxide chemistry measured in this study using XRF

®Mineral oxide chemistry measured in this study using a microprobe

3.2 Experimental water chemistry and elemental changes

3.2.1 Pyroxene concentrate

The baseline experiment using pyroxene concentrate provided reference observations for the
chemical composition of filtrates when the concentrates had been suspended in a saline solution
of NaCl at ambient temperature and atmospheric pressure for 13 days. A considerable variation
in Mg concentration was observed between the filtrates generated by the triplicate baseline
experiments, with values ranging between 77 — 170 mg. L' (Fig. 6a). In contrast, Ca varied
over a narrower range (27 — 43 mg L!; Fig. 6b), and K varied tightly at ca. 224 mg L' (Fig.

6¢). The iron cation was very low (< 1 mg. L") in all baseline experiments.
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Fig. 6 Measured major aqueous ion mass concentrations (mg/L) where the concentration of (a) magnesium, (b) calcium, and (c) potassium are
reported from all (quadruplicates) experiments where pyroxene concentrate powder was used. For the experiment-duplicate control, (d) plagioclase

concentrate powder was also experimented upon without duplicate runs. The error bars on (a) — (c) are derived from standard deviation calculations

of the quadruplicate results.
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Exposing the mineral to higher temperature and pressure conditions of 100 °C and 100 bar in
Experiment 1 resulted in an increased Mg concentration in the filtrate to ca. 222 mg L', with
the quadruplicates showing a very narrow error margin, as illustrated by the relatively tight
error bar in Fig. 6a. In contrast, the filtrates generated during Experiment 2 with NaHCO3
contained much less Mg (ca. 12 mg L!). Similar observations were made about Ca, with the
filtrates from Experiments 1 and 2 containing elevated (ca. 88 mg L!) and low (ca. 9 mg L")
Ca concentrations, respectively (Fig. 6b). The content of K in all filtrates generated by the
baseline and treatment experiments were broadly similar and was therefore unaffected by the
changes in experimental conditions tested (Fig. 6¢). The Fe ion in the filtrates was either very

low (< 0.3 mg L!'; Experiment 1) or undetected (Experiment 2).

3.2.2 Plagioclase concentrate

The baseline experiment using plagioclase concentrate was not duplicated due to the limited
amount of material extracted from the host rock. The single experiment was, nevertheless,
helpful in providing control observations, with the generated filtration containing 93 mg L}

Mg, 28 mg L' Ca and 225 mg L' K, while Fe was not detected.

Figure 6d shows that the filtrates from Experiment 1 contained a higher Mg concentration (ca.
222 mg L) compared to those from Experiment 2 (ca. 30 mg L!). Similarly, the Ca content
was also found to have decreased substantially, from ca. 402 mg L™ to ca. 21 mg L. In
contrast, the content of K in all filtrates generated by the baseline and treatment experiments

had marginally increased.

3.3 Mineralogical changes

The morphology of the grains in the samples generated in Experiment 2 for the reacted
plagioclase (Fig. 7b) and pyroxene concentrates (Fig. 7d) had a pronounced visual difference
compared to those from the resultant samples generated in the baseline/unreacted counterparts
(Fig. 7a and ¢). Various larger irregularly shaped grains were covered by a larger population
of fine particles that had formed a thin coating layer at their surface. Using the SEM EDX
probe, a semi-quantitative chemical spot analysis was conducted, from which 70 — 80 % of the

chemistry of the newly formed finer particles belonged to that of the dominant mineral group
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(pyroxene and plagioclase). Carbonate-like mineral phases were not observed, despite using a

gold coating.

Fig. 7 Micrographs comparing the reacted and unreacted samples: (a) shows a typical unreacted
plagioclase grain from the concentrate with ‘residue-free’ surfaces, and (b) is the reacted
counterpart displaying grains with a surface covered by smaller crystallites (coating/residue);
(c) demonstrates a unreacted pyroxene grain and (d) is another example of a post-reaction grain

with a coating of various crystallites.
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Table 4 A summary of the chemical alteration indices used in this study (modified from Price

and Velbel, 2003)

Index Formula Optimum Optimum
fresh value altered value
CIA (100 Al,05 <50 100
( )(A1203 + Ca0 + Na,0 + KZO) =
CIW 100 AL,05 <50 100
( )(A1203 + Cal + NaZO) =
Alz 03 - K20
PIA (100)( ) <50 100

Ale3 + CaO + Nazo - K20

The residues from Experiments 1 and 2 for pyroxene concentrates were analysed by XRF to
assess major-element chemical changes that may have occurred. Based on the bulk chemistry
of the untreated and treated samples, the Chemical Index of Alteration (CIA), Chemical Index
of Weathering (CIW), and Plagioclase Index of Alteration were used to gauge and compare the
relative weathering effect of the experiments (Price and Velbel 2003). Each index (Table 4)
incorporated various major element oxide chemistry into a unit-less integer ranging from 0 to
100 to show the relative degree of alteration. The alteration indices were calculated for
untreated and treated samples. The untreated pyroxene concentrate indices are used as a
reference point, with all three ranging from ca. 37 — 39 (Fig 8). On the other hand, the indices
point towards a marginal increase in the extent of weathering/alteration of the samples of the
treated pyroxene concentrate. The residues of Experiment 2 appear to be relatively more

weathered than those from Experiment 1 and their corresponding untreated counterparts.
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Fig. 8 Scatter plot showing several weathering indices for unreacted pyroxene concentrate, and
the resultant samples after Experiments 1 and 2 for pyroxene concentrates (indices were

adapted from Price and Velbel 2003).
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The XRD results showed that the reactions (especially those from Experiment 2 of the
pyroxene concentrate) produced above detection limits of vermiculite and magnesite minerals.
The XRD patterns of all treated samples were carefully assessed and compared to their
untreated counterparts, and changes in peak shape and positions (indicative of new phases)
were noted. The post-reaction samples of Experiment 1 displayed only the formation of
vermiculite in three of the four post-reaction samples, but for Experiment 2 showed the
presence of vermiculite in all the measured post-reaction pyroxene concentrates. Magnesite
occurrence was identified in 3 out of 4 pyroxene experiment quadruplicates, but it (or any other
carbonate) was not observed on the reacted plagioclase concentrate diffractogram. The XRD
diffractograms of reacted pyroxene were overlaid with those of the two XRD standards
(Lafuente et al. 2015) of vermiculite (R050490-1) and magnesite (R050443), which aligned
perfectly with the identified phases (Fig. 9a and b).
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Fig 10 (a) Experimental Raman spectra of untreated and treated pyroxene concentrate, and (b)

Spectral Raman reference pattern of magnesite (RRUFF ID: R040114).
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Raman shift analysis was utilised to observe — through changes in the peak patterns, their
positions, and relative intensities — any discrete phase changes and phase additions that some
other techniques might have missed. Only the pre- and post-reaction samples of concentrated
pyroxenes were analysed. The spectra from the reacted samples displayed relatively lower
scattering intensities compared to the unreacted counterparts, with differences measured as
much as ~500 counts/sec when comparing the highest peaks at around 1000 cm™! wavelength
position (Fig. 10a). The peak’s position and shape, on the other hand, remained unchanged.
However, a new peak was found at wavelength ~1100 cm™ (Fig. 10e) from both the reacted
samples of Experiments 1 and 2. The peak matched the frequency shift of CO3?* commonly
observed between 1080 and 1100 cm™! (Dufresne et al. 2018); the associated frequency shift
between 120 and 450 cm™! was not discernible. The reference pattern of magnesite provided
the best possible match (Fig. 10b) compared to other carbonate reference standards. This was

the only new phase that could be effectively identified using Raman spectroscopy.

3.4  GWB mineral reaction modelling

The interaction between the pyroxene concentrate suspended in brine and COz in Experiments
1 and 2) was simulated as a simple model using the Geochemist Workbench software. The
critical model outputs of interest were the changes in solution pH, dissolution and precipitation
phases, and major element concentration over the 13 days (Fig. 11). The modelled Mg and Ca
final concentrations are consistent with the data from both experiments in proportional and
relative terms. A substantial dissolution of the model kinetic enstatite and anorthite is predicted
to have occurred during Experiment 2, where NaHCOs3 was included. In addition, the highest

precipitation of magnesite also took place in that second experiment model.

Since the pH was not measured during and after the experiments; the model allowed for the
indirect observation of the pH kinetics in the batch reactors. According to the model, the pH in
Experiment 1 was relatively more acidic for the whole duration of the experiment, rising and
remaining above pH 4.9 after 0.001 days or 1.44 min (Fig. 11a), compared to the model of
Experiment 2, which was buffered around pH 6 (Fig. 11b) for the entire duration of the model.
Overall, both models suggest that the high CO2 pressure conditions would result in an acidic
reaction solution and only raise the pH by 1.3 orders of magnitude due to the presence of
NaHCOs. This is a similar output when simulating a plagioclase-rich scenario of both

experiments (Fig. S2).
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The geochemical model predicted that the conditions of Experiment 1 would result in
substantially higher cation presence in the final aqueous solution (Fig. 11¢ and d) compared to
Experiment 2, especially for Mg?* (~ 398 mg L), and relatively less so for Ca?" (~ 38 mg L-
1. The model indicates that the increased dissolution kinetics of enstatite and precipitation of
magnesite and dolomite (Fig. 11f) under the reaction parameters of Experiment 2 result in
lower concentrations of Mg?* (~ 3.6 mg L") and Ca?* (~ 0.5 mg L"). The above-baseline levels
of concentration in cations in the model for Experiment 1, and their subsequent depletion in

Experiment 2, mirror the results observed from their empirical counterparts (Fig. 6a and 6b).

The computer model produced similar predictions regarding changes in the final aqueous
solution for the plagioclase-rich content. Specifically, the conditions in Experiment 1 resulted
in a higher cation concentration in the final solution compared to the simulated conditions of
Experiment 2. However, the results from the model without NaHCO3 (Fig. S2c¢) indicate that
the precipitation of dolomite (Fig. 3¢) resulted in lower final Ca®* concentration (53 mg L)
compared to Mg?" concentration (392 mg L'). This finding somewhat contrasts with the
empirical results (Fig. 6d), where the final measured solution showed a higher total dissolved
calcium concentration (402 mg L). Both the plagioclase-rich and enstatite-rich models for
Experiment 1 predicted similar dissolved Mg levels in the final solution, aligning with the

measured results.
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Fig. 11 The graphical outputs of the GWB model for the pyroxene reaction, with the simulated

pH change of solution shown in a) and b). ¢) and d) indicate the evolution of Mg and Ca

concentrations in the fluid over time; more specifically, the two graphs visualise the mass

concentration limit in Experiment 1 and the cation depletion in Experiment 2 due to the

presence of NaHCOs. Graphs e) and f) show mineral phase changes (in mass) over time.
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4 Discussion

The pyroxene concentrates displayed signs of weathering/dissolution as expressed by the
alteration indices in Figure 8 when calculated using XRF data and the formulae (Table 4)
outlined by Price and Velbel (2003). On the other hand, the plagioclase does not show such
weathering pattern, as seen in Fig S1. However, the SEM observations on the residual sample
did not reveal any evidence for dissolution, typically observed on surfaces of significantly
digested minerals. The mineral surfaces, following the reaction, would typically show
considerable corrosion, fracturing, or etch pit formation (Oelkers and Schott 1995; Monasterio-
Guillot et al. 2021). Nevertheless, this does not preclude the possibility of dissolution, instead

suggesting low dissolution rates or a different dissolution mechanism.

The observations from the batch reactions on pyroxene concentrate in Experiment 2, where
NaHCO3 was used, differed from those in Experiment 1 in that Mg and Ca mass concentrations
were up to ~ 19 and ~10 times lower, respectively. On the other hand, when the same scenario
was simulated using the GWB software, the model agreed with the observed experimental
measurements; however, it computed the concentration of Mg and Ca 98 and 96 times lower,
respectively. In addition, the computation predicted a preferential precipitation of magnesite
and other carbonates (dawsonite and dolomite) with the increased concentration of dissolved
COz. This was also analytically observed, where the magnesite phase was identified from the
XRD and Raman spectra generated from the analyses of the solid residues from Experiment 2.
The lower resultant cation concentration in Experiment 2 was correlated to conditions that
favoured the precipitation of secondary carbonate minerals, thus depleting the cations from the
aqueous solution, which confirmed the importance of the activity of COx2(q) in promoting the
precipitation of carbonates. In contrast, calcite (or other carbonate equivalents) was not
precipitated (or above the detection limit of the instrument) in plagioclase-dominated control,
where Ca?" is the most active cation. Additionally, these results also support the findings of
Gadikota et al. (2020) that suggest that the reactivity of Ca- and Na-bearing aluminosilicates is
lower compared to Ca-, Mg- and Fe-bearing silicates. However, Munz et al. (2012) noted that
there is a disaggregation between the dissolution of plagioclase and the precipitation of calcium
carbonates, especially in batch reactions. The authors suggest that the limitation in precipitation
of secondary calcium-carbonates may be rate-limited by the formation of proto-Al-hydroxides,

gibbsite, and clays.

The cation activity and its effect on precipitation kinetics of carbonates were studied by several

researchers (Giammar et al. 2005; Hanchen et al. 2008; Prigiobbe and Mazzotti 2013), who
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observed that magnesite could directly precipitate at a relatively fast rates provided that the
system is supersaturated with the carbonate mineral phase under high temperature and pressure
conditions (90 — 120 °C, ~100 bar Pco,). For example, Giammar et al. (2005) measured the
critical saturation index of magnesite to be 0.25 — 1.14 at 90 °C and 100 bar Pco, conditions.
The research demonstrated that the loss of Mg cation from solution during carbonate
precipitation is rate-limited by nucleation (and subsequent crystal growth of magnesite).
Therefore, in this study, the Mg cation "mass concentration limit" of ca. 222 mg L' observed
in Experiment 1 may be related to magnesite’s precipitation-dissolution equilibrium barrier due
to the limited supply of [CO32] in the system when compared to experiments that contained

NaHCO:s.

The computer-generated model for Experiment 2 calculated a comparatively more alkaline-
buffered pH for the solution when NaHCO3 was added, suggesting that precipitation kinetics
potentially occurred during the reaction. Compared to its low pH and analogue without
NaHCO3, the acidity potentially limits the possibility of carbonate precipitation. This may
explain why Experiment 2 results in the near-total depletion of the mass concentration of the

cations in solution and the emergence of a new mineral phase, magnesite.

The computational and experimental data suggest that the key factors that play a catalytic or
inhibiting role in the kinetics of magnesite precipitation include pH and ionic strength of the
bulk solution. In the case of pH, Giammar et al. (2005) demonstrated that the saturation index
of magnesite was dependent on the pH; that is, the activity of [CO3*] is tethered to that of [H*],
assuming a system that has reached equilibrium. Therefore, if the solution is less acidic, it is
more favourable to magnesite nucleation and crystal growth. In addition, under saline
conditions (increased ionic strength), magnesite formation is favoured due to the dehydration
effect due to salinity, which readily allows the Mg?* ion to pair with a [CO3>" ] anion. The
salinity decreases the double layer around the active complexes, thus facilitating the mobility

of reactants to, and from the nucleating sites (Sayles and Fyfe 1973).

Unfortunately, due to the limited availability of sample material (no duplicates could be
conducted) for the plagioclase-rich sample, certain analyses, such as XRD, could not be
performed on the small subsamples. Consequently, this study cannot confirm whether the
physical experiments would have resulted in the formation of new phases under these
experimental conditions. However, the computer models provide valuable insights, suggesting
that the conditions in Experiment 2 on the plagioclase-rich sample would likely favour the

formation of more dolomite (ca. 18 times more) and dawsonite (ca. 17 times more) compared
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to the pyroxene-rich model. This can be attributed to the greater availability of calcium and
aluminium cations as they are released from the increased aluminosilicates reactive surface

area (Oelkers and Schott 1995).

Both ortho- and clino- pyroxene minerals contained iron cations in their mineral structure.
Therefore, the dissolution and subsequent release of Mg?* to the solution should have resulted
in a possible release of Fe. However, the dissolved Fe concentrations in most experiments were
below the detection limit, which may suggest that the metal was precipitated out of the solution
as iron oxide or there was a preferential incongruent release of Mg, relative to Fe. The former
is supported by observations from experiments conducted by workers such as O’Connor et al.
(2005) and Gadikota et al. (2014), who argue that the low solubility of iron oxide inhibits the

formation of siderite in experiment setups similar to the one done in this study.

The GWB model predicted kaolinite and quartz as the likely none-carbonate mineral phases to
form under Experiment 1 conditions. Quartz was the only non-carbonate mineral phase to form
under Experiment 2 computational conditions, which affirms the net positive mineral
carbonation effect of solutions buffered using sodium bicarbonate. However, this was not
experimentally observed in this study, in that only the phyllosilicate, vermiculite, was formed
(or was above the instrument's detection limit) in both experiments. This hydrous magnesium-
aluminium-iron phyllosilicate likely formed from the alteration (vermiculitisation) of primary

rock-forming minerals such as biotite (Wilson, 2004).

5 Conclusion and recommendations

The results from the experiments with NaHCO3 as an additional source of carbonate anions
point towards a system with preferential precipitation of magnesite, but possibly limited or no
precipitation of Ca-bearing carbonates (i.e. dolomite or calcite). The higher mass concentration
of magnesium is derived from the dissolving pyroxene minerals, thus resulting in the increased
activity of Mg*? ions, which are complexed with the well-supplied carbonate anions. In
addition, the increased pH is likely to have been more favourable to magnesite nucleation and
crystal growth. The plagioclase-rich sample (for Experiment 1 conditions) produced nearly
double the dissolved cations in solution compared to pyroxene. This may suggest that either
the calcium is less likely to form secondary minerals or that the plagioclase mineral has
comparably higher dissolution rates relative to the pyroxene. Therefore, it is recommended that

the dissolution rates of the samples and subsequent precipitation of carbonate minerals in CO:-
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H2O/brine systems be investigated further to understand the kinetics that promote the forward
mineral carbonation in the context of batch reaction experiments. However, this study showed
that it is possible to produce stable carbonate minerals from DAC of pyroxene-rich materials,
albeit the reaction kinetics are sensitive to the supply of CO2 and the activity of the different

cation species, and possibly other factors, such as the water-to-solid ratio.

Detection and identification of solid reaction products were challenging. In particular, the
excited volume in the SEM-EDX analyses was likely to have included a substantial part of the
original grains while the use of gold coating may have impacted the yield of light elements. In
addition, the XRD evidence of the absence/presence of secondary minerals was not especially
strong due to the inadequate availability of some post-reaction samples, especially for

plagioclase concentrate experiments.

Overall, the results indicate low pyroxene dissolution, and consequently limited carbonation.
These findings suggest that the carbonation of PGM tailings may be restricted under the

evaluated physicochemical conditions.
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