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Synopsis

Carbon sequestration through mineral carbonation is becoming an increasingly attractive
alternative for mitigating excess CO» in the atmosphere. Mineral carbonation is a natural
process whereby COs is fixed to CaFeMg-silicates to form Ca-, Fe-, and Mg-carbonates.
This process is thermodynamically favourable and the products are benign and stable
over millions of years. Pyroxene-rich tailings generated from the processing of PGM ores
in South Africa have the potential to sequester significant amounts of CO2 (~14 Mt per
annum). In the indirect pH swing method, silicate minerals are initially leached at low pH
and then carbonated at high pH. A previous study on these tailings highlighted the slow
extraction of cations from orthopyroxene, the major Mg-host. The low reactivity of the
orthopyroxene resulted in an overall low conversion of tailings to carbonates with only
30 % for Ca, 3 % for Mg and 9 % for Fe. Under similar experimental leach conditions,

~100 % dissolution of olivine and serpentine can be achieved.

The stability caused by the polymerisation of the Si-O tetrahedra in the pyroxene struc-
ture decreases the rate of acidic dissolution to between 12 and 14.5 mol.cm™2.s~!, which
is much slower than the rate for olivine (between 10.8 and 12 mol.cm~2.s~1). Polymeri-
sation requires a bridging oxygen to link the Si-O tetrahedra together. The bridging
oxygen to silicon bond is strong, and needs to be broken for the silicate mineral to dis-
solve. Therefore an understanding of silicate reactivity and reaction kinetics is needed if
the reactivity of the orthopyroxene in these PGM tailings is to be increased. This study
investigated the dissolution of pyroxene in two phases: 1) the reactivity of the pyroxene-
rich PGM tailings in a mixture of mineral (HCl) and organic (oxalic acid and EDTA)
acids; and 2) the effect of pyroxene composition (enstatite, diopside, augite, and wollas-

tonite), particle size, and temperature on mineral dissolution.

The first phase of experiments investigated the contribution of organic chelators to sili-
cate mineral dissolution. Although the extraction of Ca, Fe, Mg, and Si were relatively
low under all conditions investigated, particularly for the case of Mg (between 3.3 % and
5.0 % extraction); the presence of oxalate generally increased the extraction of Si. Or-

ganic ligands increased dissolution by increasing the apparent solubility of silica in the



solution, which allows for further metal cation extraction. A comparison of the extents of
leaching with the mineralogical composition of the tailings indicated that the extracted
Mg originated primarily from clinopyroxene, while orthopyroxene remained relatively
inert under all experimental conditions. Plagioclase was the most reactive, especially in

the presence of organic acids, and attained ~30 % Ca dissolution.

The second phase of experiments showed that an increase in temperature and a decrease
in particle size increased the reactivity of enstatite, augite, and diopside; however, the
increase in temperature had a greater relative effect on the larger particle size fraction.
The reactivity of the pyroxene group was wollastonite > augite = diopside > enstatite.
The reactivities within the pyroxene group can be linked to their chemistry, with Ca-rich
pyroxenes being more reactive than Mg-rich pyroxenes. The increase in cation size from
Mg to Ca changes the coordination of the M2 site from 6- to 8-fold, thus decreasing the
M2-0 bond strength. Elemental distribution on the surface of reacting grains showed that
the removal of Ca, Fe, and Mg was congruent with the removal of Si from the surface of
the grains, and chemical analysis of the leachate revealed nonstoichiometric dissolution
for augite, diopside, and wollastonite, but stoichiometric for enstatite. Again, chemical
and mineralogical analyses confirmed the low reactivity of the pyroxenes investigated,
except for wollastonite, which had almost complete dissolution of Ca. SEM images
showed distinctive ‘stepped’ features on the surface of reacting pyroxene, which suggests

a cleavage-dominated reaction mechanism.

From these results, a pyroxene reaction mechanism for dissolution in acidic solution was
proposed. In this mechanism, the effect of the cleavage planes controls the metal cation
release through the exposure of metal cation sites when the minerals cleaves. Because
pyroxene mineral dissolution is reaction-controlled, the increase in temperature increased
the reactivity; and the reduction in the particle size increased the surface area through the
creation of jagged edges on the particles. The increase in high energy sites on the smaller
size fraction resulted in a reaction that showed more attributes of diffusion-limited kinet-

ics instead of reaction-limited kinetics.

The low reactivity of orthopyroxene significantly decreases the potential storage of the
Bushveld PGM tailings for CO2. The results from the second phase showed that the
extent of orthopyroxene leaching can be increased appreciably by increasing the surface
area on the cleavage planes (by selective mineral breakage). Furthermore, the addition of
organic chelators increases the reactivity of silicate dissolution by complexing available
Si in solution. Therefore, for Bushveld PGM tailings to be considered a viable CO; stor-
age resource, the reactivity of the orthopyroxene mineral needs to be increased through

the increase in high-energy sites by an increase in cleavage area. However, the favourable
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extraction of Ca in organic acids from plagioclase, the major Ca host in these tailings, is

encouraging for future studies on the use of Bushveld PGM tailings for CO; storage.
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Chapter 1

Introduction

1.1 Storage of anthropogenic CO-

The rise in anthropogenic carbon dioxide (COs2) is a growing concern as it causes significant changes
in the climate (Lackner ef al., 1995), and South Africa contributes more than ~430 Mt COy per
annum (recorded for 2008) through the burning of fossil fuels (Boden et al., 2011). Consequently, the
South African government has committed to significant reductions in greenhouse gas emissions over
the next decade (Winkler et al., 2002; Hietkamp et al., 2004). A widely advocated method for CO2
reduction involves the trapping of CO5 via injection into deep underground geological formations.
An investigation into the CO4 storage possibilities in South Africa shows that an estimated 150 Gt of
CO2 can be stored in geological formations. However, less than 2 % of this storage is on land, with
the remainder being located in off-shore basins (Cloete, 2010). With the lack of suitable on-shore
reservoirs for COq storage in South Africa, the possibility of COs sequestration through mineral
carbonation is becoming more attractive (Lackner et al., 1995; Huijgen and Comans, 2003; Park
et al., 2003; Teir et al., 2007).

Mineral carbonation is the chemical fixation of CO5 to metal cations which produces carbonates.
It is a favourable alternative to geologic storage as the process is thermodynamically favourable and
the products are stable and benign over geological time periods (millions of years, Lackner et al.,
1995). Not only can the products (typically Ca-, Mg-carbonates) be reused in industrial processes, the
system can accommodate a wide variety of input materials (Figure 1.1). Ideal sources for CO fixation
include solid and aqueous wastes, however Mg-rich minerals are also targeted. For example, a number
of potentially suitable solid mine wastes produced from the beneficiation of various ores exist in South

Africa, including kimberlite diamond dumps (serpentine-rich), Nkomati nickel dumps (pyroxene- and
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Figure 1.1: Illustration of ex-situ mineral sequestration process steps of silicate rock or industrial residues.
From the Intergovernmental panel on climate change (Mazzotti et al., 2005).

olivine-rich), Okiep copper dumps (pyroxene-rich), and Bushveld platinum dumps (pyroxene-rich).
A scoping study on the use of Bushveld Merensky tailings for CO4 storage by Vogeli et al. (2011),
showed that these tailings could store the large amounts of COs produced by the synthetic fuels
industry in South Africa, however the low reactivity of the platinum tailings limits this possibility. The
low reactivity of orthopyroxene, which hosts up to 80 % of the Mg, thus limits the total carbonation
capacity of the tailings. This project aims to investigate the factors affecting the reactivity of pyroxene

and pyroxene-rich feedstocks for its future as an engineered mineral carbonation resource.

1.2 Mineral carbonation

Carbon sequestration through mineral carbonation mimics the natural weathering process of minerals
as shown by the generalised equation, Eq 1.1. During weathering, cations are removed from the
silicate mineral (Eq 1.2) and transported into oceans via rivers. Dissolved CO; in sea water (Eq 1.3)
forms carbonate and bicarbonate ions that react with dissolved cations to form calcium-, magnesium-

or iron-carbonates (Eq 1.4).



(Ca, Mg, Fe);SiyOyyoy + xCOs — x(Ca, Mg, Fe)CO3 + ySiOs + heat (1.1)

(Ca,Mg, Fe)ySiyOyioy — (Ca, Mg, Fe)™ + ySiO, (1.2)
COy + Hy0 < HyCO3 < HT + HCO3 +» 2H" + CO3~ (1.3)
(Ca, Mg, Fe)™* + CO3;~ — x(Ca, Mg, Fe)CO3 + heat (1.4)

Natural carbonation is thermodynamically favourable, but suffers from slow kinetics on the order
of hundreds to thousands of years (Doucet, 2011; Alexander et al., 2007). An example of natural
carbonation is observed in the mafic-rich formations of the Samail Ophiolite of Oman. Peridotites,
an olivine-rich rock, have been storing CO5 as carbonates for an average of 26 000 years — and a
maximum of 43 000 years — on the thin weathering horizon of the peridotite. Additionally, when the
data for the region is considered, an estimated 40 kt of atmospheric CO2 per annum for the last 26 000
years has been consumed and subsequently stored (Kelemen and Matter, 2008). Similarly, mafic-rich
mine dumps have also been known to store CO,. Researchers at the Diavik diamond mine and the
Mount Keith nickel mine in Australia identified secondary carbonates at centimetre-scale depths in
the mine dumps (Dipple et al., 2005). Despite the efficacy of natural carbonation on geological time
scales, it cannot cope with the rate of anthropogenic CO> increase, therefore engineered solutions that
enhance this process are of interest.

Current process routes for engineered carbon capture and mineral carbonation (CCMC) can be
classified into two distinct types, namely ‘ex-situ’ and ‘in-situ’ process routes, with ‘other’ defining
those that do not fit into either of the categories (Figure 1.2, Lackner et al., 1995; Lackner, 2002; Hui-
jgen and Comans, 2003). The in-situ method was developed as an optimisation of geologic storage.
CO:s is injected into Mg-rich rocks under optimal pressure and solution conditions, not only to store
CO- in underground formations, but also to accelerate the natural carbonation of the minerals in the
host rock. The CarbFix project in Iceland injects 2.2 kt of dissolved CO per annum into a basaltic
well at a depth of 400 m to 800 m (CarbFix, 2010). Improvements on in-situ CCMC include the
improved sealing of geologic storage sites and the injection of CO5 into more reactive and Mg-rich
rocks such as peridotites. Despite the positive results and pilot-scale tests in the northern hemisphere
(Olajire, 2013), the limitations of underground COs storage in South Africa excludes in-sifu mineral
carbonation routes for consideration. On the other hand, ex-situ process routes involve the carbona-

tion of extracted or pretreated natural minerals or industrial wastes (Olajire, 2013). Ex-situ mineral
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Figure 1.2: Current engineered mineral carbonation process routes and the research ideas corresponding to
each process route. ‘Other’” CCMC process routes include all processes that do not fit into the above categories
but are not discussed in the text because of slow progress in their field. Adapted from Huijgen and Comans
(2003), Sipild et al. (2008), and Torréntegui (2010).

carbonation process routes have the greatest potential in South Africa as a result of the large volumes
of historical and current mine wastes (Hietkamp ef al., 2004; Vogeli et al., 2011).

Ex-situ mineral carbonation can be divided into direct and indirect routes. Direct mineral carbon-
ation combines the release of the metal cation (Eq 1.2) and the formation of a carbonate (Eq 1.4) in
the same step. This can be done by gas-solid interaction which involves the direct reaction of gaseous
CO, with solid mineral or alkaline waste. The direct gas-solid reaction suffers from very slow re-
action rates and is thus less likely to develop into an industrial-scale route (Doucet, 2011; Olajire,
2013). Direct aqueous mineral carbonation involves the reaction of carbonated water, which liberates
ions from the feedstock that immediately react with the bicarbonate in solution to form carbonate
precipitates. Carbonic acid is very weak and to increase reactivity, a variety of pretreatment methods
are used. The CO, Energy Reactor project uses unique geothermal heat to make the process viable

(Energy reactor, http://www.innovationconcepts.eu). Another promising direct aqueous carbonation



route is the Albany Research Centre route, which carbonates olivine and heat-treated serpentine in a

solution of sodium carbonate and sodium chloride, but at high temperature (155 °C to 185 °C) and

pressure (115 atm to 155 atm COg, Table 1.1, O’Connor et al., 2001).

Table 1.1: Direct and indirect ex-sifu mineral carbonation processes of interest. The process and research group

is noted in the left column.

Direct Process

Description

Albany Research Centre
Direct, additive enhanced
O’Connor et al. (2001)

-37 um, heat-treated serpentine at 600 °C in a solution of 0.5 M
NaHCOs3 and 1 M NaCl with 150 atm COs at 155 °C to produce
82 % conversion in 1 h; and -37 pum olivine in a solution of 0.5 M
NaHCOs3 and 1 M NaCl with 115 atm COs at 185 °C to produce
84 % conversion in 6 h.

Indirect Process

Description

AA process 168 um Mg(OH)> produced from serpentine at 535 °C for
Indirect, gas-solid 30 min, followed by the carbonation of Mg(OH)2 with 20 atm
Zevenhoven (2011) CO, at 490 °C to produce 54 % conversion in 9 min.

Indirect, pH-swing
Park et al. (2003)

Indirect, additive-enhanced
Teir et al. (2007)

First step: -75 pm serpentine in a solution of 1 vol % orthophos-
phoric acid, 0.9 wt % of oxalic acid and 0.1 wt % EDTA with
internal grinding media at 70 °C to produce 65 % Mg extraction
after 1 h.

Second step: Increased pH to 9.5 by addition of NH4OH followed
by the addition of 1 atm CO» at ambient temperature to produce
65 % Mg conversion in 30 min.

First step: 100 um serpentine in a solution of 4 M HCl at 70 °C
to produce 93 % Mg extraction after 2 hours.

Second step: Excess acid removed and H2O added to leachate,
and a pH of 9 maintained by the addition of NaOH after the addi-
tion of COy at 1 1.min~! in 30 °C to produce 79 % Mg conversion
in 30 min.

In contrast to the direct method, an indirect or multi-step reaction benefits from better optimisation

by the separation of the cation liberation reaction (Eq 1.2) from the carbonation reaction (Eq 1.4).

The AA indirect, gas-solid, multi-step process carbonates Mg(OH), from serpentine to produce 54 %

conversion after 9 min (Zevenhoven, 2011). The gas-solid routes are usually energy intensive, but

an aqueous reaction can overcome the need for very high temperatures and pressures. For example,

the two-stage, pH-swing method described by Park ef al. (2003) starts with the primary dissolution

reaction at low pH (pH ~1) followed by the carbonation reaction at elevated pH (pH ~8). The pH-

swing method increases the maximum carbonation efficiency of the sample by removing the cations

at low pH, where the sample dissolves under protonation reaction, and forming carbonates at high pH



where they are stable. It is therefore possible to reach extraction efficiencies of ~100 % during silicate
dissolution with only slightly increased temperatures (~70 °C), while simultaneously maintaining a
low temperature (ambient to 30 °C), for carbonation (Park et al., 2003; Park and Fan, 2004). The
indirect aqueous, pH-swing route by Teir et al. (2007) produced an overall conversion of 79 % from
serpentine. Other benefits for indirect carbonation include the selection of the acid and its recovery
after dissolution. Further enhancements through the pre-treatment of the minerals by size reduction,
chemical additives, heat treatment, and mechanical activation have also been found to increase the
reaction rates (Mazzotti et al., 2005). Size reduction and mechanical surface activation are an inherent
process of milling and therefore present in mine tailings, making it an ideal source material for mineral

carbonation (Vogeli et al., 2011).

1.3 Suitable mineral feedstocks for engineered CCMC processes

The capacity of a mineral to store COg is quantified by Rco,, which is defined as the mass ratio
of ore necessary to carbonate one unit of COy (Lackner ef al., 1995). Minerals with a higher metal
cation to silica ratio have a lower R¢o, value, and can store more CO» per tonne of feedstock. There-
fore, the research and development of mineral carbonation processes have largely been focused on
olivine, because of its high Mg molar concentration (Rco, = 1.8) and high reactivity; and serpentine
(Rco, =~ 2.3), a more abundant Mg-silicate (Lackner ef al., 1995). Table 1.2 compares the reactivity
and CO» storage potential of the major pyroxene group minerals to olivine and serpentine, and anor-
thite, a common Bushveld tailings mineral. At pH = 2, the rates of reaction of olivine and anorthite
are greater than the rates of reaction of the pyroxene group minerals (Paktunc, 1999).

A scoping study on the use of Bushveld PGM (platinum group mineral) tailings for CO; storage
by Vogeli et al. (2011) showed that these tailings alone have a capacity to store ~14 Mt of COy per
annum. The Bushveld area in South Africa produced in the order of 77 Mt of tailings from June
2009 to June 2010 from the mineral beneficiation of PGMs from Merensky, UG2 and Platreef oper-
ations (Vogeli et al., 2011). The suitable characteristics of the Bushveld PGM tailings for mineral
carbonation are attributed to the vast quantities of fine-grained (d50 of 25 pm to 126 um) Ca-Mg-
Fe-bearing silicate waste material. Preliminary mineralogical classification of the tailings from four
Merensky tailings dams (Northam, BRPM, Implala and Lonmin) highlighted the abundance of po-
tentially sequesterable minerals (88 wt.% to 95 wt.%). These include orthopyroxene, plagioclase and

clinopyroxene; and minor amounts of the more reactive minerals olivine and serpentine. Although



Table 1.2: The reactivity of pyroxene, olivine and serpentine under direct carbonation. Adapted from Paktunc
(1999); Klein and Dana (2007) and O’Connor et al. (2005)

Ideal Concentration

: 2
Mineral Formula in Feed (Wt.%) Reo,! Rate
Group End Member Ca Fe Mg (mol.em—2.s71)
Feldspar Anorthite CaAlsSisOg 103 3.1 4.8 4.4 9.3to0 14.5
Enstatite MgSiO3 0.4 4.0 20.8 2.4 13.9to0 14.5
Pyroxene Diopside CaMgSiyOg 185 05 11.3 2.4 12 to0 14
Augite Ca(MgFe)SisOg 15.6 9.6 6.9 2.7 13.5
Pyroxenoid =~ Wollastonite CaSiO3 31.6 05 0.3 2.8 12.4
.. Forsterite MgsSiOy 0.1 6.1 27.9 1.8 12
Olivine . .
Fayalite FesSiOy4 0.6 443 0.3 2.8 10.8

Serpentine Antigorite MgsSisO5(OH), <0.1 24 24.6 2.1 -

TMass ratio of ore necessary to carbonate unit mass of CO-, unitless
2Rate calculated at pH 2, and low -log R values indicate higher reactivity (Paktunc, 1999)

poor in olivine and serpentine, the relatively low Rco, value of between 2.87 and 3.7 for the Bushveld
PGM tailings makes it a viable source material for mineral carbonation (Vogeli, 2012).

The theoretical mineralogical results indicated a potentially favourable COs storage material, but
the preliminary leaching results indicated that the kinetics of the Lonmin PGM tailings sample may
not favour mineral carbonation with the current methods used. The Mg, Fe, and Si cation dissolution
is slow in 2 M HCI at 70 °C after 5 h. The low extraction of Mg is attributed to the seemingly
unreactive nature of orthopyroxene, the major Mg host (Vogeli, 2012). The low cation extraction
resulted in an overall low conversion of tailings to carbonates. The net conversion to carbonates for

this sample was only 29.9 % for Ca, 2.9 % for Mg and 8.9 % for Fe (Meyer et al., 2014).

1.4 Problem statement and objectives

The shortage of viable geosequestration sites in South Africa and the increased need for carbon-based
fuels has put the spotlight on mineral carbonation for South Africa’s carbon dioxide management.
Opportunity exists to potentially sequester ~14 Mt of CO5 per annum in PGM tailings from the
Bushveld area; and the extraction of residual platinum group elements from these tailings could make
this process economically viable. However, preliminary studies have indicated that in practice the

carbonation capacity is limited because of the relativity low reactivity of orthopyroxene during acid



dissolution. Understanding the reactivity of orthopyroxene is key for the viable storage of COs in
Bushveld PGM tailings. Studies on the mineral carbonation of pyroxene appear to be limited; and

thus the factors affecting pyroxene reactivity are not well understood.

1.5 Objective and Scope

The objective of this study is to investigate the acid leach behaviour of the pyroxene group miner-
als and pyroxene-rich PGM tailings, as a future potential resource for carbon dioxide sequestration
by mineral carbonation. By comparing extraction percentages from dissolution reactions at varying
solution chemistry, mineralogy, temperature, and particle size; an overall mechanism for pyroxene
reactivity in pyroxene-rich feedstocks will be defined.

A graphical representation of the scope is shown in Figure 1.3. This study will investigate

the dissolution of (1) pyroxene-rich Lonmin PGM tailings in mineral-organic acid solutions and
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Figure 1.3: Diagram of the scope of the project. Research fields are listed in bold and outlined in colour.
Subject fields included in the scope of this project are outlined with a solid line, and subject fields outside the
scope are outlined by a dashed line



(2) pyroxene group minerals (namely enstatite, augite, diopside, and wollastonite) in a mineral acid
for an overall understanding of the PGM tailings reactivity for future mineral carbonation studies.
These experiments will be limited to the physical (particle size and temperature) and chemical effects
(mineral chemistry and solvent chemistry) on mineral dissolution. The aspects to be investigated in
this project are broadly grouped into: applied mineralogy and crystallography, applied chemistry, and
engineered mineral carbonation. The individual parameters of each discipline to be investigated are
grouped and highlighted in the triangular spaces of Figure 1.3. All ideas in the dashed boxes fall
outside the scope of this study. This study does not attempt to calculate the rate of dissolution for
these pyroxenes, nor does it aim to achieve an engineered solution for mineral carbonation of PGM

tailings.

1.6 Organisation of the dissertation

This dissertation (Figure 1.4) begins with an introduction to the CO2 problem, the storage options
available, and the potential for PGM storage in South Africa. This is followed by a literature review
covering: an introduction to the structure of silicate minerals and its effects on the reactivity of the
various minerals, reaction kinetics of the dissolution reaction, the chemical and physical parameters
affecting dissolution, an outline of Lonmin PGM tailings mineralogy, and an in-depth review of the
pyroxene group minerals. The literature review concludes with the proposal of the hypotheses and
key questions. Chapter 3, experimental methods and materials, details the individual experiments
and mineralogical characterisation of the samples. The results are split into Chapter 4: the effect
of organic acids on pyroxene-rich PGM tailings dissolution; and Chapter 5: the effect of mineral
chemistry, temperature and particle size on pyroxene dissolution. Chapter 6 discusses the outcomes
from the two result sections and answers the key questions outlined at the end of Chapter 2. Finally,
Chapter 7 summarises the key findings of this project, remarks on the effect of pyroxene reactiv-
ity on the use of PGM tailings for mineral carbonation, and provides recommendations for future
projects. All results and calculations are listed in the appendix in the order: (A) calculations, (B) feed

characterisation, (C) leachate solutions, and (D) residue characterisation.



INTRODUCTION (Ch 1)
Background, problem statement, objectives and key questions, and scope

}

LITERATURE REVIEW (Ch 2)
Silicates structures and weathering; silicate reaction mechanism and kinetics;
pyroxene-rich Lonmin PGM tailings characterisation;
pyroxene group structure, chemistry, and reactivity; and hypotheses

!

METHODS AND MATERIALS (Ch 3)

/\

RESULTS - PHASE 1 (Ch 4) RESULTS - PHASE 2 (Ch 5)
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DISCUSSION (Ch 6)

CONCLUSION AND RECOMMENDATIONS (Ch. 7)

Figure 1.4: Diagram detailing the structure of the thesis
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Chapter 2

Literature Review

The low reactivity of pyroxene group minerals must be addressed for Bushveld PGM tailings to be
a viable CO; storage resource. Therefore an in-depth understanding of pyroxene is needed. This
includes the pyroxene group structure and mineralogy, and the effect these have on the mineral’s
reactivity. This literature review begins with an introduction to silicate mineral structure and its
impact on the natural weathering reactions. This is followed by a molecular-scale and particle-scale
overview of the dissolution reaction of silicate minerals, then a summary of parameters optimised to
increase the leaching of silicate minerals. Lastly, an overview of the Bushveld PGM tailings is given
and an in-depth review of pyroxene mineralogy is covered. This chapter concludes with a summary of
the major aspects covered in the review. From the literature reviewed, hypotheses and key questions

are proposed.

2.1 An introduction to silicates

Silicate minerals are the largest group of minerals on Earth, making up over 90 % of the crust (Klein
and Dana, 2007). The basic structural unit of all silicate minerals is the Si-O tetrahedron: a single Si
atom surrounded by four oxygen anions to produce a pyramid-shaped Sin_ molecule (Figure 2.1).
The dual nonmetal-metal nature of Si results in a very stable Si-O tetrahedron that is responsible for
the chemical and physical stability of the crust. The strong Si-O bonds (bond energy of 368 kJ.mol~!,
Silberberg, 2011) combine almost equal amounts of both covalent and ionic bond types, owing to the
1.7 electronegativity difference between Si and O (Pauling, 1980). The Si-O bond has roughly 55 %
double-bond character because, unlike C, Si is large and cannot form double bonds with O, which

results in a close 1.61 A bond length for Si-O (Silberberg, 2011). The Si-O tetrahedron is polymerised
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in nature through the linking of oxygens — to form a bridging oxygen — to create a very strong and in-
terconnected structure, thereby increasing its stability. The formation of a bridging oxygen causes the
Si-O bond to increase in length from between 1.59 and 1.60 A for a non-bridging oxygen to between
1.65 and 1.66 A for a bridging oxygen. Thus the bridging oxygen has a more covalent, double bond
character than the non-bridging oxygen which has ionic, single-bond character (Ramberg, 1952).
Cations (e.g. Ca, Fe, Mg) are arranged in 12-, 8-, 6- or 4-fold coordination (coordination refers to the
number of anions surrounding the cation, e.g. oxygen atoms, OH™ ions) linking the Si-O tetrahedra
in various arrangements to produce the major rock forming minerals. The various arrangements play

a major role in a mineral’s reactivity and will be discussed in more detail in Section 2.1.2.

0

above below

Figure 2.1: Diagram of simple Si-O tetrahedra — a single Si atom surrounded by four oxygen anions to produce
a pyramid shape — when viewed from above (left) and below (right).

2.1.1 Silicate structures

There are seven different silicate structures observed in nature as described in Table 2.1 by Deer et al.
(1992) and Klein and Dana (2007). The simplest silicate structure is an orthosilicate which links
independent Si-O tetrahedra together through ionic bonds of interstitial cations (Mg, Ca, Fe, etc.) for
neutrality. There is no sharing of oxygen ions (i.e. non-bridging oxygens) and the bond strengths are
equal in all directions. The most common mineral with this structure is olivine and it has a Si:O ratio
of 1:4. Si-O tetrahedra when joined through one bridging oxygen produce the isolated, double Si-O
tetrahedra groups of the sorosilicates. This structure is represented by the epidote group and has a
Si:O ratio of 2:7. The joining of two apical oxygens can produce either a closed-ring or a single chain
structure. Closed-ring structures (or cyclosilicates) bond three, four or six Si-O tetrahedra together
at the apical oxygens. The more common six-ringed cyclosilicates are characterised by cordierite,
which have a Si:O ratio of 1:3.

On the other hand, single-chain structures (inosilicates) share only two corner oxygens to produce

an infinite parallel chain of Si-O tetrahedra, which are aligned along the shared oxygens and the apices
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Table 2.1: Classification of the major silicate structures. Only the oxygen atoms are imaged in each structure,
with the dark grey positioned at the top and the light grey positioned at the bottom of the tetrahedra. Adapted

from Klein and Dana (2007).

Class Arrangement of SiO, tetrahedra
(central Si** not shown)

Common example

Nesosi-li'cate Si0,*
(orthosilicate)
Sorosilicate M Si,0,¢
Cyclosilicate -
(ring silicate) * Si0,q
Inosilicate LA
(Single chain silicate) & ': & ': Si,0.*

Inosilicate
(Double chain silicate)

Phylosilicate
(sheet silicate)

Tectosilicate
(framework silicate)

Olivine
(Mg,Fe),SiO,

Epidote Group
ng(Fe”,Al)Ale(SiO )
(51,0.)(OH)

Cordierite
(Mg,Fe),Al,Si O .nH,O

Pyroxene Group
e.g. Enstatite
MgSiO,

e.g. Diopside
CaMgSi,0,

Amphibole Group
e.g. Hornblende
(Ca,Na), ,(Mg,Fe,Al),
(AL,Si),0,,(OH,F),

Serpentine Group
e.g. Lizardite
Mg.Si,0,(OH),

Mica Group
e.g. Phlogopite,
KMg,(AlSi,0,)(OH)

2

Quartz
SiO,

Feldspar
e.g. CaAlSi O,
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of the basal oxygens jut out on alternating sides of the chain. Single chain silicates are characterised
by the pyroxene group. The bonds within the pyroxene chains are strong, however the bonds between
the chains are weak and therefore the mineral breaks easily along these planes (Klein and Dana,
2007).

When two parallel single chains are joined at the apex-oxygen, they produce the double-chained
inosilicate with Si:O = 4:11. The Si-O tetrahedra alternately share two and three oxygens and are
characterised by the amphibole group (Misra, 2012, p31). The joining of infinite chains where all
three of the basal oxygens are shared between adjacent Si-O tetrahedra produce sheet-like layers or
phyllosilicates. These individual layers are held either loosely together by van der Waals bonds in the
mineral lizardite, or by ionic bonds in the mica group to produce Si:O = 2:5.

Lastly, when all four oxygens are shared in a continuous 3D network, they produce the framework
silicates (called tectosilicates). This network produces a stable and strongly bonded structure with
Si:O = 1:2. The two mineral groups with this structure are feldspars and quartz. In feldspars, Al
replaces Si to form Al-O tetrahedra, where up to half the structure is replaced by Al-O tetrahedra
(Deer et al., 1992). The feldspar mineral structure is rendered neutral by the inclusion of cations
and because of the large spaces in the framework structure, it can include large cations (e.g. K,
Na). The SiO5 group does not contain any other cations and is electronegatively neutral. It has nine
polymorphs, which are stable at very high temperatures (> 1800 °C) and pressures (> 100 kbar,
Klein and Dana, 2007).

2.1.2 Silicate weathering, a natural reaction

Weathering is the natural adjustment of minerals and rocks to the Earth’s surface conditions, and re-
sults in the redistribution of elements and continental mass. Weathering processes are slow and occur
on geological timescales (thousands to millions of years, Carroll, 1970, p5). Weathering processes
are separated into two pathways: physical and chemical weathering. Physical weathering involves
the physical disintegration of a larger rock or mineral with the use of mechanical methods (e.g. ex-
pansion, collision, abrasion). This process is important for the size reduction of the more stable (i.e.
non-reactive) minerals. For example, quartz grains are reduced in size through collision with other
grains in river channels. In this process, the chemistry of the reduced particle remains the same. In
contrast, chemical weathering involves the leaching of cations in water at low temperature (below
30 °C), and results in either complete disintegration or mineralogical and chemical change from the

parent mineral (Carroll, 1970).
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Igneous minerals that initially formed deep in the crust at high temperature and pressure are in
disequilibrium at the Earth’s surface and are susceptible to chemical weathering reactions. These
reactions can be classified into: solution, oxidation and reduction, carbonation, hydration, chelation,
and hydrolysis (Table 2.2, Ollier, 1969, p30-36). These reactions arise from either ionic dissociation,
addition of water and CO-, hydrolysis, or oxidation (Krauskopf, 1967, p80). Oxidation reactions are
slow but are important for the formation of the oxide minerals and also occur on the surfaces of the
more reactive minerals (e.g. Fe in olivine to iron oxides). Hydrolysis weathering is slightly faster than
oxidation as water can carry other dissolved constituents. These reactions can occur simultaneously
to speed up the weathering reaction. Where only water is present, it ionises slightly and donates its
protons to hydrolyse the silicate mineral to remove cations. Yet with dissolved CO2, carbonic acid
(H2COg3, pH = 5.7) is formed to aid in mineral dissolution (Krauskopf, 1967, p85). Another type of
dissolution is biological, where organic acids produced by organic matter, usually in the soil, create
strong ligands that complex the metal cations in the silicate mineral (Berg and Banwart, 2000). These
organic acids can decrease the pH of the solvent to between 4.5 and 5.0 (Krauskopf, 1967).

Chemical weathering reactions can be classified into either congruent or incongruent reactions.
Congruent reactions completely dissolve the mineral into its base ions, for example the dissolution
of calcite into Ca?* and CO%‘ ions. On the other hand, incongruent reactions chemically alter the
parent mineral to form secondary minerals. For example, the parent mineral is altered to a mixture of
clays or oxides, silicic acid, and cations. In nature, the weathering of Fe-, Mg-rich silicates results in
the formation of Fe-, and Mg-rich clays (phyllosilicates, the most common weathering products) and
dissolved constituents; whereas feldspar (K-feldspar) weathers to Al-rich clay, silica and dissolved
constituents of Kt and Na™ (Table 2.2).

The rate of weathering depends on: crystal size, crystal shape, crystal perfection, and the transport
of chemical reagent and removal of the weathered product (Ollier, 1969, p53). As weathering is
purely a surface reaction, an increase in surface area by a decrease in the particle size improves the
weathering rate. But imperfections on the surface of the reacting grain also increase its reactivity.
Lattice dislocations within the crystal structure produce uneven surfaces on grains such as kinks
or admolecules. Terraces on the surface of the grain (created by preferentially weak planes, i.e.
cleavage planes), point defects, and grain boundaries are also sites of high energy (Figure 2.2, Noack
et al., 1993). The more imperfect the grain, the faster it reacts (Wieland et al., 1988). Minerals with
preferential weak planes allow solutions to penetrate the underlying layers through transport along
these planes. Breakage along these planes produces more sharp corners, which are also sites of high

energy (Ollier, 1969, p53). An increase in surface dislocations increases the dissolution rate, which
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Table 2.2: Weathering reactions of selected silicate minerals at the Earth’s surface.

Type

Description

Solution
reaction

Oxidation
and
reduction

Carbonation

Hydration

Chelation

Hydrolysis

This reaction occurs in the presence of water and may precipitate chemicals, which
can lead to volume change, e.g. the dissolution of limestone.

CaCO3 — Ca?t + CO3*~

Calcite in the presence of solution congruently dissolves into its constituent cations

Oxidation reactions are simple REDOX reactions which cause cations to change their
oxidation state, e.g. Fe?* to Fe3*.

8(Mg,Fe)2Si04 + 16HT + Oy — 2Mg3Si 019(OH) + 2FeO(OH) + 8Mg?t + 5H,0
Olivine in acidic water hydrolyses incongruently to form iddingsite (a mixture of
saponite and ironhydroxides)

The reaction of carbonate or bicarbonate ions with minerals.

MgSiOy + 4CO05 + 4Hy0 — 2Mg?t + 4HCO?~ + HySiOy

Olivine in the presence of dissolved carbon dioxide, dissociates completely into mag-
nesium ions and silicic acid

The addition of water to a mineral’s structure. This is important for the formation of
clays, e.g. feldspar to kaolinite.

2KAISi30g + 3H20 — AlxSiaO5(0OH)4 + 45102 + 2K(OH)

Potassium feldspar in acidic water hydrolyses incongruently to kaolinite + quartz +
potassium hydroxide

The holding of an ion (usually a metal ion) within a ring structure of organic origin.
Mg2SiOy + 2X2~ + 4H' — 2MgX + H4Si0y4

Olivine in the presence of any ligand (X) dissociates completely into magnesium
ions, which are complexed by the ligand, and silicic acid

The chemical reaction between a mineral and water. H™ and OH™ ions from water
interact with the ions in the mineral’s structure.

MgsSisOg + 2HT — Mg7SigOa2(OH)s + Mg?t + 2H' — MggSigOo0(OH), + Mg? ™
Enstatite is hydrated to a Mg-serpentine and then further hydrated to talc (Mg-clay),
liberating free magnesium at each step (incongruent reaction)

has been observed for calcite. Highly strained calcites have shown a 2 to 3 times increase in their

dissolution rate when compared to unstrained calcite (Brantley, 2008).

The mean lifetime between silicate minerals differs by ~30 million years, with olivine as the

most reactive mineral and quartz the least reactive mineral (Figure 2.3). The disparity between these

reaction rates is based on the structure and chemistry of the minerals. The degree of Si-O tetrahe-

dra polymerisation has a direct influence on the mineral’s stability — the higher the Si:O ratio, the

fewer cations are needed to balance the equation — and results in a more covalently bonded structure

(Kehew, 2001). Therefore minerals with a high Si:O ratio are more resistant to chemical weathering.
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Step adatom
or admolecule

or admolecule

Figure 2.2: Surface features of an imperfect crystal. Lattice dislocations within the crystal structure produce
uneven surfaces on grains such as kinks or admolecule. Terraces on the surface of the grain created by prefer-
entially weak planes (i.e. cleavage planes). Adapted from Hochella (1995)

This identification led Goldich (1938) to list the order of reactivity of silicate minerals (Figure 2.3) in
the same order as the formation of minerals during crystallisation (referred to as the Bowen’s reac-
tivity series). Ramberg (1952) ordered the reactivity of the silicates as: orthosilicate > single chain
> double chain > phyllosilicate > tectosilicate. During magma crystallisation, simple silicates (ne-
sosilicates) are first to form as they have the lower Si:O ratio and a higher metal to silica ratio. As
crystallisation proceeds, the system’s energy decreases which lowers the energy required for the more
complex silicate structures to form and increases the silicate polymerisation (DeVore, 1955). Thus
minerals that form first during crystallisation of a magma are more reactive than later-formation min-
erals. The crystallisation reactivity series in Figure 2.3 has two simultaneous pathways: mafic and
felsic. Mafic minerals are enriched in the heavier metals Mg and Fe (SiO2 = 49-52 wt.%), whereas
felsic minerals are enriched in the lighter metals: Si, Al, Na, and K (SiOy > 69 wt.%). Minerals that
crystallise first are the most reactive and weather easily; and minerals that form later are more poly-
merised and thus more stable on the Earth’s surface. This is confirmed by the contrast in weathering
rates for the silicate minerals (Table 1.2). Furthermore, the difference in weathering rates of minerals
compared to the reactivity series is shown in Figure 2.3, with the mean lifetime of a 1 mm crystal at
pH 5 and 25 °C (values in red).

Natural weathering reactions provide an important base-line for engineered weathering reactions.

In order to store CO9 as mineral carbonates, the reaction rates of the feedstock mineral need to be
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Mafic Minerals Felsic Minerals
- Si0, <52 wt.% Si0, > 69 wt.%
o
_§ Olivine (1 900 - 2 000) Ca-Plagiocalse
= - .
1z Augite (Pyx: 6 800 - 10 000) (575 000) Na-Ca-Plagioclase
> 3 X
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— Na-Plagioclase ©
%D Biotite
©
8 K-feldspar (291 000)

Muscovite (2 600 000)

-

Quartz (34 000 000)

Figure 2.3: Stability of silicate minerals as shown by Bowen’s reactivity series, adapted from Goldich (1938).
The stability of the minerals is proportional to silicate polymerisation. The crystallisation series proceeds from
top to bottom of the figure. The numbers in brackets next to each mineral represent the mean lifetime of a 1 mm
crystal at 25 °C at pH = 5 from reaction rates by Lasaga (1995) and Brantley (2003).

sufficiently high to make the process viable. However, a basic understanding of the kinetics of silicate
dissolution is needed in order to identify opportunities to maximise the kinetics of the dissolution

reaction.

2.2 Reaction mechanism of silicate mineral acid dissolution

The previous section detailed the dissolution reactions of silicate minerals under weathering condi-
tions at low temperature (below 30 °C) and atmospheric pressure. However, in an engineered envi-
ronment the rate of silicate dissolution can be increased to make the reaction rates more favourable.
But first an understanding of the reaction mechanism for silicate mineral dissolution is important

before the reaction rate can be improved.

2.2.1 Molecular-scale dissolution mechanism

At the molecular level, the dissolution of a primary silicate mineral is described by the surface pro-
tonation model: a general hydrolysis reaction, where protons (HT) in solution attach to bridging
oxygens or hydroxyl groups on the surface of the grain (Furrer and Stumm, 1986). H™ ions are sup-
plied in the solution by: partially ionised water, carbonic acid, or any other acid. The protons are
assumed to be mobile on the reaction surface and can be shifted from OH groups to neighbouring

bridging oxygens (Wieland et al., 1988). The attachment of the proton to the bridging oxygen dra-
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matically lengthens the Si-O bond from 1.611 A to 1.724 A, which lowers the activation energy for
dissolution (Lasaga, 1995). Protons attach to oxygens and bridging oxygens of the Si-O tetrahedra
until all of the anchoring oxygens are bonded to two hydrogen atoms. Sufficient weakening of the
metal-oxygen bond (M-O) occurs when the neighbouring oxides or hydroxide groups have been fully
protonated. Protonation promotes dissolution because protons create highly polarised O-H bonds in
close proximity to the M site cation, thus facilitating the detachment of the hydrated Si-O tetrahedron,
Si(OH), (Prigiobbe and Mazzotti, 2011). Si(OH), desorbs from the surface of the mineral and enters
the solution, where it will either form silicic acid or polymerise to precipitate Si (Furrer and Stumm,
1986; Wogelius and Walther, 1991). Similarly, the adsorption of the OH™ leads to the hydroxyla-
tion of the metal cation. The reaction of OH™ with the M site cation destabilises the M-O bond and
facilitates the desorption of the cation as M(OH)(aq) (Prigiobbe and Mazzotti, 2011; Wieland et al.,
1988). Removal of the metal species exposes the underlying metal bonds to further interaction with

the solvent (Furrer and Stumm, 1986). The general dissolution reaction for olivine is given as:

. . 2
Mg28iOysy +4H [,y <> HaSiOu(5) + 2M g\, 2.1)

The dissolution reaction for olivine proceeds as shown in Figure 2.4. Initially (step 1), the protons
attach to the oxygens of the Si-O tetrahedra on the surface of the mineral. The new H-O bond weakens
the adjoining M-O bond. The electrostatic force, which holds the metal to the oxygen of the Si-O
tetrahedra, becomes strained (dashed line, step 2). Hydration of the neighbouring Si-O tetrahedra
adjacent to the M site further weakens the M-O bonds, and simultaneously, a negative ion (OH™ in
this case) attaches to the M site (step 3). Once the Si-O tetrahedra are fully hydrated (with H" ions)
and the M-O bonds weakened, the hydrated Si(OH), leaves the mineral surface (step 4). The removal
of the surface silicate tetrahedra exposes the underlying metal cations for liberation (Wieland et al.,
1988; Furrer and Stumm, 1986; Wogelius and Walther, 1991; Lasaga, 1995).

When only H* ions are involved in the dissolution reaction, the process is termed ‘proton-
promoted’; however, when organic ligands (e.g. an oxalate ion) are involved in the dissolution re-
action, the process is termed ‘ligand-promoted’ (Figure 2.5). A ligand is a molecule that binds to a
central metal atom to form a coordination complex through donation of the ligand’s electron pairs.
In the ligand-promoted mechanism, the ligands form inner-sphere complexes with the metal ion.
This shifts the electron density towards the metal ion which weakens the M-O bond (Prigiobbe and
Mazzotti, 2011). Ligands can act as both proton- and ligand-promoted species in that they can donate

protons to bond with bridging oxygens or hydroxide groups; and they can bond with the metal species
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‘ M1 site

Silicate tetrahedra (up)

. M2 site

. Hydroxide ion <)<i

‘ Hydrogen ion

Silicate tetrahedra (down)

Figure 2.4: Surface protonation model for the dissolution of olivine. Discrete stages of dissolution are explained
in text. Adapted from Wieland et al. (1988), Furrer and Stumm (1986); Wogelius and Walther (1991), and
Lasaga (1995).
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. M1 site
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. Hydrogen ion

Silicate tetrahedra (up)

Silicate tetrahedra (down)

o o

Figure 2.5: Ligand-promoted mechanism for the dissolution of olivine. In this model, the metal site is co-
ordinated by an organic ligand (oxalate). The remainder of this reaction proceeds with the breaking of the
metal-oxygen bond and the removal of the hydrated Si-O tetrahedra. Adapted from Furrer and Stumm (1986),
Lasaga (1995), Bennett and Casey (1994), Liu et al. (2006), and Prigiobbe and Mazzotti (2011).
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via donation of their electron pairs (Figure 2.5, Furrer and Stumm, 1986). The coupled ligand-
promoted (Eq 2.2) and proton-promoted (Eq 2.1) reaction has been observed to be faster than the
proton-promoted-only reaction under the same conditions (Bennett and Casey, 1994; Prigiobbe and

Mazzotti, 2011).

M g35i0ys) + 2L§;q) + 4H(+aq) < 2M gL (aq) + H1Si04(aq) (2.2)

2.2.2 Particle-scale dissolution mechanism

The mechanism for proton- and ligand-promoted dissolution has been described previously on an
atomic scale, however, on the larger particle-scale, the silicate dissolution reaction is more complex.
At the particle-scale, solute transport is as important as the reaction on the mineral surface. The
silicate dissolution reaction on the surface of a particle can be described by five discrete steps as

shown in Table 2.3.

Table 2.3: Stages of silicate mineral dissolution at the particle surface. Adapted from Berner (1978), Bales and
Morgan (1985), Wieland et al. (1988), Velbel (1993) Fouda et al. (1996), Levenspiel (1999, p570), and Paktunc
(1999).

Step Description
Step 1:  Mass transport of reagent through the gas film surrounding the particle to the mineral
surface

Step 2:  Penetration of reagent through the solid product layer (if present) to the mineral sur-
face and adsorption of reagent onto mineral surface

Step 3:  Chemical reaction of reagent with solid mineral at the reaction front

Step 4:  Detachment of products from mineral surface and diffusion of the products back
through the solid product layer (if present)

Step 5:  Mass transport of products through the gas film into the bulk solution

The dissolution of silicate minerals is limited by either the chemical reaction at the surface
(reaction-limited) or the transport of the reagent to the reaction front (transport-limited, Luce et al.,
1972; Bales and Morgan, 1985; Brantley, 2008). Reaction-limited kinetics are caused when the reac-
tion at the surface, and not the movement of solvent to the reaction front, is the rate determining step.
In silicate minerals, reaction-limited kinetics arises from the slow desorption of the solute from the
silicate mineral structure. The strong Si-O bonds in the mineral require a high activation energy in

order to break the M-O bond. The strong M-O bond, caused by the silicate polymerisation, inhibits
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metal cation desorption (Bennett and Casey, 1994). The main contribution to the forces stabilising
a cation in the silicate structure is the Madelung site energy: the electrostatic potential energy re-
quired to move an ion an infinite distance from its equilibrium position in the crystal structure (i.e.
the energy required to break the anion-cation bond) and for one mole of an ionic solid under stan-
dard conditions it is referred to as the lattice energy (Ohashi and Burnham, 1972). The Madelung
site energy increases as the degree of polymerisation of the Si-tetrahedra increases. The cation with
the lower absolute Madelung energy is bonded more weakly and is more mobile (Chen and Brantley,
1998). Thus cations in more complex silicate structures require more energy to be removed than those
in more simple structures (e.g. Mg in pyroxene and olivine, respectively). As the reaction progresses,
the dissolved, outer layer will be completely removed (Brantley, 2008). The reaction kinetics for
reaction-limited dissolution (Figure 2.6) shows a particle that decreases in size as the reaction pro-
ceeds (i.e. conversion), where the degree of dissolution is constant throughout the particle. On the
other hand, transport-limited kinetics are controlled by the movement of the chemical solvent to the
reaction surface. This can occur by diffusion of the solvent or solute through the fluid film or through
a solid product layer (Luce et al., 1972). Figure 2.6 shows that the transport of HT (L & H™, for
ligand-promoted dissolution) to the particle’s reaction front (grey particle) and the transport of Mg?*,
Si(OH)4 (Mg-L-H, for ligand-promoted dissolution) from the reaction front into the bulk solution is
slow through the product layer (white). This type of mechanism results in a large particle with a
shrinking, unreacted core after high conversion and a thick, outer layer (Luce et al., 1972; Berner,
1978; Schott and Berner, 1985).

A product layer can be present in both reaction- and transport-limited reactions. In a reaction-
limited reaction, a product layer forms from the precipitation of insoluble or slightly insoluble min-
erals (e.g. Si). When the metal leaves the mineral surface, the Si(OH), is also removed from the
structure. The Si(OH)4 is either taken into the bulk solution or precipitated on the surface of the
mineral to form a protective ‘product’ layer (Hellmann et al., 2003; Putnis and Ruiz-Agudo, 2013).
A product layer can also form from the preferential leaching of metal cations from a silicate mineral.
This occurs when there is a variety of cation compositions and the energy differs for multiple M sites
within one mineral. This product layer may inhibit the transport of reactant and reacting species to
the reacting surface and solution, respectively. However some authors (e.g., Luce et al., 1972; Knauss
etal., 1993; Weissbart and Rimstidt, 2000; Bonfils et al., 2012) believe that the transport of the solvent
or solute is not hindered by a protective product layer, and even if a solid product layer were to form, it

will be porous enough to not limit transport. An example of this is the surface of the olivine in
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Figure 2.6: Reaction-limited vs. transport-limited reactions for dissolution via proton and ligand dissolution.
The reaction-limited mechanism is characterised by the slow detachment of the metal cation and the hydrated
silicate; whereas the transport-limited reaction is characterised by the slow diffusion of constituents through
the product layer but the fast detachment of the metal cation and the hydrated silicate. At high conversion of
a spherical particle, the reaction-limited mechanism produces smaller particles with the same chemistry as the
starting material; however the transport-limited mechanism produces a slightly smaller particle with a product
(leached) layer surrounding the whole particle. This product layer inhibits the movement of solvent to the
reaction surface. Adapted from Levenspiel (1999, p567) and Teir et al. (2007).
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Figure 2.7, where a porous, leached layer covers the reaction surface. As shown previously, there is
much controversy over the formation of a product layer, with some studies showing no product layer
formation and in studies where a product layer has formed, it has been attributed to either leaching or

precipitation.

Yoo

-
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WD = 1.9mm

Figure 2.7: FEG-SEM images of solid olivine after 1 h reaction in 0.1 M oxalate, 120 °C, and 20 bar COs.
From Bonfils et al. (2012).

Reaction-limited kinetics has been argued for olivine, as transport calculations of a 100 im grain
at 25 °C show that diffusion through a silica layer is 10 times higher than the rate of detachment
of the reacting species (Jonckbloedt, 1998). This agrees with the silicate structure of olivine, as a
leached surface layer is unlikely to form due to the ease with which protonated silica tetrahedra can
detach from the mineral surface. However, Bonfils et al. (2012) showed the formation of a highly
porous silica product layer on olivine after dissolution in 0.1 M oxalate salt at 120 °C and 20 bar
COs. In inosilicate minerals the breaking of the Si-O-Si linkages is slow, but is required for complete
dissolution. Therefore partially detached Si-O tetrahedra are left on the surface of reacting grains.
This which has been observed for both enstatite and wollastonite (Weissbart and Rimstidt, 2000;

Oelkers, 2001; Oelkers and Schott, 2001).
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Another factor to consider for reaction-controlled kinetics is the appearance of etch pits on the
surface of leached grains. Dissolution of silicates is not a general attack of the surface, but rather
distinctive, crystallographically-controlled etch pits (Berner et al., 1980) as shown in Figure 2.8. Etch
pits are defined by the sum of horizontal movement of atomic-scale steps which define incomplete
surface layers and the removal of atoms in the mineral (Brantley, 2008). Dissolution experiments on
olivine by Grandstaff (1978) showed that the specific surface area of the grains increased by a factor
of 7 after the first 100 hours. The surfaces of the grains were significantly altered with the removal
of more than 1 um of material and the formation of edges and etch pits. Edges were created by the
rounding of intersecting cleavage or lattice dislocations (Grandstaff, 1978). Pitted surfaces indicate
a reaction-controlled mechanism, whereas smooth, rounded surfaces indicate a transport-controlled
mechanism (Chen and Brantley, 1998). Brantley (2008) argued that highly soluble minerals have a
greater likelihood that they will become transport-limited; whereas low solubility minerals are likely

to be reaction-limited.

Figure 2.8: SEM images which shows (A) an unleached diopside grain, and (B) a diopside grain leached at
90 °C and pH 2.17 after 1830 hours. From Chen and Brantley (1998).

A recent study by Park et al. (2003) proposed a mixed rate-limiting step for the dissolution of
serpentine, with the initial dissolution rate controlled by surface reactions, and the latter part of the
reaction controlled by diffusion as indicated by the plateauing of the dissolution rate. Furthermore,
silicate minerals with mixed cations can show preferential loss of each cation during dissolution. This
preferential dissolution is driven by differences in site energies, and has been reported for inosilicate
minerals (pyroxene and amphiboles Berner et al., 1980; Chen and Brantley, 1998). The metal sites
in the silicate preferentially release their cations during dissolution, especially at lower pH values

(Brantley, 2008). Preferential leaching of cations over Si will lead to the formation of a leached layer,
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which has experimentally been shown to be up to a couple of microns thick (Figure 2.7). Nonstoichio-
metric dissolution, which leads to incongruent dissolution, is usually due to the leaching of impurities,
precipitation of a secondary phase or the preferential leaching of cations (e.g. dissolution of the py-
roxene jaedite, Brantley, 2008). New evidence from Hellmann et al. (2003) at the nano-scale (from
high-resolution transmission electron microscopy) suggests that a coupled extraction and precipita-
tion mechanism of Si limits the rate of dissolution. Therefore the dissolution of the mineral is in fact
stoichiometric but the subsequent precipitation of a new solid phase results in this non-stoichiometric
observation (Daval et al., 2011; Putnis and Ruiz-Agudo, 2013). However, Brantley (2008) suggests
that preferential leaching of cations does occur when Ca is involved. In feldspars, the substitution of
Al in the silicate structure can lead to the preferential leaching of the Al from the Si-Al-tetrahedra,
especially at low pH, where proton attack of Al-O-Si is favoured over the Si-O-Si bond and a resulting

leach layer does occur (Lasaga, 1995).

2.3 Parameters of aqueous silicate dissolution

Natural mineral carbonation proceeds at very slow rates, depending on the degree of silicate poly-
merisation. Research to increase the reaction rates of aqueous silicate dissolution has focused mainly
on the effect of solvent composition, temperature, pressure, and particle size. The rate of dissolution
for any silicate mineral is described by the change in solution concentration or mineral surface with
time (Lasaga, 1995). The factors affecting the rate of an equation include, but are not limited to:
temperature, surface area, and pH. These factors will be discussed further.

The general form of the rate law for heterogeneous mineral surfaces as described by Lasaga (1995)

in Eq 2.3 is:

Rate = kg Amin e T a2ﬁ+ g(I) H a’ f(AG,) (2.3)

2 571, which incorporates the pre-

Where, k, is an intensive rate constant with units of mol.cm™
exponential factors involving mineral surface dynamics; A,,;, is the reactive surface area of the min-
eral in cm?; E, is the apparent activation energy for the overall reaction in kJ.mol~'; R is the molar
gas constant; T is the temperature in Kelvin; ay+ and a; are the activity of the HT ion and any other

species (i) in solution; g(I) is the effect of ionic strength; and f(AGr) accounts for the variation of

rate with deviation from equilibrium (where at equilibrium, f(AGr) = 0, Lasaga, 1995).
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Activation energies for dissolution far from equilibrium on the order of 10-20 kJ.mol~! indi-
cate a transport-controlled mechanism (by solute diffusion), and 50-80 kJ.mol~! indicate a reaction-
controlled mechanism (by detachment of the metal cation of Si**, Lasaga, 1984; Casey and Sposito,
1992). The activation energy of a silicate mineral should remain constant when the experimental pa-
rameters are changed (e.g. temperature, particle size, solution chemistry). The activation energy for
selected minerals of the pyroxene group minerals are listed in Table 2.4 and their values indicate a
reaction-controlled dissolution mechanism (Brantley, 2003). Work by Casey and Sposito (1992) has
shown that dissolution activation energies are much lower than what was previously predicted from
detailed models of surface reactions. From their observations, experimental activation energies from
proton-promoted dissolution include energy contributions from: activation enthalpy, enthalpy of pro-
ton adsorption (and desorption), and enthalpy contribution from long-range electrostatic interactions.
They further explain that the activation energies of dissolution are highly dependent on solution pH.
Several other authors have attributed this discrepancy to the variability in Brgnstead acid-base chem-
istry at mineral surfaces under differing temperatures and pH values. Furthermore, activation energies
can change with a change in solution chemistry, especially with the addition of organic acids which
decreases activation energy (Brantley, 2003). Experiments on kaolinite (an Al-rich clay) decreases its

activation energy of 77 kJ.mol~! at pH 1 to 15 kJ.mol~! pH 8 (Casey and Sposito, 1992).

Table 2.4: Activation energy (Ea) of selected pyroxene group minerals. Activation energy (Ea) in kJ.mol~!, k
is the rate constant and 7 is the unitless order of the reaction (Brantley, 2003). Lower Ea values indicate a more
reactive mineral.

Mineral Acid mechanism Neutral mechanism
logk Ea n logk Ea
Enstatite -9.02 80.0 0.600 -12.72 80.0
Augite -6.82 78.0 0.700 -11.97 78.0
Diopside -6.36 42*t0 96.1** 0.710 -11.11 40.6
Wollastonite -5.37 54.7 0.400 -8.88 54.7

* Knauss et al. (1993)
** Chen and Brantley (1998)

2.3.1 Solvent composition and chemical additives

The surface protonation model described in Section 2.2 relies on the supply of H ions to protonate
the oxygens, which weakens the critical metal-oxygen bond. In the presence of water-only (anaer-
obic), water dipoles are responsible for the breaking of the M-O and Si-O bonds, which results in

reactions that proceed at geological time periods (Wieland et al., 1988; Brady and Walther, 1989).
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However in nature (aerobic), CO2 forms carbonic acid in the presence of water, and although a weak
acid, it can aid in silicate mineral dissolution. The addition of carbonic acid only is not always suffi-
cient to leach cations from silicate minerals in a short time period (Park et al., 2003). Other additives
that aid in natural dissolution include organic acids produced in soil. A number of solvents: acidic,
basic, and organic, have been investigated for mineral carbonation, or their effect on silicate mineral
dissolution (Table 2.5). The important mineral acids include hydrochloric acid, sulphuric acid, and
nitric acid. Important organic acids include: acetic acid, ascorbic acid, citric acid, oxalic acid, and
succinic acid. Furthermore, the majority of these experiments have been conducted on olivine and
serpentine minerals, with little or no experimentation on pyroxene minerals.

In mineral carbonation studies, solution conditions can be optimised to increase the dissolution
rate. The dissolution rate based on pH is defined in Eq 2.4, where k7 is the rate constant and n is the

reaction order that varies with mineral composition (Drever and Stillings, 1997).

Ry = ky[HT]" (2.4)

Acidic dissolution increases the reaction rate with a decrease in pH (below pH = 7) as shown in
Figure 2.9 for diopside. A decrease in pH increases the concentration of HT ions to protonate the Si-O

tetrahedra (Wieland et al., 1988; Knauss et al., 1993). The rate of dissolution increases exponentially
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Figure 2.9: Steady-state log 7450, based on Si release for runs at 25 °C, 50 °C, and 70 °C and between pH
2 and 10. The regression results from each temperature and the apparent activation energy for diopside. From
Knauss et al. (1993).
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Table 2.5: Chemical additives investigated for dissolution of a specific mineral for mineral carbonation studies,

and their references.

Additive Chemical Mineral Reference
Formula
Serpentine Welch and Ullman (1993)*
. . Serpentine Teir et al. (2007)
Acetic acid CH3COOH Serpentine Fagerlund et al. (2010)
Wollastonite Badyga et al. (2010)
Ascorbic acid CgHgOg Serpentine Park et al. (2003)
Plagioclase Welch and Ullman (1993)
Citric acid CsHgOr Ohvme., Prigiobbe et al. (2009)
serpentine, and
wollastonite
Serpentine Krevor and Lackner (2009)
Olivine Prigiobbe and Mazzotti (2011)
Serpentine Park et al. (2003)
EDTA CroH16N20s Serpentine Krevor and Lackner (2009)
Olivine Chen and Brantley (2000)*
. ) Serpentine Park et al. (2003)
Hydrochloric acid - HCI Serpentine Teir et al. (2007)
Olivine, Prigiobbe et al. (2009)
serpentine, and
wollastonite
Nitric acid HNO3 Serpentine Teir et al. (2007)
Orthophosphoric H3PO4 Serpentine Park et al. (2003)
acid
Plagioclase and Mast and Drever (1987)*
amphibole
Oxalic acid HyC504 Plagioclase Welch and Ullman (1993)
Serpentine Park et al. (2003)
Serpentine Krevor and Lackner (2009)
Olivine Prigiobbe and Mazzotti (2011)
. . . Plagioclase Welch and Ullman (1993)*
Suceinic acid CaHgOr Wollastonite Badyga et al. (2010)

*Studies not related to mineral carbonation
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with increasing H concentration at 25 °C, 50 °C, and 70 °C (Figure 2.9, Knauss et al., 1993; Drever
and Stillings, 1997; Chen and Brantley, 2000). At higher pH, usually around 4 to 5, the activation
energy for the dissolution of silicate minerals is independent of pH as the reaction changes (Drever and
Stillings, 1997; Chen and Brantley, 1998; Wogelius and Walther, 1991). An increase in temperature
increases pH-dependence of the dissolution reaction. Experimental reaction order, n, with respect
to H' for diopside increased from 0.19 4= 0.06 at 25 °C to 0.76 4 0.08 at 90 °C. Anthophyllite (a
Mg-Fe amphibole) increased from 0.24 + 0.03 at 25 °C to 0.63 4 0.04 at 90 °C (Chen and Brantley,
1998). The larger difference for n at a higher temperature signifies that the pH-dependence increases
faster with an increase in temperature.

Researchers have found that the dissolution of silicates is also dependent on solution chem-
istry. Research carried out by Teir ef al. (2007) showed that mineral acids (in decreasing strength),
namely: sulphuric acid (H2SOy,), hydrochloric acid (HCI) and nitric acid (HNO3); and basic solvents,
namely: sodium hydroxide (NaOH), potassium hydroxide (KOH), ammonia (NHs), ammonium chlo-
ride (NH4Cl), ammonium sulphate ((NH4)2SO,4), and ammonium nitrate (NH4NO3), were able to
leach Mg and Fe from serpentine at 20 °C over a period of 1 h (Figure 2.10). Dissolution in basic
solvents leached significantly less Mg from serpentine over 1 h when compared to the mineral and
organic solvents. The high pH of the basic solvents favours the formation of carbonates, which are not
stable at pH < 8 (Krauskopf, 1967). In summary, HoSO,4 was the most effective at removing Mg from
serpentine, but in the presence of Ca-bearing silicates (e.g. diopside and plagioclase in PGM tailings),
H>SO,4 will form gypsum precipitates, lowering the potential sequestering ability of the sample.

Other organic solvents (as listed in Table 2.5) have also been considered to aid in mineral disso-
Iution. Due to its presence in soil, the effectiveness of organic acids for silicate mineral dissolution
have been studied by Grandstaft (1978), Furrer and Stumm (1986), Mast and Drever (1987), Wogelius
and Walther (1991), Welch and Ullman (1993), Barker et al. (1997), Park et al. (2003), Golubev and
Pokrovsky (2006); and Teir et al. (2007). Although generally weak, organic solvents can affect the
rate of mineral dissolution by complexing with metals in solution and through the addition of the
ligand-promoted dissolution mechanism, as discussed in Section 2.2.1 (Bennett and Casey, 1994;
Welch and Ullman, 1993). Complexing of the available metals in solution increases its apparent solu-
bility, which forces the reaction to proceed (Prigiobbe and Mazzotti, 2011; Bennett and Casey, 1994;
Furrer and Stumm, 1986). Catechol forms the water-soluble, activated complex Si(Cat)g_ during the
dissolution of olivine, Mg-clay minerals, and pyroxenes (Poocharoen, 1972). A number of Si-oxalate
complexes have been proposed, for example unidentate and bidentate silicic acid-oxalate esters, but

these have yet to be identified in Si-rich solutions (Bennett and Casey, 1994; Poulson et al., 1997).
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Figure 2.10: Fraction of Mg extracted from serpentinite (74 125 p) at 20 °C for 1 h from acidic (left) and
basic (right) solutions. From Teir et al. (2007).

Oxalate does form strong complexes with Al and Ca, which replaces almost half of the Si in the Si-O
tetrahedra of plagioclase (Welch and Ullman, 1993). In the study the reactivity of the plagioclase was
greatest for the Ca end-member than the Na end-member under the same experimental conditions.

Dissolution of silicates with organic acids is most effective at neutral pH, where the effect of
proton-promoted dissolution is smallest (Welch and Ullman, 1993); but dissolution of silicates with
mineral acids is most effective at low pH values, where the concentration of H' ions is high. However,
organic acids are not as effective at low pH values as chelates open and the ligand can no longer
be effective in the removal of cations. Oxalate is a strong chelator, especially for Al, and is most
effective between pH of 4 and 5 and is independent of pH between 2 and 5 (Welch and Ullman, 1993).
Organic acids can have multiple coordination sites in one molecule as shown for the organic acids in
Figure 2.11. In acetate and oxalate, the negative charge is localised over two and four oxygens,
respectively. Other organic ligands include citrate and succinate. Ethylenediamineteraacetic acid
(EDTA) has also been used in mineral dissolution and has multiple (6) coordination sites, however
the size of the molecule may hinder its effectiveness.

With the use of organic additives, Grandstaff (1978) showed that buffered solutions of sodium

acetate and acetic acid can leach Mg and Fe from olivine. This was confirmed on SEM images
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Figure 2.11: A selection of chelate-forming organic ligands common to mineral dissolution and carbonation
studies with the first ionisation constant of the acid in parentheses.

by the formation of etch pits on the surface of the olivine. Studies by Furrer and Stumm (1986)
and Wogelius and Walther (1991) used organic ligands at concentration levels found in soils, and at
higher concentrations, respectively, to enhance dissolution. They concluded that the most effective
organic ligands are surface chelate-forming ligands such as bi- or multidentate (e.g. oxalate and
citrate respectively) and that monodentate ligands have a negligible effect. Higher membered rings
are progressively less efficient (e.g. the effect of malonate is greater than succinate). The order
of effectiveness of the dissolution enhancement of organic molecules on silicate minerals roughly
matches the order of the metal-ligand stability constants (Krevor and Lackner, 2009). Bonfils et al.
(2011) found that EDTA and citrate enhance dissolution more strongly than acetate An important
discovery from Park et al. (2003) showed that a solution of 1 vol.% orthophosphoric acid, 0.9 wt.%
oxalic acid and 0.1 wt.% EDTA was more effective than 0.1 M HCI at ambient temperatures in the
leach reaction of serpentine. Furthermore, Bennett and Casey (1994) showed that oxalate and citrate
increased the solubility of quartz at high concentrations only. UV-visible spectroscopy suggest that
oxalate and citrate interact with SiOy via an electron-donor electron-acceptor interaction at near-
neutral pH. Golubev and Pokrovsky (2006) found that the addition of EDTA, citrate, oxalate, acetate,
gluconate and 2,4-DHBA increased the dissolution of diopside at neutral pH as shown in Figure 2.12.
From these experiments, very high concentrations (0.01 - 0.1 M) of organic ligands are necessary
to appreciably affect the mineral dissolution rate of most minerals. A study by Welch and Ullman
(1993) on the dissolution of plagioclase showed that the dissolution rates of plagioclase were two

to five times greater in solutions of oxalate, citrate, succinate, a-ketoglutarate, and pyruvate than in
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inorganic solutions at pH 3 to 4. Furthermore, the plagioclase dissolution rates in oxalate at pH 3
(1 mM) were more than three-times the dissolution rate in HCI at the same pH (1 mM). The rate
of plagioclase dissolution was a further order of magnitude greater in oxalate and citrate solutions
near-neutral pH (pH = 6) than for inorganic solutions at near-neutral pH. This suggests that organic
solvents have an advantage over inorganic solvents at near-neutral pH, where the effect of protonation
is low and dissolution by the ligand-promoted mechanism is dominant. Brantley (2008) showed that
the effect of millimolar concentrations of organic ligands on dissolution is less than a factor of ~10
for neso- and inosilicates; and when organic ligands are present at concentrations observed for soils,
its effect is less than a factor of 5 on dissolution rates. Teir et al. (2007) showed that an increase
in concentrations of the acids investigated resulted in slightly higher dissolution of serpentine with
respect to Mg (Figure 2.10). For reactions at lower concentrations, the reaction needs to be run for a
longer extent in order to attain the same extraction at higher acid values (Alexander et al., 2007). For
example, to achieve the same extraction, the difference between 3 M and 4 M or 5 M sulphuric acid

concentrations requires 3 to 5 times the amount of reaction time respectively.
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Figure 2.12: Diposide dissolution in organic-bearing solutions at 25 °C and 5.3 < pH < 7.0 (Golubev and
Pokrovsky, 2006). DHBA is 2,4-dihydroxybenzoic acid.
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2.3.2 Physical parameters of dissolution: temperature and particle size

For many elementary reactions, the temperature-dependence is expressed by the Arrhenius equation
(Eq 2.5), where k’ is the temperature-independent, pre-exponential factor in mol.cm~2.s~'; Ea is the
activation energy in kJ, R is the gas constant, and T is the absolute temperature in Kelvin (Kump

et al., 2000).

_ g0 —Ea
k=Fke ET (2.5

A study by Levenspiel (1999, Table 2.6) showed that at an activation energy of 40 kJ.mol~! at
0 °C the rate would double for an 11 °C temperature increase; and for the same activation energy
at 2 000 °C, the rate would double for a 744 °C temperature increase. But for an activation energy
of 400 kJ.mol~! at 0 °C the rate would double for only a 1.1 °C temperature increase. Therefore
from Table 2.6, it can be seen that the higher the activation energy, the lower the temperature increase
needed to double the dissolution reaction rate (Levenspiel, 1999). In the dissolution of a silicate
mineral, an apparent activation energy of 62.8 kJ.mol~! will produce an increase in the reaction rate
by one order of magnitude between 0 °C and 25 °C; and another order of magnitude between 25 °C

and 55 °C (Lasaga, 1995).

Table 2.6: Temperature increase needed (in °C) to double the rate of reaction for a specific activation energy
and a specified average initial temperature. Read in text for further explanation. From Levenspiel (1999, p28)

Initial Activation energy (Ea)

Temperature 40 kJ.mol~' 160 kJ.mol~' 280 kJ.mol~' 400 kJ.mol~!
0°C 11 2.7 1.5 1.1

400 °C 65 16 9.3 6.5

1 000 °C 233 58 33 23

2000 °C 744 185 106 74

Experimental temperature dependence reaction is demonstrated in Figure 2.13 from a study by
Park et al. (2003), where an increase in temperature shows a direct, linear correlation with an increase
in cation extraction (Figure 2.13, left). Furthermore, Teir ef al. (2007) demonstrated the difference in
the amount of Mg and Fe leached from serpentine at 50 and 70 °C, with 100 % of Mg leached after
2 hours at 70 °C, and only 85 % Mg leached after 2 h at 50 °C (Figure 2.13, right).

Particle size reduction has a two effects on the increase in dissolution rates. First, structural de-
fects are imparted onto the grain in the grinding process through the destruction or disordering of the

mineral lattice; and second, there is an increase in the exposed surface area by the decrease in particle
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Figure 2.13: Effect of temperature on the extraction of Mg and Fe from the dissolution of serpentine (left);
and the effect of temperature on the solution concentration of Mg and Fe from serpentine at 50 °C and 70 °C
(right). From Park et al. (2003) and Teir et al. (2007), respectively.

size (Alexander et al., 2007; Juhész, 1998). During elastic deformation of silicate minerals the lattice
is distorted in a reversible way, but during plastic deformation, the structure of the crystal is destructed
to such an extent that the crystallinity of the material is lost. Juhasz (1998) showed that this process
comes about after intensive grinding when the plastic deformation of particles (mechanochemical
amorphisation) becomes the main processes rather than particle size reduction. The author further
states that below a specific size, the energy from grinding is no longer used to reduce the size of
the particle, but instead deforms the minerals structure through plastic deformation. Experiments on
serpentine disks in 7 M HCI at 95 °C showed an extraction depth of between 300 um to 400 pm
resulted in a dissolution rate independent of particle size on particles with a diameter of less than
600 um. Therefore regardless of the particle size characterisation, in order for complete dissolution,
one dimension must be less than 300 wm in radius. However, Alexander et al. (2007) and Penner
et al. (2003) showed that for serpentine samples (normalised to Mg) with a particle size only below
125 um, the particle size has no effect on Mg extraction. A study by Teir ef al. (2007) also showed
that a decrease in particle size from 500 pum to 74 um increased the extent of Mg extraction from
80 to 100 % from serpentine over the 170 min reaction period, but that the rate of extraction of Mg

(Figure 2.14 left) for the different particle size fractions was the same up to 60 % extraction. The Fe
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Figure 2.14: The effect of particle size on the dissolution of Mg (left), and Fe (right) from serpentine at 70 °C
in 2 M HCI (Teir et al., 2007).

extraction from serpentine increased from 60 to 70 % over the same time period. The +125/-250 pum,
+250/-350 um, and the +350/-500 pwm size fractions had similar Mg and Fe extraction over the same
extent of reaction, however the decrease in size to the +75/-125 pm size fraction had a much larger
effect (Figure 2.14). Therefore Teir et al. (2007) shows that for serpentine, the minimum size is below
125 wm, which agrees with the work by Penner et al. (2003) and Alexander et al. (2007).

Work by Park and Fan (2004) showed that the removal of the diffusion-limiting silica layer would
promote further dissolution. Penner et al. (2003) showed that pre-treatment increased surface area;
however, Jonckbloedt (1998) found that it was necessary to physically agitate (by stirring) reacting
samples to prevent silica polymerisation on the grain surface. Several methods for physical activation
have been used previously which include: internal grinding, ultrasound, acoustic, and microwave.
Park and Fan (2004) proposed an internal (in-situ) attrition grinding system to investigate its effect
on serpentine dissolution with and without the addition of any chemical additives. 20 vol.% of both
glass beads (2 mm diameter) and zirconia balls (5 mm diameter) were used as the grinding media;
however, the physical activation by grinding alone did not did not significantly enhance the disso-
lution of serpentine (Figure 2.15). The final mean particle size was reduced from 29 um to 17 um.
Figure 2.15 shows that the combination of chemical and physical activation results in a significant,
overall improvement in serpentine dissolution. Results from the Albany Research Centre showed that

with their mechanical pre-treatment, they were able to reduce the mean particle size to 2 um. How-
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Figure 2.15: The effect of internal grinding media on Mg solution concentration from serpentine dissolution:
without any chemical additives under neutral pH conditions and (left) with chemical additives under acidic
conditions (right). From Park and Fan (2004).

ever, this process is more energy intensive than the process by Park and Fan (2004) and in accordance
with Alexander et al. (2007), such a small particle size does not influence the reaction rates.

Other methods used in the activation of minerals include the heat activation of serpentine. Ser-
pentine is a hydrous mineral and has about 14 wt.% bound water but the same mineral chemistry as
olivine. Heating serpentine to above 630 °C removes the chemically bound water from the structure
and makes the mineral more susceptible to reaction (Teir et al., 2007; Penner et al., 2003). This
increases the reactivity of the mineral during dissolution. Heat treatment methods only work on min-
erals with chemically bound water (hydrous minerals) and therefore would not work for pyroxene
or feldspars minerals. Although heat treatment increases the reaction rates of hydrous minerals, it

carries an energy penalty of 300 kW.h.t~! of sample material (Alexander et al., 2007).

2.4 Reactivity of Bushveld PGM tailings: A case study from Lonmin

The study by Vogeli et al. (2011) investigated the potential storage for CO5 in four Merensky PGM
mine tailings: Northam, BRPM, Implala and Lonmin. Results from the study indicate that samples

with high proportions of orthopyroxene were the least reactive. The pyroxene-rich PGM tailings
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from Lonmin are fine grained (D0.9 = 293 um), have large available tonnages (868 kt per annum)
and importantly, 95 % of the minerals are able to theoretically sequester COs. In the initial ranking
scheme of the tailings, the Lonmin PGM tailings sample was placed third due to its high proportion of
sequesterable, Mg-rich orthopyroxene (65.5 wt.%), followed by plagioclase (18.2 wt.%) clinopyrox-
ene (5.3 wt.%) and amphibole (2.8 wt.%), and the more reactive sequesterable minerals, olivine and
serpentine, in only minor amounts (0.3 wt.% and < 0.1 wt.%, respectively, Vogeli, 2012). After the
reactivity of the sample was taken into account, its ranking was reduced to fourth place due to the low
extents of dissolution of the orthopyroxene. At 70 °C for 8 h in 2 M HCI, the Mg, Fe and Si cation
liberation is seemingly slow, with an extraction (of the total available cation) of 31.2 % Ca, 9.1 % Fe,
5.0 % Mg and 0.7 % Si (Figure 2.17, Vogeli, 2012). The extraction rate curves indicate a relatively
rapid increase in cation dissolution until the first hour (Figure 2.16). Thereafter, the extraction begins

to plateau for Mg and Fe, whilst continuing to increase gradually until termination of the leach in the
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Figure 2.16: Extraction of Ca, Fe, Mg, and Si from Lonmin PGM tailings at 70 °C in 2 M HCI for 8 hours.
(Vogeli, 2012).
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case of Ca. Similar dissolution trends have been reported for serpentine by Park et al. (2003) and
Teir et al. (2007). These researchers attributed the gradual decrease in the leaching rate of serpentine
to a build-up of amorphous silica on the surface of the minerals, which becomes diffusion limiting
with time. Mineralogical analysis of the extended leach experiment in this study also indicated that
formation of secondary amorphous silicates occurs during acid leaching of the PGM tailings (Vogeli,
2012).

The low extraction of cations in the dissolution stage resulted in an overall low conversion to car-
bonate minerals due to the low initial concentration of the solution. The net conversion to carbonates
for this sample was only 29.9 %, 8.9 %, and 2.9 % for Ca, Fe, and Mg, respectively (Meyer et al.,
2014). The mineralogical makeup of the tailings indicates a potentially high CO5 storage capacity
based on theoretical calculations; however, the large proportion of orthopyroxene has been likened to
be the cause for the slow rate reaction. Orthopyroxene constitutes 65.5 wt.% of the tailings and is the
major host of Mg (88 wt.%), Fe (74 wt.%) and Si (71 wt.%, Figure 2.17). The major host of Ca is
plagioclase (18.2 wt.% in tailings) with 63 % CaO, followed by clinopyroxene with 26.4 % CaO.
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Figure 2.17: Elemental deportment of Ca, Fe, and Mg in Lonmin bulk tailings (Vogeli, 2012).
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2.5 The pyroxene group: structure, chemistry, and reactivity

The low reactivity of the orthopyroxene in the Lonmin PGM tailings decreases the available CO2
storage. In order to overcome the low conversion of pyroxene-rich tailings to carbonates, an in-depth
understanding of pyroxene reactivity is needed. There are many factors that influence the reactivity
of silicate minerals, such as: silicate structure, crystal shape and the nature of the cation (including
chemistry, size, and arrangement). The silicate structure and external leach parameters have been
discussed in Sections 2.1 and 2.3, respectively. Section 2.5 focusses on the internal structure of the
pyroxene group minerals and the differences between the minerals in the group, a reaction mechanism
for pyroxene dissolution, and concludes with a comparison of the reactivity of Mg-pyroxenes to other

Mg-silicates.

2.5.1 Structure of the pyroxene group

The pyroxene group of minerals are an important, abundant group of ferromagnesian silicates. In the
pyroxene structure, Si-O tetrahedra are linked through two bridging oxygens to form an infinite length
chain, where the bases of the tetrahedra lie parallel to the z-axis. The chains are held together laterally
by a sheet of cations (Figure 2.18). These cations can be placed in either the M1 site: located between
the apices of the SiO3 chains, or the M2 site: located between the bases of chains. The M1 and M2
cations are bonded to 6 or 8 neighbouring oxygens, to produce 6- or 8-fold coordination, which forms
octahedra and polyhedral layers, respectively, between the tetrahedral layers of the silicates. Because
the M1 site is between apices of chains, the coordinating oxygens are all non-bridging; whereas the
M2 site is coordinated by bridging oxygens (Deer et al., 1978).

The pyroxene structure has infinite silicate chains, when viewed down the z-axis, the chains are
represented by two triangles, with their apices indicating the top apices of the chain (Figure 2.18A).
The M1 and M2 sites are shown by pink and blue circles, respectively, with their sizes represent-
ing the relative size of the cations. The area of two tetrahedrally-coordinated facing chains and the
octahedrally-coordinated M1 sites between them are called I-beams (named after the shape of the
t-o-t area, shaded area in grey). The cleavage of the mineral is through the M2 sites at a ~90°, as
shown in red dashed lines (Figure 2.18B). The two shaded faces in green represent the orientation of

the cleavage planes on an actual pyroxene crystal, as indicated in Figure 2.18C.
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Figure 2.18: Ideal pyroxene structure (A) when viewed down the z-axis (top) and parallel to the z-axis (bottom);
(B) when viewed down the z-axis with the M1 cations between the apices of chains and M2 cations between
the bases of chains. The shaded area indicates an I-beam, and the red dashed line indicates the orientation of
the cleavage planes parallel to the z-axis. (C) Idealised pyroxene crystal with the cleavage planes indicated
by the shaded faces with vertical and horizontal lines. Adapted from Deer et al. (1978) and Klein and Dana
(2007).

42



Pyroxenes can be split into three structural groups: orthopyroxenes, clinopyroxenes, and pyrox-
enoids. Orthopyroxenes have the simplest structure as the M1 and M2 cation sites are occupied by
small cations (Mg and Fe) and therefore the M1 and M2 cations both have 6-fold coordination with
the neighbouring oxygens. When the M2 site accommodates a larger cation (i.e. Ca) in the clinopy-
roxene structure, the octahedral shape distorts to accommodate an 8-fold (polyhedral) coordination of
the M2 cation with the neighbouring oxygens (Deer et al., 1992). Therefore the clinopyroxenes have
a distorted octahedral layer between the silicate tetrahedral layers. When both the M1 and M2 sites
accommodate a large cation (i.e. wollastonite) the silicate chain kinks, which results in an increased
unit cell ¢ length from 5.2 A to 7.7 A for the pyroxenoids (Deer et al., 1992). The silicate tetrahedra
in pyroxenoids are arranged slightly different, with three silicate tetrahedra instead of two per unit

cell (Figure 2.19).

——» [001] Pyroxene (Enstatite)

[010] Pyroxenoid (Wollastonite)

®Si™

©o

Figure 2.19: Pyroxene chain structure with the unit cell length shaded in blue: (top) with two silicate tetrahedra
per unit cell for an ideal pyroxene, and (bottom) pyroxenoid structure with three silicate tetrahedra per unit cell
in a distorted arrangement. Image created using Diamond software and sourced from Wikimedia commons.
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2.5.2 Pyroxene chemistry

The general formula of pyroxene is described by Eq (2.6), where M2 and M1 are two divalent cations
or one monovalent and one trivalent cation (Deer et al., 1992; Cameron and Papike, 1980).

(M2)(M1)(Si, Al)20g (2.6)

All pyroxene group minerals can be grouped by their CaSiO3-MgSiO3-FeSiO3 composition and
plotted on a ternary diagram, with the stable pyroxene compositions shaded (stable at ambient tem-
perature and pressure, Figure 2.20). Pyroxene compositions that plot on the corners of the ternary
diagram, take the name of that end-member composition. Pyroxenes with intermediate compositions
are given ratios of two end-member compositions, e.g. a pyroxene directly between the diopside and
hedenbergite composition are denoted as DisgHesq. Orthopyroxenes include all mineral composi-
tions between enstatite-ferrosilite, and clinopyroxenes include the compositions of pigeonite, augite,
and all minerals between diopside-hedenbergite composition. The pyroxene end-members and solid

solution series are named in Table 2.7 for the clinopyroxenes, orthopyroxenes, and pyroxenoids.

Table 2.7: Chemical formulae of the major pyroxene group minerals. Adapted from Deer et al. (1992).

Group Name Chemical Formula
Enstatite MgsSisOg
Orthopyroxene Ferrosilite FeoSioOg
Diopside CaMgSiyOg
Hedenbergite CaFeSiyOg
Clinoenstatite MgsSisOg
Clinoferrosilite FeoSisOg
. Pigeonite (Mg, Fe?*, Ca)(Mg, Fe?1)SiyOq
Clinopyroxene Augite (Ca, Mg, Fe2*, Al)y(Si, Al);0
Omphacite (Ca, Na)(Mg, Fe?*, Fe?*, Al)SiyOq
Aegerine-augite  (Ca, Na)(Mg, Fe?*, Fe31)SiyOg
Jadeite NaAlSisOg
Aegerine NaFe3*SipOg
Spodumene LiAlSi5Og
Pyroxenoid Wollastonite CasSisOg
Rhodonite (Mn,Ca,Fe)2SioOg
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Figure 2.20: Pyroxene stability diagram for the system CaSiO3-MgSiO3-FeSiOs. Adapted from Deer et al.
(1992).

2.5.3 Pyroxene reactivity and reaction mechanism

The dissolution of pyroxene has been described by Schott and Berner (1985) for a range of pyroxene
minerals. The dissolution mechanism of pyroxenes is reaction-controlled, where H ions protonate
the surface of the grain by attachment to the oxygens. As discussed in the reaction mechanism of
silicate acid dissolution in Section 2.2, the attachment of the H to the oxygen polarises and weakens
the critical metal-oxygen bond, much like the reaction for olivine. The reaction of pyroxene (enstatite)

proceeds via:

Mg SiaOg + 2HT — Mg*" + HoMg(M1)Si2Og(suy ) .7

Followed by removal of the cation at the M1 site (Zakaznova-Herzog et al., 2008):

HaM gSiyOg(surpy + 2HT = Mg*" + HySi30g(5urp) (2.8)
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An illustration of the pyroxene reaction mechanism is given in Figure 2.21 by Zakaznova-Herzog
et al. (2008). The diagram illustrates three important steps in the dissolution of pyroxene. These
are: (a) hydroxylation of the surface of the grain and the subsequent removal of the top layer M2
site, (b) further reaction by nucleophilic attack of HoO (+ve) on the Si at the centre of the tetrahedra
and further removal of M1 and M2 site cations, and (c) the removal of Si(OH)4 and the formation
of a new surface (Zakaznova-Herzog et al., 2008). Casey and Ludwig (1995) argue for a reaction-
controlled dissolution mechanism for pyroxene. They highlight the fast adsorption of a proton to
the mineral surface and conclude that the slow step in the reaction is the breaking of the M-O bond
(detachment of the reacting species), which is confirmed by Mast and Drever (1987) who illustrated

that the detachment of the Si rather than the Ca, Mg or Fe is the rate-limiting step.

a b c
.H,O
H,SI0
}Nucleophyﬁc of < SH04)
surface H.O on Si
new
" surface
s ennams EEEEEEE
L) .9
EEmEEE LEREIRLL oo o] e @

4
M1 Site M2 Site
(Mgb} (Cah}
Hydroxylated surface but Both electrophylic reactions proceed Two electrophylic and
no electrophylic or (dashed lines indicate rxn. fronts) but a nucleophylic reactions
nucleophylic reactions no nucleophylic reaction has occurred have occurred

Figure 2.21: Schematic illustrating the important aspects of the leaching mechanism proposed for the pyroxenes
— diagram for diopside but the same mechanism applies for the other pyroxenes. These are: (a) Hydroxylation
of the surface oxygen, (b) two electrophylic reactions on the M1 and M2 site, where the M2 site reaction is
more rapid, and (c) nucleophylic reaction with the release of Si(OH), (Zakaznova-Herzog et al., 2008).

The reaction of pyroxenes is initially fast for a short period, followed by a linear release of Si
(for more than 600 hours, Schott and Berner, 1985). At pH 6 the reaction is congruent for Mg and
Si dissolution from enstatite, but incongruent for Ca and Si from diopside. At lower pH (pH =1) the

dissolution of Mg is faster than Si from enstatite and much faster for Ca than Si from diopside. The
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researchers concluded that the cations are more weakly bonded in the M2 than the M1 site of the
pyroxenes, preferentially releasing the cations from the M2 site (Schott and Berner, 1985; Knauss
et al., 1993; Brantley, 2008). These findings are consistent with the Madelung site energies of the
M1 and M2 sites in pyroxenes (Table 2.8). Natural and laboratory studies have demonstrated that the
dissolution of pyroxene is cleavage-controlled, and the reaction proceeds along the cleavage planes
and along grain boundaries (Barker et al., 1997). Furthermore, etch pits occur at the outcrops of
dislocations during pyroxene dissolution. These etch pits are lens-shaped and parallel to the z-axis.
The end-to-end alignment of these etches pits results in deep striations (Figure 2.8) and often occurs
along the boundaries of basal lamellae (Berner et al., 1980). Etch pits on diopside are preferentially
developed along the exsolution lamellar boundaries between bulk diopside and Mg, Fe-rich lamellae
(Brantley, 2008).

Table 2.8: Site occupancy and Madelung site energies for some pyroxenes. Adapted from Schott and Berner
(1985)

Mineral Site Occupancy Energy (kJ.mol~!)

— M1 Mg -4 346
Diopside M2 Ca -3 157
Enstatite M2 Mg -3940

errosilite M2 Fe -3 806
M1 Fe -4 187
1tk

Hedenbergite M2 Ca -~3 266

*Qhashi and Burnham (1972)

The nature of the octahedral and polyhedral sites strongly influences the release of silica in other
chemically similar minerals (Mg-silicates) with the order of reactivity being olivine > serpentine
> enstatite (Luce ef al., 1972; Bales and Morgan, 1985; Jonckbloedt, 1998). The differences in
reactivities for the different silicates can be linked to their different silicate structures, particularly with
respect to the silicate connectedness (i.e. the number of bridging oxygens). Olivine, a nesosilicate, has
individual silicate tetrahedra in alternating face-up and face-down arrangement that are linked by Mg
and Fe cations in the M1 and M2 sites, respectively (Figure 2.22). Each M1 and M2 site is coordinated
by six neighbouring, non-bridging oxygens (Klein and Dana, 2007, p445-6). The serpentine group
(phyllosilicate) has 6-membered silicate rings with interstitial OH™ ions which form infinite sheets

that are linked by cations, octahedrally coordinated to apex non-bridging oxygens and the OH- ions.
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The tetrahedrally coordinated silicate sheets and the octahedrally coordinated cations form a unit
that is stacked vertically to form the mineral lizardite (the most common of the three serpentine
polymorphs: lizardite, chrysotile, and antigorite). The t-o units are held together by weak van der
Waals bonds, perpendicular to the z-axis, parallel to the cleavage plane. However, the imperfect fit
of the octahedral and tetrahedral layers results in the bending of the sheets (Deer et al., 1992; Klein
and Dana, 2007, p462-7). Although the serpentine has a higher Si:O ratio, than pyroxene, it is more
reactive as the cleavage of serpentine preferentially exposes the metal cations and hence more reactive
(Terry, 1983). The silica tetrahedra in olivine are unpolymerised and therefore the least tightly held in
place; which results in the least resistance to diffusion (Luce et al., 1972). Bales and Morgan (1985)
suggested that the easier dissolution of olivine is due to the fact that it does not need to break the

strong bridging oxygen bonds that are present in pyroxene.
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Figure 2.22: Idealised structure of olivine (A) down the z-axis showing the location and relative size of the
M1 and M2 site cations, (B) the crystal shape of olivine with the (100) parting plane, and (C) the octahedral
coordination of the M1 and M2 cations.



2.6 Summary

The literature has shown that the polymerisation of the Si-O tetrahedra is responsible for the reactivity
of the silicate minerals. The strong Si-O bonds formed by bridging oxygens are responsible for the
low reactivity of pyroxene (inosilicate) when compared to olivine (orthosilicate). This reactivity is
reflected by natural processes where, during the weathering reaction, complex silicate minerals react
incongruently, thereby forming secondary minerals such as clays and oxides. For example, a 1 mm
crystal of olivine takes ~2 000 years to completely dissolve, but pyroxenes take between 6 800 to
10 000 years to dissolve.

In the dissolution reaction, silicates dissolve in accordance to the surface protonation model.
Protons hydrate the Si-O tetrahedra, which weakens the M-O bond and facilitates the removal of
the cation by OH™. The same reaction mechanism is responsible for both the proton-promoted and
the ligand-promoted process. When both mechanisms are present, the overall reaction rate can be
increased. However, on the particle scale, surface effects of the particle can hinder dissolution.
Reaction-limited kinetics occur when the chemical reaction on the surface of the grain limits the
overall reaction, and for silicate mineral dissolution, this is usually caused by the desorption reaction.
On the other hand, transport-limited kinetics occur when the movement of reagent or product from
the surface is slow and limits the overall reaction. These two kinetic limitations result in a shrinking
particle and shrinking core scenario, respectively. The formation of a product layer on the surface of
the grain has been debated extensively, and even if it were to form, most authors agree that it would
be porous enough to allow uninterrupted transport of reagent and product.

A number of parameters can be manipulated to increase the dissolution rates of silicate minerals.
Solvent chemistry is an important factor for mineral dissolution. Organic solvents have been used to
increase the dissolution of most silicate minerals. Not only do they increase dissolution by the addi-
tion of the ligand-promoted mechanism, they also complex ions in solution to increase the apparent
solubility. This is useful for Si, which has a relatively low solubility. A study by Park et al. (2003)
showed that the addition of oxalate, EDTA, and orthophosphoric acid to HCI had a higher overall
extraction of Mg from serpentine than a HCl-only solution. Physical parameters to increase the disso-
lution rate include temperature changes and particle size reductions. An increase in the temperature
of the reaction increases the reaction rate exponentially by decreasing the activation energy needed
for the mineral to dissolve. Decreasing particle size increases the surface area of the solid, which is

directly proportional to the dissolution rate. However grinding mills used to decrease the particle size
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can also impart surface and lattice defects onto the surface of the grain, which increases the number
of high energy sites.

The pyroxene-rich tailings from the Bushveld are fine-grained and have a high proportion of
orthopyroxene (enstatite). Extraction calculations from leach experiments on these tailings at 70 °C
in 2 M HCl for 8 h, show that the overall extraction of Ca, Fe, Mg, and Si was low. The low extraction
leads to an overall low carbonation efficiency of the tailings. The net conversion to carbonates for this
sample was only 29.9 %, 8.9 %, and 2.9 % for Ca, Fe, and Mg, respectively. The low extraction was
due to the low reactivity of the pyroxene group minerals.

The pyroxene group minerals has a complex chemistry, which alters the structure of the individual
minerals. Where the cations are small (e.g. Fe and Mg in the M1 and M2 site), the cations are
octahedrally bonded to the surrounding oxygens; but where there is one larger cation (e.g. Ca in the
M2 site), the M2 cation has polyhedral coordination to the surrounding oxygens and the M1 remains
octahedrally coordinated. Where two large cations are incorporated (e.g. Ca in M1 and M2 site) the
chains kink to accommodate the change. This results in highly strained M-O bonds, which increases
the reactivity of the mineral. The location of the M1 and M2 site in the pyroxene creates a plane
of preferential weakness (i.e. cleavage planes). The addition of the stronger Si-O bridging bonds
reduces the reactivity of the pyroxene when compared same-chemistry silicates (e.g. Mg in olivine,
pyroxene, and serpentine). Thus the order of reactivity of Mg-silicates is olivine > serpentine >
enstatite. Therefore there are a number of factors that control the reactivity of the pyroxene group
minerals, and selected parameters would need to be investigated to increase its dissolution rate.

Within this context, the following has been hypothesised:

1. For any given silicate mineral, the kinetics of dissolution can be enhanced through manipula-
tion of key influencing parameters. Specifically: by increasing temperature which reduces the
apparent activation energy, by decreasing particle size which increases the surface area, and
by the addition of chelating organic acids which increases the apparent solubility of cations in

solution.

2. In the pyroxene group, clinopyroxenes are more reactive than orthopyroxenes because the ad-
dition of a larger cation in the M2 site decreases the activation energy by increasing the metal-

oxygen bond length.
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To investigate these hypotheses, the following key questions have been proposed:

i Are low concentration organic solvents comparable to high concentration mineral acids on pyroxene-

rich PGM tailings under the same leaching conditions?

ii Does increasing the temperature and decreasing the particle size lead to an overall increase in

cation extraction?
iii Which of the pyroxene group minerals are more reactive and why?
iv Is the dissolution of pyroxene controlled by physical features on the surface of the grains?

v How do pyroxenes react in acidic conditions?
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Chapter 3

Experimental methods and materials

The aim of this research is to investigate the dissolution of the pyroxene group minerals in an acidic
solution. Leaching experiments are devised to show the change in extraction of cations at different
mineral compositions and under different temperature and particle size conditions. The experiments
in this study were split into two phases: firstly, experiments on pyroxene-rich PGM tailings with
organic acid mixtures of varying concentrations (results in Chapter 4); and secondly, experiments on
three pyroxene group minerals and one pyroxenoid mineral at varying temperature and particle size
(results in Chapter 5). Sample mineralogical and chemical characterisation, experimental set-up and

leach conditions for each experiment, and calculations related to this study are outlined in this chapter.

3.1 Sample procurement and preparation

Bulk Bushveld PGM tailings were collected as a grab sample from the tailings dam before mixing
of the UG2 and Merensky streams. The samples were obtained unwashed prior to being split into
1 kg representative samples. Pure pyroxene/pyroxenoid mineral samples were collected at various
localities in South Africa (Table 3.1). Mineral samples were crushed and milled in a Siebtechnik
carbide-steel disc mill for varying lengths of time, and wet screened to produce the desired size
fractions: -38 um and +75/-106 pm. Screened samples were further split with a micro-riffler into

~10 g sample sizes for leaching.
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Table 3.1: Sample name, ideal composition, locality, and further preparation of the samples investigated.

Sample Composition Locality Further Preparation
P.C.}M Various Ca-Mg minerals Lonmin, Marikana -

tailings

Enstatite Mg SiaOg Clapham trough, -

Bushveld critical zone

Augite  (CaMgFe* Aly(Si.Al)Og IRUP Lonmin UG2pit  Removal of magnetic

minerals
. . FOSKOR mine Removal of visible
Diopside (Ca,Mg,CnS1:06 dumps, Phalaborwa biotite
Namaqua
Wollastonite CasSisOg wollastonite, Garies, -
Northern Cape

3.2 Sample characterisation

Powdered fractions of the five samples were characterised chemically, mineralogically and physically
before and after leaching. All analyses were conducted at the University of Cape Town (UCT), unless

otherwise stated. Chemical analysis were conducted at the Geological Sciences Department at UCT.

3.2.1 Chemical analysis

The elemental analyses for the five samples are listed in the Appendices in Table B.1. Bulk elemental
analysis was performed using x-ray fluorescence spectroscopy (XRF) to provide a precise and ac-
curate (1 % to 2 %) oxide composition, which can be applied over a wide range of concentrations
(0.2 % to 100 % for major elements). ~1 g of powdered sample, of each composition investigated,
was dried at 110 °C and then ashed at 950 °C. A 0.7 g ashed sample was mixed with 6.0 g flux (47 %
Li Metaborate and 53 % Li tetraborate) before fusion with a Claisse gas burner to create fusion disks
(Willis, 1999). A Panalytical Axios Wavelength dispersive XRF spectrometer with a 4 kW Rh tube
was used for analysis. Calibration standards include natural standards of SARM and USGS ranges.
Matrix corrections make use of the Fundamental Parameter method as described in Willis and Duncan
(2008) and references therein.

Elemental analysis of several single pyroxene/pyroxenoid grains were determined on polished

mounts of the +75/-106 pm size fraction by the JEOL JXA-8100 Electron Microprobe (EMP) fitted
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with four wavelength dispersive spectrometers and a range of crystals. A ~10 um electron beam
was positioned over a grain and the proportion of SiO2, MgO, TiO2, Al03, NagO, Cr03, CaO,
MnO, and FeO, in the pyroxene/pyroxenoid determined. ~30 readings were taken on each block and
measurements with a total weight percent (wt. %) between 99 % and 101 %. The Ca, Fe, and Mg
composition of the four samples were averaged and plotted on a CaSiO3-MgSiO3-FeSiO3 composi-
tion diagram as shown in Figure 3.1. The enstatite, diopside, and wollastonite samples fall within
their respective compositions and their respective chemical formulae are listed in Figure 3.1. The
augite sample has a chemical formula of Cag 7Mgg gFeg.4Aly.2SizOg.

CaSiO,

Wollastonite

/ \
/ \

/ \
/ \

/ \
CaMgSi,O, //\ Diopside [ Hedenbergite CaFeSi,O,

Augite

Pigeonite

/ < Enstatite | Ferrosilite \
MgSiO, FeSiO,

<> Enstatite: Mg, Fe ,Si,O, Augite: Ca,_-Mg, Fe, Al ,Si,O,
/\ Diopside: Ca, Mg, ,Si,O [ | Wollastonite: Ca, Si, O,

Figure 3.1: Composition of the pyroxene and pyroxenoid minerals plotted on a pyroxene stability triangle,
where the shaded areas represent the miscibility gap. Chemical formula calculated from mineral analysis
(Appendix Al Deer et al., 1992, p678).
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3.2.2 Mineralogical analysis

Initially powdered bulk pyroxene/pyroxenoid samples were qualitatively analysed for mineralogy on
a Philips PW 1390 XRD, which uses a Copper K- X-Ray tube with x-ray wavelength of 1.542 A,
accelerating voltage of 40 kv and current of 25 mA. The resulting diffraction patterns were matched
to their respective compositions using X Pert Graphics & Identify software. The diffraction patterns
for enstatite, augite, diopside, and wollastonite are shown in Figures B.1, B.2, B.3, and B.4, respec-
tively. Quantitative XRD was performed on the -38 pum size fraction on a Bruker D8 diffractometer
with a Vantec detector. Pre-weighed amounts of powdered corundum was added to the powdered py-
roxene/pyroxenoid samples and Topas Rietveld refinement software was used for phase quantification
(Table B.3).

An in-depth mineralogical characterisation of the five samples is listed in Table 3.2. The analyses
were performed by quantitative evaluation of minerals by scanning electron microscopy (QEMSCAN)
to determine both the mineralogy and the quantity of the minerals. The BMA (bulk modal analysis)
measurement was used to determine the mineralogy of each sample. Sized samples of each composi-
tion were set into epoxy ore mounts for analysis. Samples were analysed with pixel spacing between
4 um and 1 um depending on the size fraction. Each pixel — the analysis point — was measured by
win EDS spectrometers that sent x-ray energy and intensity data to the QEMSCAN software iEx-
plorer, which allocated the results to a mineral species. The software allocates the pixel measured to
a mineral on the basis of chemical composition and measured backscattered electron level. Where the

unit does not fall into a specified mineral grouping, it is allocated to a ‘trap’ phase. This can occur at

Table 3.2: Mineralogical composition of bulk PGM tailings, pyroxene and pyroxenoid samples as determined
by QEMSCAN in weight percent (wt.%).

Mineral PGM Tailings Enstatite Augite Diopside Wollastonite
Orthopyroxene 67.5 95.6 3.1 0.3 1.1
Clinopyroxene 6.7 1.5 77.0 95.1 1.6
Wollastonite - 0.01 0.01 0.06 85.4

Other Fe-Mg silicate* 3.6 0.4 12.6 3.0 6.3
Al-silicate** 18.3 1.3 1.6 1.1 0.7

Quartz 0.8 0.08 0.5 0.2 0.4
Fe-oxides 3.0 1.0 5.1 0.1 0.1
Carbonates - - - - 4.5

Total 100.0 100.0 100.0  100.0 100.0

*QOther Fe-Mg silicate: olivine, serpentine, chlorite, talc, and amphibole
**Al-silicate: plagioclase, K-feldspar, and garnet
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the boundary of the grain or where thin grains are present. A working knowledge of the minerals is
needed to assign the measured pixels to a mineral in the database and resolve any ‘trap’ phases. To
simplify the mineralogy, the analyses were classified by their mineral group and minerals with trace
concentrations were classified as either ‘other Fe-Mg silicates’: olivine, serpentine, chlorite, talc, and
amphibole; or as an ‘Al-silicate’: plagioclase, K-feldspar, and garnet.

Elemental weight percent from the XRF analyses and calculated from the mineralogical analyses
(based on the allocated mineral chemistry) were compared in Figure 3.2. Where the data points for
the cations lie on the dashed line, the XRF and QEMSCAN agree. The composition of the cations
for the samples by XRF and QEMSCAN agree for the PGM tailings, enstatite, and augite. However,
the Ca for both diopside and wollastonite are overestimated. The discrepancy in the diopside is due
to the presence of other Ca-rich minerals and the discrepancy in wollastonite is due to the abundance
of calcite and Ca-garnet. The Ca-garnet and calcite grains are very small and were likely group under

the wollastonite composition as the pixels were close to the grain boundary.

3.2.3 Physical characterisation

Surface area analysis was determined by BET on a Tristar instrument. Surface area was measured
for a representative subsample of each of the five samples before reaction and for selected sam-
ples after leaching. Particle size distribution of the pyroxene-rich PGM tailings sample and pyrox-
ene/pyroxenoid sized samples were determined using a Malvern Mastersizer 2000 (Figure 3.3). The
refractive index for the analyses was 1.620. This was calculated through the factoring of the modal
mineralogy, and the average density of each mineral phase. The distribution of enstatite, augite, diop-
side, and wollastonite were similar for the -38 pm size fraction. For the +75/-106 um size fraction, the
distribution of enstatite, augite, and diopside were similar but showed a much larger variation for wol-
lastonite because of its needle-like grain shape. The bulk Lonmin tailings has a bimodal distribution
with a large peak at ~200 um and a smaller peak at ~40 pm as shown in Figure 3.3.

A Nova Nano SEM 230 was used to image the surface of reacted grains and determine the chem-
istry of the reacted surface. Dried residue of the desired sample was sprinkled onto the surface of a
stub coated in carbon glue. Grains were selected based on their surface features and an image taken.
Energy dispersive x-ray spectroscopy (EDS) was used on the surface of the grains to acquire a weight
percent of an element (Ca, Fe, Mg, Si) on a selected area. The EDS is uncalibrated and the data ob-
tained is treated as a semiquantitative analysis. EDS was used to get an indication of the morphology

and mineralogy on the reacted surface, which would be destroyed by other analytical methods.
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Figure 3.2: Mineral chemistry data validation of calculated chemistry (QEMSCAN data) and actual chemistry
(XREF data) for the five samples. The XRF and microprobe data was used to adjust the mineral chemistry data
applied to the results from the QEMSCAN data (e.g. increase the content of Ca in diopside and wollastonite,
and Fe in augite) so that a more accurate representation was given.
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Figure 3.3: Particle size distribution of the -38 um and +75/-106 pum sizes for each of the four pyrox-
ene/pyroxenoid compositions

3.3 Leach

The experimental procedure and apparatus to leach cations from powdered samples was adapted from
Teir et al. (2007). Pre-weighed powdered sample was added to a heated acidic solution in a 1 L round
bottom flask with a liquid to solid ratio of 50:1 for varying periods of time. The slurry was agitated
vigorously (~750 rpm) using a Teflon-coated stirrer bar and the temperature was controlled by means
of a temperature probe in the solution connected to the hot plate/stirrer (Figure 3.4). Liquid samples
were collected with a pipette at discrete time intervals through a port on the side of the vessel and
filtered with a 0.2 um syringe filter and stored in a plastic 15 ml capillary tube and refrigerated.
Solutions with a pH above 2 were acidified with 5 % nitric acid until a pH below 2 was attained.
The concentrations of Ca, Fe, Mg, and Si, and Al (for the PGM tailings samples) in the leachate

solutions were determined by inductively-coupled plasma optical emission spectroscopy (ICP-OES)
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Figure 3.4: Experimental set-up of leaching apparatus after (Teir ez al., 2007). A 1 L round flask sits on a hot
plate and magnetic stirrer, in which the temperature is maintained through a temperature probe in the solution.
A condenser is connected to the flask at the top.

for the PGM tailings samples and inductively-coupled plasma mass spectrometry (ICP-MS) for the
pyroxene samples. The residues of the leach were filtered with milli-Q water and left to dry for
up to three days at room temperature. Selected sample residues were analysed for surface area and
mineralogy.

The first phase of experimental leach reactions are outlined in Table 3.3 and were performed on
PGM tailings with varying concentrations of mineral and organic solvents. Design Expert 8 software
(Stat-Ease Inc, 2010) was used to determine the optimal number and position of design points for a
three-component mixture. The solution was set to a maximum of 500 ml and the individual solutions,
a mixture of 0.1 M HCI, 0.1 M oxalic and 0.05 M EDTA, were determined by the software. Cation
extraction data was entered into the response field before the numerical optimisation function was
used to find the most desirable factor settings for multiple responses simultaneously. In this setting,
the most desirable acid combination was derived from the interaction between the three acids when
the cation extraction for Ca, Mg and Fe was set to a maximum. Cation extractions were calculated
using the equation described by Teir et al. (2007, Eq 3.1). Extraction calculations allowed for all

experiments to be compared as it compensates for the loss of volume and changes in sample mass.
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Table 3.3: Phase 1 experiments of organic mixtures on pyroxene-rich PGM tailings. Mixture experiments were
run at 70 °C for 5 h and sampled every 30 min. The extended 100-day leach was run at ambient temperature
and sampled once on days: 1, 2, 3,4, 5,6, 7, 8,9, 10, 11, 13, 14,15, 18, 22, 25, 31, 37, 44, 51, 65, 80, 94, 100.

Acid 0.IM HCI (ml) 0.1M Oxalic (ml) 0.05M EDTA (ml)
Mixture 1 326 100 74
Mixture 2* 300 135 65
Mixture 3 329 149 22
Mixture 4 440 50 10
Mixture 5 357 50 93
Mixture 6 387 50 63
Mixture 7* 349 101 50
Mixture 8 300 190 10
Mixture 9 370 120 10
Mixture 10 349 101 50
Mixture 11 401 81 18
Extended 100-day 400 50 50

*Repeated experiment

Output from Design Expert was derived by means of a contour diagram and a prediction of the acid
composition for the highest extraction of cations in the known solutions.

The second phase of leach experiments are outlined in Table 3.4. These experiments were per-
formed on the pure pyroxene/pyroxenoid samples in 0.1 M HCI solution and varying temperatures

and particle sizes.

3.4 Calculations

Chemical formula calculations were performed on the average of the EMP data for the four pyrox-
ene/pyroxenoid samples. Calculations were made as described by Deer et al. (1992, p678) based on
six oxygens for a pyroxene unit cell.

Cation extraction efficiencies were calculated using Eq 3.1 as described by Teir et al (2007).
Extraction efficiencies allowed for all experiments to be compared as it compensates for the loss of
volume and changes in sample mass. Where c;; is the concentration of dissolved ion in the solution
in ppm, V’; is the volume of the solution in L and m’; ; is the total mass in mg of element i in the
reactor prior to the jth sample.

Cij Vj, ¢ij[Vinitial — Vsample(§ — 1)]

Xyj= 7t = - — 3.1)
ij mbatch% — Vsample ZQ Cij
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Congruency of dissolution for the pyroxene/pyroxenoid samples with respect to Si was estimated
by comparing (1) the ratio of the mole fraction of the Si dissolved to the mole fraction of the metal
cation dissolved, with (2) the mole ratio of the Si in the mineral to the mole ratio of the metal cation in
the mineral (Huang and Keller, 1970). The ratio of metal cation (Ca, Mg, or Fe) to Si was calculated
and plotted from both the leachate extraction and from the solid residue. The stoichiometric ratios of
Ca:Si, Mg;Si, and Fe:Si for each mineral was calculated from the chemical formula in Figure 3.1.

Lastly, Visual MINTEQ 3.0 software is a thermodynamic equilibrium modelling programme
(Gustafsson, 2011). Inputs of cation concentration (in ppm) and solution concentration for HCI,
oxalic acid, and EDTA were input into the programme. Quartz, precipitated Si and Ca-, Fe-, and
Mg-oxalate minerals were allowed to precipitate from solution. Outcomes from Visual MINTEQ are

thermodynamic predictions for the chemistry and concentration of precipitated solid.
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Table 3.4: Phase 2 experiments varying temperature and particle size for different compositions of pyroxene
group minerals

Particle Size Temperature

Experiment Mineral (m) (°C) Elements

1 Orthopyroxene -38 40 Mg, Fe, Si

2 Wollastonite -38 40 Ca, Si

3 Diopside -38 40 Ca, Mg, Si

4 Augite -38 40 Ca, Mg, Fe, Si
5 Wollastonite -38 22 Ca, Si

6 Orthopyroxene +75/-106 40 Mg, Fe, Si

7 Diopside +75/-106 40 Ca, Mg, Si

8 Augite +75/-106 40 Ca, Mg, Fe, Si
9 Wollastonite -38 70 Ca, Si

10 Orthopyroxene -38 70 Mg, Fe, Si

11 Diopside -38 22 Ca, Mg, Si

12 Orthopyroxene -38 70 Mg, Fe, Si

13 Orthopyroxene +75/-106 70 Mg, Fe, Si

14 Augite +75/-106 70 Ca, Mg, Fe, Si
15 Wollastonite +75/-106 70 Ca, Si

16 Wollastonite +75/-106 70 Ca, Si

17 Wollastonite -38 22 Ca, Si

18 Augite -38 22 Ca, Mg, Fe, Si
19 Orthopyroxene -38 22 Mg, Fe, Si

20 Augite -38 70 Ca, Mg, Fe, Si
21 Augite -38 70 Ca, Mg, Fe, Si
22 Diopside -38 22 Ca, Mg, Si

23 Wollastonite +75/-106 40 Ca, Si

24 Diopside +75/-106 70 Ca, Mg, Si

25 Orthopyroxene +75/-106 22 Mg, Fe, Si

26 Augite +75/-106 22 Ca, Mg, Fe, Si
27 Diopside +75/-106 22 Ca, Mg, Si

28 Diopside -38 40 Ca, Mg, Fe, Si
29 Wollastonite -38 40 Ca, Si

30 Orthopyroxene -38 40 Mg, Fe, Si

31 Augite -38 40 Ca, Mg, Fe, Si
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Chapter 4

The effect of acid mixtures on

pyroxene-rich PGM Tailings

This chapter presents the results from the first phase of leaching experiments on pyroxene-rich PGM
tailings at varying organic-mineral acid mixtures. The aim of these experiments was to show how
the addition of organic additives at low concentration affects the dissolution of silicate PGM tailings;
and to investigate if low-concentration organic mixtures are comparable to a high-concentration min-
eral acid (HC]) for silicate mineral dissolution. Initially, 11 leach experiments (additional 2 repeats)
with varying concentrations of HCI (0.06-0.088 M), oxalic acid (0.01-0.038 M), and EDTA (0.001-
0.01 M) were conducted at 70 °C for 5 h. The results from these experiments are compared and the
kinetics of the most favourable experiment are described. Then, based on the results from the mixture
experiments, one experiment was carried out for an extended time period at ambient temperature.
The results from the extended (100 days) leach describe the mineralogical and chemical changes of
pyroxene-rich tailings after reaction in organic acids. Refer to Appendix C and Appendix D for the

full leachate and residue results, respectively.

4.1 Trends in cation extraction from pyroxene-rich PGM tailings

Table 4.1 lists the total extraction of Al, Ca, Fe, Mg, and Si from both the 11 different mixture
experiments after 5 h and the extended leach after 100 days. Cation extraction was calculated on
the concentration of cation in solution with Eq 3.1. The maximum cation extraction from the 11
mixture experiments is highlighted in red. The highest extraction of the cations occurred in mixture 8.

The actual highest extraction for Fe occurred in mixture 7, however the Fe extraction for mixture 7
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Table 4.1: Cation extraction from pyroxene-rich tailings at the end of the reaction period. Mixtures 1 to 11
were performed at 70 °C in solutions of varying concentration of HCI, oxalic acid, and EDTA. The maximum
extraction of each cation from the 11 mixture experiments is highlighted in red. The 100-day leach experiment
was performed at ambient temperature in a solution of HCl, oxalic acid, and EDTA.

Solution Effective concentration (M) Cation extraction after 5 hours (%)

Mixture  HCl  Oxalic EDTA Al Ca Fe Mg Si

1 0.065 0.020 0.007 22.1 15.6 6.6 3.8 2.2

2% 0.060 0.027 0.007 255+17 197433 70+03 404+02 3.1+09
3 0.066 0.030 0.002 31.4 21.7 6.9 3.8 3.8

4 0.088 0.010 0.001 28.2 17.4 7.2 4.1 2.9

5 0.071 0.010 0.009 26.9 18.4 6.9 4.0 2.0

6 0.077 0.010 0.006 28.8 17.5 7.5 4.1 2.1

7* 0.070  0.020 0.005 30727 184+13 86+05 42+£01 23402
8 0.060 0.038 0.001 39.5 29.9 7.8 4.3 6.4

9 0.074 0.024 0.001 32.3 19.9 7.3 4.1 2.8

10 0.070  0.020 0.005 28.2 17.5 6.9 4.0 2.5

11 0.080 0.016 0.002 21.3 12.9 5.8 3.3 1.7
100-day 0.080 0.010 0.005 46.2 34.4 8.2 4.4 3.7

*Averages and standard error computed for mixtures 2 and 7 from duplicate runs

and mixture 8 are within the 0.5 % standard error. Therefore mixture 8 is still the more favourable
reaction. The extraction of Al and Ca was high in all the samples, with 21-40 % extraction of Al and
13-30 % extraction of Ca. However, the extraction of Fe, Mg, and Si was low (< 10 %) for all the
acid mixtures investigated. The extraction of Ca and Mg are important for the formation of mineral
carbonates, whereas the extraction of Si is important for understanding the dissolution mechanism.
The extraction of Al and Fe will be used as additional indicators for the dissolution of silicate minerals
in the pyroxene-rich tailings.

The time-related extraction curves of Al, Ca, Fe, Mg, and Si for mixture 8 are plotted in Figure 4.1.
The trends of the extraction curves were similar for all the acid mixtures investigated; however only
mixture 8 is shown as it had the most favourable extraction. The extraction curves for Fe, Mg, and
Si start with an initial sharp increase for the first hour, followed by a plateau in the extraction. The
extraction curves of Al and Ca also start with an initial steep increase, which continues for 3.5 h, after
which they being to plateau around 4 h to 5 h, which indicates that the reaction would still proceed
after 5 h. The parabolic shape of the reaction curve is due to an initial increase in extraction, followed
by a more linear extraction before a plateau is reached. The initial steep curve is likely due to the
reaction of the very fine particles from the grinding process (Anbeek, 1992).

The extraction curve for the 100-day leach in a mixture of HCI (0.08 M), oxalic acid (0.010 M),
and EDTA (0.005 M) for a period of 100.3 days at ambient temperature is presented in Figure 4.2.
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Figure 4.1: Reaction curve of pyroxene-rich PGM tailings from mixture 8 (0.060 M HCI, 0.038 M oxalic, and
0.001 M EDTA). Error bars represent the percent relative standard deviation (RSD %) of triplicate analyses
from ICP-OES analysis.
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Figure 4.2: Graph of cation extraction on pyroxene-rich PGM tailings at ambient temperature for a period of
100 days. Error bars represent the percent relative standard deviation (RSD %) of triplicate analyses from

ICP-OES analysis.
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The parabolic extraction curves for the 100-day leach are similar to the extraction curves of mixture 8.
The results show that Al and Ca cation dissolution continued to increase over the 100 day period, but
Fe, Mg, and Si concentrations reached steady-state after 15 days where they remained for the duration
of the reaction. Ca extraction was more variable and had multiple equilibrium points around day 15,
45, and 95. The maximum extraction for Al was 46.2 % at day 100, Ca was 37.1 % at day 94, Fe
was 8.8 % at day 80, Mg was 5.0 % at day 80 and Si was 4.0 % at day 44. The variation in cation
extraction after steady-state is reached indicates the precipitation of these cations. Al and Ca ions
react for a much longer time period than the Fe, Mg, and Si ion, and the length of reactivity for Al

and Ca is likely due to the selective dissolution of a reactive Al-Ca mineral.

4.2 Effect of organic acid mixtures on the dissolution of pyroxene-rich

PGM tailings

Figure 4.3 compares the cation extraction after 5 h for the 11 different mixtures ordered by increasing
oxalic acid and EDTA concentration, respectively. The final extraction result for each cation from
the 11 mixture experiments was ordered by increasing concentration of oxalic acid (Figure 4.3, left)
and EDTA (Figure 4.3, right). The figure shows that an increase in the concentration of oxalic acid
had a positive effect on the extraction of Al, Ca, and Si. The maximum extraction, shown by each
bar chart, for Al, Ca, and Si increases towards increasing concentration of oxalic acid (i.e. increased
extraction towards the right). Mixture 8 (0.038 M oxalic acid) had ~10 % greater Al extraction,
~13 % greater Ca extraction, and more than double Si extraction over mixture 4 (0.01 M oxalic acid,
i.e. lowest oxalic acid concentration). There is no discernible relationship between the maximum
extraction values for Fe and Mg and a change in concentration of oxalic acid. An increase in EDTA
concentration had no noticeable effect on the extraction of Al, Ca, Fe, Mg, and Si from the pyroxene-

rich PGM tailings.
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Figure 4.3: Extraction of Al, Ca, Fe, Mg, and Si from pyroxene-rich tailings after 5 hours at 70 °C for the
11 different mixture reactions. The maximum extraction for each cation from the 11 mixture experiments is
grouped by mixture number based on increasing molarity of oxalic acid (0.01 to 0.038 M, left) and EDTA (0.01
to 0.001 M, right). The y-axis values are different for each cation graph as the maximum extraction varied
dramatically between the cations investigated. Standard error calculated for mixtures 2 and 7 on duplicate
experiments.

70



(%) 24 Jo uonoenxy

S XIN
[ XIN
CXIN
9 XIN
01 XIN
LXIN
¢ XIN
IT XN
8 XIN
6 XIN
¥ XIN

8 XIN
€ XIN
CXIN
6 XIN
01 XIN
L XN
T XIN
IT XN
9 XIN
S XIN
¥ XIN

~ 38l (@)l —

(%) SN JO uonorNXy

S XIN
[ XIN
CXIN
9 XIN
o1 XIN
LXIN
€ XIN
[T XN
8 XIN
6 XIN
¥ XIN

8 XIN
€ XIN
CXIN
6 XIN
o1 XIN
LXIN
I XIN
[T XN
9 XIN
S XIN
¥ XIN

Figure 4.3: Continued
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Figure 4.3: Continued

Design Expert 8 software modelled an optimal acid mixture for the dissolution of pyroxene-rich
PGM tailings from the extraction data of the 11 mixture experiments (and two repeats) at 5 hours. The
effect of A (HCI), B (oxalic acid), C (EDTA), and the interactions between: AB, AC, BC and ABC
were modelled and the significance of each model was tested with ANOVA (analysis of variance). For
the maximum extraction of each cation (Al, Ca, Mg and Fe), the model was not significant relative to
noise (i.e. there was no significant difference between the maximum extraction value of each cation
in the 11 mixture experiments after 5 h); however, the model was significant for Si. A contour graph
modelled by Design Expert for each cation extraction shows that oxalic acid does have an effect on
the extraction of Si from these PGM tailings (Figure 4.4). Areas in red indicate a high extraction of
that cation. The areas of high extraction coincide with the maximum concentration of oxalic acid for
the experiments. The Design Expert software modelled a maximum extraction of each cation from
the mixture experiments based on the data entered into the programme and within the prescribed
concentration limits. This model agrees closely with the experimental results from mixture 8, which

shows that the highest extraction of Al, Ca, Mg and Si occurred at this condition.
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Cation Prediction (%) Actual (Mix 8, %)

Al 397+37 395
Ca 294+28 29.9
Fe 7.8+0.9 7.8
Mg 42403 43

Si 6.4+0.6 6.4

%S

Figure 4.4: A contour diagram of Si cation extraction under the different mixture conditions as described by
Design Expert. The maximum volume of solution was set to 500 ml, with the individual concentrations of
0.1 M HCI, 0.1 M oxalic acid, and 0.05 M EDTA ranging between 300 to 440 ml, 50 to 190 ml, and 10 to
100 ml, respectively. Blue areas indicate low concentrations and red areas indicate high concentrations. The
red dots represent the design points of the 11 acid mixtures.

4.3 Mineralogical and physio-chemical changes in pyroxene-rich PGM

tailings after 100-day leach at ambient temperature

The mineralogical and chemical changes in the extended 100-day leach residues are explained in
Table 4.2 and Table 4.3, respectively. For the mineralogical balance, the mass of each mineral group
was calculated from iDiscover for both the feed and residue samples. For the chemical balance the
mass of each cation in the feed and residue was calculated from chemical assay (XRF). The extraction
of each mineral and cation from the PGM tailings was calculated based on this data and grouped into

categories as shown in Table 4.2 and Table 4.3, respectively.

Table 4.2: Mineralogical balance from QEMSCAN data on feed and residue sample. (Negative: x < -5, ~zero:
S <x <5, low: 5 < x <30, medium: 30 < x < 60, and high: x > 60). The full calculation for the mineral
mass balance is listed in Table A.2.

Mineral Feed (g) Residue (g) Extraction
Orthopyroxene 6.7 6.2 Low
Clinopyroxene 0.52 0.40 Medium
Plagioclase 1.7 1.0 Medium
Amphibole 0.29 0.36 Negative
Other Mg-minerals*  0.31 0.50 Negative
Fe-oxides/hydroxides 0.27 0.22 Low

Silica 0.09 0.29 Negative

*QOther Mg-minerals: olivine, serpentine, chlorite, talc, and biotite/phlogopite
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The mineralogy of the pyroxene-rich PGM tailings were described in detail in Section 2.4, and
their chemistry detailed in Table B.1 and Table 3.2. Mineralogical analysis of the feed and residue
sample from the extended leach showed that leaching occurred in plagioclase (~40 % extraction),
clinopyroxene (~23 % extraction) and orthopyroxene (~7 % extraction, Table 4.2). The increase in
amphibole is attributed to the formation of a hydrated layer on the surface of the dissolving silicate
minerals (likely pyroxenes). Pyroxenes and amphiboles have similar mineral chemistry, but amphi-
boles have a hydrated (OH) layer. The ‘other Mg-minerals’ have a variable change due to the nature
of minor (trace) concentrations of these minerals in both the feed and the residue. The low extraction
of orthopyroxene is likely due to its complex silicate structure as discussed in Section 2.5. A nega-
tive change in SiO» in the solid suggests the formation of amorphous silica associated with leaching

(QEMSCAN analyses the chemical composition of a substance but cannot discern crystallinity).

Table 4.3: Extent of cation extraction of selected cation of pyroxene-rich PGM tailings from the 100-day leach
at ambient temperature. (Negative: x < -5, ~zero: -5 < x < 5, low: 5 < x < 30, medium: 30 < x < 60, and
high: x > 60). The full calculation for the elemental mass balance is listed in Table ??

Ion Feed (g) Leach Residue (g) Extraction

Al  0.90 0.43 Medium
Ca 0.58 0.35 Medium
Fe 1.1 1.0 ~Zero
Mg 1.9 2.0 ~Zero
Si 5.2 4.9 Low

The cation extraction data for the leach residue of the 100-day leach experiment showed a de-
crease (i.e. extraction) of Al, Ca, and Si; and no change in Fe and Mg (Table 4.3). The change
in cation concentration of Ca and Al corresponds to the decrease in the mineral plagioclase from the
tailings. The low Mg extraction (close to zero change) is attributed to the Mg extraction from clinopy-
roxene and not orthopyroxene, the major Mg-host, as orthopyroxene was relatively unreactive. The
chemical extraction ranges calculated from XRF data correlate to the extraction percentages calcu-
lated from the liquid leachate (Table 4.1). Al and Ca extraction calculated from both the leachate and
residue were within the 30 < x < 60 range, and Mg extraction calculated from both the leachate and
residue was within the -5 < x < 5 range.

The surface area of the residue had a 6- to 31-fold increase on the starting material with a surface
area of 1.211 & 0.0054 m?.g~!. The 100-day leach had the highest surface area increase of 31 fold

(Table 4.4). An increase in surface area correlates to an increase in surface roughness (Anbeek, 1992).
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Table 4.4: BET of initial and final material from phase one experiments on pyroxene-rich PGM tailings.

Surface area Increase

Sample 2 1) (x-fold)
Mixture 1 8.157 6.7
Mixture 2 14.79 12
Mixture 3 15.67 13
Mixture 4 13.74 11
Mixture 5 12.09 10
Mixture 6  15.95 13
Mixture 7 16.65 14
Mixture 8 12.12 10
Mixture 9 15.58 13
Mixture 10 12.71 10
Mixture 11  9.624 8
100-days 37.45 31

4.4 Summary of leaching experiments on pyroxene-rich PGM tailings

Maximum cation extraction from PGM tailings was obtained in a solution of: 0.060 M HCI, 0.038 M
oxalic acid, and 0.001 M EDTA; where the extraction of Al was 39.5 %, Ca was 29.9 %, Fe was
7.8 %, Mg was 4.3 %, and Si was 6.4 %. Under all conditions, the extraction of Ca and Al continued
for the full 5 hours, whereas the extraction of Si plateaued after 3 hours and Fe and Mg extraction
after 1.5 hours. The presence of oxalic acid had a positive effect on the extraction of Al, Ca and
Si, whereas EDTA had a negligible effect. To this end, the Design Expert software model chose
mixture 8 (0.060 M HCI, 0.038 M oxalic acid, and 0.001 M EDTA) as the most desirable conditions
for cation extraction from pyroxene-rich PGM tailings. The model showed that the extraction of Si
from the pyroxene-rich PGM tailings was significant in the presence of oxalic acid but not for EDTA.
The predicted outcomes are close to the actual values for mixture 8.

Leaching of pyroxene-rich PGM tailings at ambient temperature for 100 days occurred mainly in
the minerals plagioclase and clinopyroxene, with low extraction from orthopyroxene. The extractions
of the more reactive Mg-minerals, serpentine and olivine, were variable because of the low concen-
tration of these minerals in the feed. The formation of silica (amorphous) indicated the dissolution
of silicate minerals and the subsequent precipitation of Si after saturation was reached. The chemical
assay on leach residues from the extended 100-day leach closely correlates to the extraction calcu-
lated from the leachate. The low Mg extraction calculated from the leachate and XRF on the residue
confirms that the orthopyroxene is relatively unreactive and that the Mg extracted from the feed is

mainly from clinopyroxene and ‘other Mg-minerals’.

75



76



Chapter 5

Dissolution of pyroxene group minerals

This chapter summarises the results from the second phase of experiments on pure pyroxene min-
eral samples of varying composition and at different temperatures and particle sizes. The aim of
these experiments was to understand how changes in pyroxene chemistry affect mineral dissolution
by analysing both the leachate concentrations and the reaction surface of the solid residue. These
experiments further aim to assess the effect of temperature and particle size on the extraction of Ca,
Fe, Mg, and Si from these minerals. A total of 23 experiments (additional 10 repeats) were conducted
on pure pyroxene and pyroxenoid samples of enstatite, augite, diopside, and wollastonite, which were
leached in a 0.1 M HCI solution at ambient temperature, 40 °C, and 70 °C and on a particle size
fractions of -38 um and -75/4+106 um for a period of between 48 and 264 h. The results from the
pure pyroxene/pyroxenoid leach experiments are ordered by (1) the deportment of cations in each
pyroxene sample, (2) the results from the 23 leach experiments at varying temperature and particle

size, and (3) the changes in mineralogy, chemistry, and physical appearance of the residue samples.

5.1 Deportment of Ca, Mg, Fe, and Si in pyroxene samples

The chemical and mineralogical analysis of enstatite, augite, diopside, and wollastonite are presented
in Table B.1 and Table 3.2, respectively. The percentage purity of each sample was greater than 90 %
for enstatite and diopside, 85 % for wollastonite, and 77 % for augite; and thus sufficiently pure for
the experiments. Enstatite is the Mg-rich pyroxene with 31 % MgO, and wollastonite the Ca-rich
pyroxenoid with 48 % CaO. Diopside and augite have almost equal amounts of Ca and Mg, and Ca,
Mg, and Fe, respectively. Diopside has 22 % Ca and 18 % Mg, and augite has 18 % Ca, 13 % Mg,
and 16 % Fe.
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Based on the mineral chemistry of each sample and the specified relative abundance of each
cation in the mineral phase, the elemental deportment for each pyroxene/pyroxenoid sample could
be calculated by with the iExplorer software. The pyroxene group minerals enstatite, and augite and
diopside, are classified as orthopyroxene and clinopyroxene, respectively. The chemical mineralogy
between the different clinopyroxene minerals (e.g. diopside and augite) is very similar and therefore
the iExplorer software cannot accurately distinguish between the individual minerals, thus classifying
them into pyroxene groups and not by mineral name. Figure 5.1 illustrates the cation deportment
for Ca, Mg, Fe, and Si in each mineral phase for the four pyroxene/pyroxenoid samples. In the
diopside and wollastonite samples, greater than 90 % of the Ca and Si is hosted in clinopyroxene and
wollastonite, respectively. In the enstatite sample, greater than 90 % of the Fe, Mg, and Si is hosted in
orthopyroxene. However, in the augite sample, ~95 % of the Ca, but only 60 % of the Fe and 80 % of
the Mg is hosted in clinopyroxene; with 20 % of the Fe and ~15 % of the Mg hosted in other Fe-Mg
minerals (mainly olivine and Fe-oxides). Therefore, extraction of Fe from augite will be influenced
by the dissolution of Fe-oxides and olivine, a more reactive silicate mineral. The Si deportment in
the enstatite, diopside, and wollastonite samples is greater than 90 %, but only ~85 % in augite, with

more than 15 % of the Si in the Fe-Mg-alteration minerals.
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Figure 5.1: Elemental deportment of Ca, Fe, Mg, and Si of each mineral phase in the enstatite, augite, diopside,
and wollastonite samples. Other Fe-Mg minerals: olivine, serpentine, Fe-oxides, chlorite, talc, and amphibole;

Al-silicates: plagioclase, K-feldspar, and garnet. Read in text for orthopyroxene and clinopyroxene classifica-
tion.
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5.2 Soluble cation extraction

Table 5.1 compares the extraction of Ca, Fe, Mg, and Si from enstatite, augite, diopside, and wollas-
tonite after leaching in a 0.1 M HCI solution for 48 h at varying temperature (ambient, 40 °C, and
70 °C) and particle size (-38 pm and -75/+106 um). The values in parentheses have been removed
because one extraction analysis was above 100 %. The results from this table were used to compare
the effect of mineral chemistry, temperature change, and particle size change; as discussed in the

following section.

Table 5.1: Cation extraction (in %) of the pure pyroxene/pyroxenoid samples at varying temperature (ambient,
40 °C, and 70 °C) and particle size (-38 um and +75/-106 pum) after 48 h in 0.1 M HCI. Standard error
calculated on duplicate runs. Values in parentheses have been removed because the analyses of one element
was above 100 % and the whole analysis discarded.

Ton Temp Enstatite Augite Diopside Wollastonite
(°C) -38 +75/-106  -38 +75/-106  -38 +75/-106  -38
25 - - 3.1 1.1 68.7+83 134 -
Ca 40 - - 34+ 1.1 (20.2) 84.0 33.9 95.4
70 - - (86.6 £34.3) - - 68.4 -
25 9.7 1.1 45.6 32.5 56+09 1.01 -
Fe 40 125+15 5.8 542 +24 (468) 6.6 woE -
70 23.6 - (777 £358) - - 4.2 -
25 1.2 0.25 8.5 6.1 24407 044 -
Mg 40 1.84+026 09 128 + 1.1 97.1) 3.3 ok -
70 4.9 - (139 +£24.8) - - 2.1 -
25 0.9 0.13 3.1 2.9 14+06 0.28 2.9
Si 40 1.84+022 0.6 39412 *ok 2.0 *ok 30.8
70 4.0 - (435+34) - - 2.0 -

— Experiment was not conducted
** Analysis removed because the sample leachate was contaminated

5.2.1 Effect of mineral chemistry

The time-related extraction curves of Ca, Fe, Mg, and Si for the 40 °C, -38 um particle size sample
experiments for enstatite, augite, diopside, and wollastonite are plotted in Figure 5.2. The extraction
curves for all four pyroxene/pyroxenoid samples show an initial, sharp increase, followed by a more
gentle increase until the maximum extraction was reached. After maximum extraction was reached,
the reaction curves plateaued around the 7 h mark for enstatite, augite, and diopside. The Si and Ca

extraction curves for wollastonite dipped at the 24 h mark, which indicated the precipitation of Ca
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and Si from the solution. The maximum extraction of cations was Ca > Fe > Mg > Si, within each
pyroxene mineral.

Within this set of experiments (40 °C and -38 pum), wollastonite had the greatest extraction of
both Ca and Si over the other pyroxenes (Table 5.1); followed by diopside with the second highest Ca
extraction, but a low extraction of Fe, Mg, and Si. Augite had a high extraction of Fe, and the highest
extraction of Mg; and enstatite had the lowest extraction of Fe, Mg, and Si of all the samples. The
overall extraction of Mg and Si was low in all the pyroxene samples (< 3.1 %); but Si extraction was
high in the pyroxenoid (wollastonite) sample.

Stoichiometric release of the leachate was calculated as described in Section 3.4 and is illustrated
in Figure 5.3. For example, the ratio of Fe:Si and Mg:Si for enstatite is 0.15 and 0.8, respectively
(calculated from the mineral formula in Figure 3.1). Thus for enstatite dissolution to be congruent, the
ratio of Fe:Si and Mg:Si in the leachate needs to lie on the lines: y = 0.15x and y = 0.8x, respectively.
Figure 5.3 plots the ratio of cations against Si of each mineral for the 48 h dissolution reaction. The
dashed lines indicate the mole ratio of Ca:Si, Fe:Si, and Mg:Si within the pure solid; and the markers
indicate the mole ratio of Ca:Si, Fe:Si, and Mg:Si calculated from the leachate. The release of Ca,
Fe, and Mg for augite is much greater than the release of Si at each time interval. The release of Ca
from wollastonite is much greater than the release of Si from wollastonite for the entire reaction time.
However, enstatite and diopside show almost congruent dissolution for Fe and Mg, and Ca, Fe, and

Mg, respectively.

5.2.2 Effect of temperature and particle size

The extraction of cations from enstatite, augite, and diopside at ambient temperature, 40 °C, and
70 °C for each size fraction after 48 h is illustrated in Figure 5.4. The graphs show that an increase
in temperature increased the extraction of enstatite, augite, and diopside; and a decrease in particle
size increased cation extraction. Furthermore, the larger size fraction (+75/-106 um, closed symbols)
had a greater dependence on temperature change as the gradient of the connecting lines was steeper
than for the smaller size fraction (-38 um, open symbols) at the same temperature range. The effect
of temperature on cation extraction generally appears to be linear between ambient temperature and
70 °C for both size fractions. From Eq 2.3, the curve is expected to be exponential but appears to
be linear in Figure 5.4. This discrepancy in could arise from the low temperatures of the reactions

(ambient temperature to 70 °C) and the limited data points.
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5.3 Mineralogical and physio-chemical changes in solid compositions

after leaching

Table 5.2 lists the extent of each mineral phase extracted from the solid sample, represented in cat-
egories of: ~zero: -5 < x < 5, low: 5 < x < 30, medium: 30 < x < 60, and high: x > 60.
The QEMSCAN detects mineralogy but cannot discern crystallinity and because of thermodynamic
constraints all precipitates calculated were amorphous. In the enstatite and diopside samples, the
extraction of orthopyroxene and clinopyroxene, respectively, was low. In augite, the extraction of
clinopyroxene was medium and orthopyroxene was high. The high extent of orthopyroxene is likely
from its small concentration (< 1 %) in the feed and residue sample. In the wollastonite sample, the
extraction of carbonates was high — carbonates are very reactive in acidic solution — but the extrac-
tion of wollastonite was low. The extraction percentages of Ca from wollastonite indicate a relatively
reactive sample, however the system reached saturation early and precipitated Si-Ca. This likely re-
sulted in the formation of an amorphous Ca-silicate close in composition to clinopyroxene on the
surface of the grain; and would explain the formation of clinopyroxene in the wollastonite sample.
Other amorphous Fe-Mg silicates (mainly talc but also includes serpentine, chlorite, and amphibole)
and Fe-oxides formed in the enstatite, augite, and diopside. Amorphous silica formation occurred
in enstatite, diopside, and wollastonite, indicating the dissolution of the primary silicate phase. The
high percentage of quartz (amorphous Si) in the solid enstatite agrees with the low removal of SiOg

as indicated by the leachate Si extraction (Table 5.1).

Table 5.2: Calculated extent of dissolution for each sample, using mineralogical data obtained from the QEM-
SCAN from feed and residue samples at 40 °C for 48 hours. (~zero: -5 < x < 5, low: 5 < x < 30, medium:
30 < x < 60, and high: x > 60). The full calculation for the mineral mass balance is listed in Tables A.3, A.4,
A.5, and A.6.

Phase Enstatite  Augite Diopside Wollastonite
Orthopyroxene Low High - -
Clinopyroxene - Medium Low Negative
Wollastonite - - - Low
Other Fe-Mg silicate  Negative Negative Negative Negative
Al-silicate Negative Negative Negative Negative
Silica Negative Low Negative Negative
Fe oxides Negative Negative Negative Negative
Carbonates - - - High

Other Fe-Mg mineral: olivine, serpentine, chlorite, talc, and amphibole
Al-silicate: plagioclase, K-feldspar, and garnet
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The extent of cation extraction of Ca, Fe, and Mg from the solid phase is shown in Table 5.3,
which was calculated from the changes in XRF data on the feed and residue samples. The extraction
of each ion from the solid phase is shown in the same categories as used for the mineralogy. The
extraction of Ca, Fe, and Mg from enstatite, augite, and diopside was low, except Ca extraction from
diopside which was ~zero. The ~zero Ca extraction from diopside is likely due to precipitation of
Ca once it entered the solution. However, the extraction of Ca from wollastonite was medium. Si
extraction in all samples was ~zero for augite, diopside, and wollastonite, and low for enstatite. The
Si concentration for saturation in 0.1 M HCI at 40 °C is between 51 ppm and 404 ppm (from Visual
MINTEQ and Pourbaix diagram, respectively). Augite, diopside, and wollastonite had a Si extraction
of zero because the extracted Si was precipitated, however enstatite Si concentration did not exceed
103 ppm and therefore Si did not precipitate. Saturation calculations from Visual MINTEQ predicts
that in experiments from enstatite, augite, diopside, and wollastonite of -38um at 40 °C in 0.1 M
HCI, only minor amounts of Si precipitated in the solution. The outcomes from these models predict
a Si precipitation of 0.125 ppm, 0.164 ppm, 0.133 ppm, and 0.353 ppm for enstatite, augite, diopside,

and wollastonite, respectively.

Table 5.3: Calculated extent of dissolution for each sample, using metal oxide data obtained from the XRF data
from feed, and residue samples at 40 °C after 48 h. (~zero: -5 < x < 5, low: 5 < x < 30, medium: 30 < x <
60, and high: x > 60). The full calculation for the cation mass balance is listed in Tables A.3, A.4, A.5, and
A.6.

Ion Enstatite Augite Diopside Wollastonite

Ca - Low ~Zero Medium
Fe Low Low Low -
Mg Low Low Low -

Si Low Zero ~Zero Zero

The chemical extraction data supports the mineralogical extraction data for enstatite and diopside.
The low extraction of orthopyroxene and clinopyroxene results in a low extraction of Fe, Mg, and Si,
and Ca, Fe, Mg, and Si, respectively. However where the extraction from the mineral exceeded the
saturation limit (e.g. for augite and wollastonite) the chemical and mineralogical extraction data

contradict.
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5.4 Particle topology changes on solid residue

Figure 5.5 shows micron-scale particle surfaces of enstatite, augite, diopside, and wollastonite after
dissolution of -38 pum size fraction samples at 40 °C for 48 h in a 0.1 M HCI solution. Enstatite
grains (Figure 5.5A) are block-shaped with smaller anhedral grains in the crevices of the larger grain.
There are multiple stepped layers, which are ~90° to each other (Figure 5.5B). These stepped layers
at ~90° are the cleavage planes of enstatite as illustrated in Figure 2.18C. The surface of the augite
grain (Figure 5.5C) was similar in shape and topology to the enstatite grains. The augite sample shows
small, finer particles on the surface of the grain, which shows the exposed cleavage intersections. The
surface of the diopside (Figure 5.5D) is clean and smoother than the augite grains. However, the
diopside shows an amalgamation of smaller grains which have been grouped on a larger diopside
grain. The wollastonite grains (Figure 5.5E) show the highest degree of surface disruption. The
elongate wollastonite grains are only slightly visible under the fluffy-textured precipitated silica. The
precipitated silica (or Ca-silicate) on the surface of the wollastonite shows no discernible crystal
shape and is likely amorphous Si gel (Figure 5.5F). Overall, none of the pyroxene grains showed
any indication of pitting or etching on the surface. Furthermore, there was no visual indication of a
passivating layer on the surface of the reacted grains.

The change in surface area (Table 5.4) of the pyroxene and pyroxenoid samples agrees with the
SEM images of the residue surfaces. The wollastonite shows the greatest increase in surface area,

which is more than 20-times greater than the surface area increase of enstatite, augite and diopside.

Table 5.4: Surface area change (in percentage) of cations from -38 wm-sized samples at 40 °C for enstatite,
augite, and diopside after 48 hours in 0.1 M HCI solution.

Surface area (m”.g— ')

Sample Feed Residue Fold increase Percent increase (%)
Enstatite 2.316 3.928 1.7 70

Augite 3.760 4.566 1.2 21
Diopside 1.369 2.771 2.0 102
Wollastonite 0.9966 29.14 29.2 2825

Chemical analysis, by EDS from the SEM, analysed the proportion of Ca, Fe, Mg, and Si of se-
lected spots on pyroxene residue grain surfaces. This data was plotted as a ratio of Ca:Si, Fe:Mg,
and Mg:Si for each sample in Figure 5.6. In Figure 5.6, the open symbols represent the calcu-
lated ratio of the residue from EDS data, the solid symbols represent the analysed ratio in the feed

from EMP data, and the dashed lines represent the ratio of Ca:Si, Fe;Si, and Mg;Si as calculated
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Figure 5.5: SEM images of pyroxene and pyroxenoid residue grains from reaction of 0.1 M HCI at 40 °C for
48 hours. (A): a block enstatite grain with (B) an enlargement showing the ~90° cleavage; (C): augite grains
also show exposure of cleavage intersection; (D): diopside residue grain is relatively smooth; (E) wollastonite
grain beneath the amorphous silica; and (F): a different morphology of precipitated silica on wollastonite. Read
text for full description.

88



3
W
)
.8
=
(]
S 2
G
o
g
g 1
=
Z

0

3
2 2.5
.2
S 2
=
=15
o
2 1
O
g
=
Z 05

0

H pid

r |

L .

A 'S

A T R

0 1 2 3
Number of Si cations

E RS

o . %

C ’ &

r o DA

L= v v

0 1 2 3

Number of Si cations

Number of Fe cations

0.8

0.6

0.4

0.2

! &
; &
: L
| X

L @0@

0 1 5 :

Number of Si cations

Enstatite
Augite
Diopside
Wollastonite

Figure 5.6: Number of cations (Ca, Fe, and Mg) plotted against the number of Si ions on the surface of
the pyroxene and pyroxenoid grains. Closed symbols were calculated from the average of microprobe data.
Open symbols were calculated from elemental distribution data from the surface of the grains from the semi-
quantitative EDS analysis at selected sites on each mineral grain. Dashed lines indicate the stoichiometric ratio
of Ca:Si, Fe:Si, and Mg:Si for each solid mineral and was calculated from mineral formula in Figure 3.1.

89



from the mineral formula in Figure 3.1. There was a general reduction in number of cations on the
surface of these grains but in a stoichiometric ratio. Enstatite, augite, and diopside values all plotted
along their mineral ratio functions (dashed lines), but the wollastonite residue sample grains were
enriched in Si over Ca. Where the mineral residues remain on the dashed lines, congruent dissolution
is present. Augite, diopside and wollastonite residue samples (open symbols) trend away from the
measured probe data (closed symbols) towards the origin. However, enstatite shows a range of both
reduction and enrichment in the number of cations on the surface of the grains for both Fe and Mg.
From the congruency diagram of the leachate and solid, the dissolution of pyroxene is generally
stoichiometric; except for the dissolution of Ca from wollastonite, which is much greater than the
dissolution of Si from wollastonite. This difference is greatest in the leachate solution because it
measures the ratio of the cations as they are released from the mineral. The congruency of the solid
takes into account the effect of precipitated sample on the surface of the grains and the analysing
beam penetrates the upper surface layer of the mineral. Therefore if dissolution is nonstoichiometric
and the leached layer (passivating layer) is negligible in thickness, the elemental concentrations will

be contaminated by the concentration of the unreacted mineral.

5.5 Summary

The time-related extraction curves show parabolic extraction with wollastonite plateauing within the
first 5 h and enstatite, augite, and diopside plateauing after 7 h. The extraction reactivity for the
cations was: Ca > Fe > Mg > Si within each mineral. The reactivity within the pyroxene group
investigated was: wollastonite > diopside = augite > enstatite. Chemical analysis on the leachate
during reaction showed that dissolution was nonstoichiometric for Ca and Fe from wollastonite and
augite, respectively, but almost stoichiometric for Mg and Fe from enstatite and for Ca, Fe, and Mg
from diopside.

An increase in temperature increased the extraction of Ca, Fe, Mg, and Si from enstatite, augite,
and diopside. A decrease in particle size fraction from +75/-106 pm to -38 pum increased the ex-
traction of Ca, Fe, Mg, and Si from enstatite, augite, and diopside. The relative cation extraction for
the larger size fraction (+75/-106 pum) was more dependent in the change in temperature than for the
cation extraction for the smaller size fraction (-38 um) for the pyroxenes investigated.

Mineralogical results showed that there was low extent of extraction of orthopyroxene and clinopy-
roxene from the estatite and diopside samples, respectively. There was medium extraction of clinopy-

roxene from augite and negative extraction (i.e. formation) of clinopyroxene from wollastonite. The
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chemical results support the low dissolution of enstatite and diopside, but they indicate a medium
extent of Ca removal from wollastonite. Thus the mineralogical and chemical extraction data in Ta-
ble 5.2 and Table 5.3, respectively, gives an idea of the precipitating phases.

The surface of the reacting grains of enstatite and augite show right-angled steps which indicate
cleavage planes. The surfaces of enstatite, augite, and diopside are relatively smooth, however the
surface of the wollastonite grains are covered in precipitated Si. Chemical spot analysis on the sur-
faces of the residue grains indicate congruent dissolution, which follow a trend in their stoichiometric
proportions. Wollastonite dissolution is incongruent and surface of the grains are enriched in Si over

Ca.
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Chapter 6

Discussion

The objective of this study was to investigate the mineralogical (composition and structure) and chem-
ical (solution composition) effects of dissolution on pyroxene group minerals for an overall under-
standing of the pyroxene-rich PGM tailings reactivity for future mineral carbonation studies. This
chapter discusses the results of pyroxene-rich tailings dissolution in organic acids (Chapter 4) and
the effect of mineral chemistry, temperature changes, and particle size reduction on the dissolution
of pyroxene group minerals (Chapter 5). The results are discussed in accordance to the hypotheses

outlined at the end of Chapter 2, and further aims to answer the key questions for each hypothesis.

6.1 Factors affecting the kinetics of silicate mineral dissolution

The aim of this section is to answer the key question: “Are low concentration organic solvents com-
parable to high concentration mineral acids on pyroxene-rich PGM tailings under the same condi-
tions?” This key question will be addressed on the basis of the results from the leach experiments on
pyroxene-rich tailings using mixtures of organic (oxalic acid and EDTA) and mineral (HCI) acids at
varying concentrations (results from Chapter 4). The second part of this section aims to answer the
key question: “Does increasing the temperature and decreasing the particle size lead to an overall
increase in cation extraction?” This key question will be addressed on the basis of the results from
the leach experiments on pyroxene and pyroxenoid samples at varying temperature and particle size

(results from Chapter 5).
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6.1.1 The effect of organic additives on silicate dissolution

The dissolution reaction of pyroxene-rich tailings in a solution mixture of HCI (0.060 M to 0.088 M),
oxalic acid (0.010 M to 0.038 M), and EDTA (0.001 M to 0.009 M) extracted a maximum of 40 %
Al, 30 % Ca, 8.6 % Fe, 4.3 % Mg, and 6.4 % Si after 5 h at 70 °C (Table 4.1). The most favourable
extraction of cations was in the solution with the highest concentration of oxalic acid (0.38 M in
Mixture 8, Table 4.1). The maximum extraction of each cation, ordered in increasing concentration
of oxalic acid (Figure 4.3), and the models from Design Expert show that the presence of oxalic
acid increased the dissolution of pyroxene-rich tailings. The increase in oxalic acid concentration
from 0.010 M to 0.038 M corresponded to an increase in Si and Ca extraction but not for Fe and Mg
extraction. There was no noticeable trend for the effect of EDTA on an increase in cation extraction
from pyroxene-rich PGM tailings. From the mineral balancing data of the pyroxene-rich tailings in
Table 4.2, plagioclase had medium extraction. Thus the increase in extraction of Ca and Si is from
plagioclase, which has more than double the weight percent of clinopyroxene, another source of Ca
(Table 4.3).

It has been previously shown that organic acids dissolve silicate minerals by both the ligand- and
proton-promoted dissolution mechanism (Furrer and Stumm, 1986). In the presence of mineral-acids
only, the dissolution of silicate minerals proceeds by the proton-promoted mechanism as described in
Figure 2.4. However, the addition of organic chelators enhances mineral dissolution by the addition
of the ligand-promoted mechanism (Furrer and Stumm, 1986; Bennett and Casey, 1994; Prigiobbe
and Mazzotti, 2011). In the ligand-promoted mechanism the protons associated with the organic
acid hydrate the Si-O tetrahedra, and the organic ligands form complexes at the reaction front by
covalent bonding between the oxygen of the organic compound and the surface metal. This shifts the
electron density towards the metal ion, which weakens and breaks the M-O bond (Bennett and Casey,
1994). Proton-promoted dissolution is a slow process except at very acidic pH (Wiederhold et al.,
2006). Organic acids contribute significantly to mineral dissolution, especially at neutral pH, where
the effect of proton promoted dissolution is smallest (Welch and Ullman, 1993).

A previous study on the same pyroxene-rich tailings, as used for experiments in Chapter 4, by
Vogeli (2012), reacted these same pyroxene-rich tailings with a high-concentration mineral acid (2 M
HCI) at 70 °C. The results from Vogeli (2012) and the results from mixture 8 (this study) are plotted
together in Figure 6.1. Over the same time period investigated, the organic-mineral acid mixture
experiment (0.060 M HCI, 0.038 M oxalic acid, and 0.001 M EDTA) had an overall higher extraction

of Ca and Si from these tailings when compared to the 2 M HCI experiment. The extraction results
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Figure 6.1: Extraction of Ca, Fe, Mg, and Si from the most successful mineral-organic mixture experiments
(0.060 M HCI, 0.038 M oxalic acid, and 0.001 M EDTA) after 5 h (mixture 8, open symbols) and the extraction
achieved in 2 M HCl solutions at 70 °C after 8 h from Vogeli (2012, closed symbols) on the same Lonmin bulk
size fraction.

from the addition of oxalic acid at concentrations of 0.038 M to dilute mineral acid (0.060 M HCI)
are comparable to, and in the case of Ca and Si, improved the extraction to that obtained with higher
concentration mineral acids.

The increase in Ca and Si extraction with the addition of 0.038 M oxalic acid is caused by the
dissolution of plagioclase, a Ca-Al-silicate. Plagioclase is the major host of Ca (Table 3.2) and had
an overall larger dissolution (Table 4.3). Therefore the Ca extracted from the pyroxene-rich tailings
was from the plagioclase and not clinopyroxene, the other Ca host. Oxalate has the ability to form

complexes with Si (Bennett and Casey, 1994) and has an affinity for Al and Ca (Welch and Ullman,
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1993). In the plagioclase structure, Al occupies up to 50 % of the Si sites in the Si-O tetrahedra (Deer
et al., 1992). The removal of the Al from the Al-O-Si tetrahedra would increase the extraction of the
Ca and Si from the plagioclase.

Oxalic acid is very important for silicate mineral dissolution especially for silicates with a high
Si:0O. It complexes the slightly soluble Si in solution, which increases the extraction of Si and aids
in increased cation extraction (Furrer and Stumm, 1986; Bennett and Casey, 1994; Prigiobbe and
Mazzotti, 2011). A high concentration of Si in solution causes deposition of Si or Si-O polymers on
the surface of reacting grains (Weissbart and Rimstidt, 2000). The deposition of Si forms product
layers, as discussed in Section 2.2.2, which can be porous or hinder further dissolution on the mineral
surface. The increase in Si solubility in solution allows for more Si to be extracted (i.e. more dissolu-
tion) before Si saturation is reached. Welch and Ullman (1993) suggested that the addition of organic
ligands is most effective at near neutral pH. However, the results of the tests conducted in the mix-
ture experiments at pH = 1, show that oxalic acid was still effective for Si extraction. Furthermore,
precipitation prediction calculations using Visual MinteQ indicated that the leach solutions became
saturated with respect to amorphous silica under both experimental conditions; but the extent of Si
extraction reached a concentration of 312 ppm in the presence of oxalic acid versus only 32 ppm in
the 2M HCI solution without oxalic acid. In the 2 M HCI dissolution experiment, the Si extraction
reached a maximum of 111 ppm after 2 h but then steadily declined to a much lower concentration.
EDTA had little or no effect on the dissolution of the pyroxene-rich PGM tailings sample even though
it has 6 sites of coordination — two amines and four carboxylates, and oxalic acid has only two (Fig-
ure 2.11). However oxalic acid has a lower ionisation constant (pKa) of 1.25 and EDTA has a pKa of
1.782, which results in a stronger dissociation of oxalate than EDTA in solution.

The findings in this section are in accordance with the findings by other authors, where the ad-
dition of organic chelators to the solvent increases the dissolution of silicate minerals. Also, that the
addition of oxalate increases the solubility of Si because it forms Si-oxalate complexes. The addition
of organic acids increases the reaction rate through the addition of the ligand-promoted dissolution.
The ligand-promoted mechanism is faster than the proton-promoted mechanism at neutral pH and at
low temperature. The incorporation of the two mechanisms in the dissolution of the pyroxene-rich
tailings has been shown to increase the reaction rate, but the overall increase in Ca, Fe, and Mg ex-
traction is attributed to the high extraction of Si in the organic solution reactions. Calculations from
the QEMSCAN software show that the majority of the Ca is extracted from plagioclase and the Mg
from clinopyroxene, however it is difficult to determine where the organic acid has the most effect

and if it has an affinity for a specific mineral (e.g. plagioclase dissolution over clinopyroxene). Pure
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mineral samples in organic acids and the reaction with multiple organic acids would be able to give

more insight into the dissolution of mineral in organic solvents.

6.1.2 Temperature and particle size effects on pyroxene dissolution

The degree of extraction of Ca, Fe, Mg, and Si from enstatite, augite, and diopside in the 48 h
reaction period increased with an increase in temperature from ambient to 70 °C and also with a
decrease in particle size fraction from +75/-106 pwm to -38 pm for the pyroxene samples investigated.
The relative increase in cation extraction with an increase in temperature had the greatest effect on
the +75/-106 um size fraction. This is shown by the steeper gradient in the extraction of cations in
Figure 5.4 (closed symbols).

In the dissolution rate equation by Lasaga (1995, Eq 2.3), the effect of particle size is represented
by the active surface area (A, ), Which is directly proportional to the rate of dissolution. An increase
in surface area increases the number of sites that can be protonated. During the dissolution reaction,
the mass of sample material decreases and the area generally increases as uneven surfaces are created
by the formation of etch pits (Brantley, 2003). Based on measured surface area of each size fraction
sample, the change in area was calculated. If a constant rate for the dissolution of enstatite were
assumed, the rate of dissolution would theoretically increase 19 times (or 1 933 %) when the particle
size is decreased from +75/-106 um to -38 um. Table 6.1 gives the increase in surface area between
the two size fractions as determined by BET. Even though the enstatite sample had the greatest in-
crease in surface area with a reduction in particle size, the particle size distribution was the same for
all the samples. Therefore the increase in surface area is not the only factor that governs the reactivity
of the mineral when particle size is reduced. Other factors to consider are the effects imparted onto
the surface of minerals during grinding. An increase in grinding exposes cleavage intersections, and

produces cracks which propagate through the mineral.

Table 6.1: Theoretical effect of particle size change on the calculated rate by using the dissolution rate equation
of Lasaga (Eq 2.3, 1995)

Surface area (m°.g~!)

Mineral 38 um  +75/-106 i Percent increase (%)
Enstatite 2.32 0.120 1933

Augite 3.76 0.274 1372
Diopside 1.37 0.190 721
‘Wollastonite 1.00 0.133 752
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The temperature dependence of the rate law is based on the activation energy, which is calculated
from the Arrhenius equation (Eq 2.5). The activation energy of a reaction is indicative of the reaction
mechanism and is calculated from surface interaction models (Casey and Sposito, 1992). The values
ranges for a dissolution reaction are: 1 kJ.mol~! < diffusion limited > 20 kJ.mol~! < intermediate
> 40 kJ.mol~! < reaction-limited. The activation energy of enstatite is 80 kJ.mol~!, diopside is
96 kJ.mol !, and wollastonite is 54 kJ.mol~! (Table 2.4, Brantley, 2003). The activation energy of
a mineral should remain constant, however the apparent activation energy of a mineral can change
when under different experimental conditions (Casey and Sposito, 1992).

From the temperature-extraction data for enstatite in (Table 5.1), a graph of the natural log of the
rate (1, based on extraction of Mg) versus the reciprocal of the absolute temperate was plotted for
the data between ambient temperature and 70 °C for each size fraction (Figure 6.2 and calculations
in Table A.7). The negative gradient of the best-fit lines are equal to the activation energy divided
the molar gas constant (where R = 8.314 m? kg.s"2.K~!.mol~! and T is in Kelvin). From the slope
of the best-fit line, the apparent activation energy for enstatite of each size faction was calculated
(Table A.7). The calculated (apparent) activation energy for enstatite between ambient temperature
and 70 °C was 27 kJ.mol~! for the -38 um size fraction and 66 kJ.mol~! for the +75/-106 um size
fraction. This is much lower than the value of 80 kJ.mol ! calculated for enstatite by Brantley (2003).

“Reactions with a high activation energy are more temperature-sensitive and reactions with lower
activation energies are relatively temperature-insensitive” (Levenspiel, 1999, p28). The enstatite sam-
ples had the greatest increase in surface area from the -38 pm to the +75/-106 um size fraction, but all
four pyroxene minerals had the same or similar particle size distribution curve (Figure 3.3). There-
fore the effect of particle size reduction was not the dominant physical mechanism. The activation
energy for enstatite is given in the literature as 80 kJ, a reaction-limited dissolution; but the calculated
activation energy for the enstatite reaction at the different particle sizes shows that for the smaller
size fraction (-38 um), the dissolution reaction is intermediate, but closer to transport-limited ki-
netics. However, the larger size fraction (+75/-106 wm) has an apparent activation energy of 66 kJ
and is therefore reaction-limited. The change in reaction kinetics shows that increased particle size
reduction increases the number of reactive sites which moves the reaction mechanism from reaction-
limited to transport-limited as the desorption of the solute is no longer limiting. Therefore silicate
minerals with high low activation energies (i.e. increased grinding) can be easily accommodated for
low temperature dissolution.

A study by Casey and Sposito (1992) showed the changes in experimental versus calculated ac-

tivation energy. The change arises from the enthalpy of proton adsorption, which is negative and on
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Figure 6.2: Rate (r) versus temperature (T) of enstatite extraction for the -38 wm and +75/-106 um size fractions
calculated from Mg extraction. The best-fit lines (equations indicated on graph) were used to calculated the
apparent activation energy for enstatite. Refer to Appendix A.7 for calculation.

the order of 15-50 kJ.mol~!. This energy is negative for proton-promoted dissolution and positive
for hydroxyl-promoted dissolution. These results correspond to the change in calculated activation
energy of 80 kJ.mol~! to the experiment value of 66 kJ.mol~! and 27 kJ.mol " for the +75/-106 um
and -38 um size fractions, respectively. However, the change in apparent activation energy for the
two size fractions may be due to small inclusions within the minerals as this sample was not a chem-
ically pure enstatite (impurities highlighted in Figure 5.1). The pyroxenite layer is the hangingwall
to the mineralised zone (Merensky Reef) of the upper critical zone of the Bushveld Igneous Com-
plex, and its mineralogy changes from orthopyroxene to inverted pigeonite (Seabrook, 2005) as the
sequence continues upward. Pigeonite is a high-temperature, low-calcium clinopyroxene that has the
appearance of augite. Upon slow cooling, pigeonite re-equilibrates into an orthopyroxene host with
exsolution lamellae of clinopyroxene. These clinopyroxenes increase the reactivity of the orthopy-
roxene sample and because the exsolution appear within the mineral grain, they can be preferentially

exposed during grinding. Plagioclase is another mineral that is included in the orthopyroxenes of the
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critical zone pyroxenite (Cawthorn and Boerst, 2006). Grinding of these samples will liberate these
‘more reactive’ particles when the size fraction is reduced. A recent study by Hochella et al. (2008)
showed that nanominerals and mineral nanoparticles commonly behave differently as a function of
their size within the nanoscale size range. The increase in reactivity does not always directly correlate
with the change in surface area. They suggest that the variations in reactivity with a change in particle
size include structurally disordered, strained, and/or reconstructed surfaces, changes in the surface
topography due to the different crystallographic surfaces exposed (Hochella er al., 2008), and the
breaking of valence bonds (Kalinkina et al., 2001). The grinding of particles creates many very small
particles. Dissolution experiments on quartz have shown that the many small particles produced from
grinding increased the solubility of quartz from the value for quartz to the value for amorphous Si (in
Holdren and Berner, 1979).

The temperature range was investigated at low temperatures as the cost of heating adds to the
energy budget of the overall process; and the particle size range investigated was only on the order
of the pyroxene-rich PGM tailings. Therefore the effect of a much smaller grain size (below -38 pm)
was not investigated and thus the effects of grinding below this size fraction are unknown. The low
temperature range and the small data set may not accurately show the apparent activation energy of
these two pyroxene samples. To this end, the projection of the In r vs 1/T straight line for the two size
fractions may intersect at a higher or lower temperature or have a more shallow gradient. The effect
of particle size is not well documented in the literature, but grinding creates sites of higher energy
and increases the number of breaks along the cleavage planes. From the figures of the reacting grains
(Figure 5.5), cleavage-controlled dissolution for pyroxene takes advantage of the exposed cleavage
planes as these planes are more reactive. Therefore grain size reduction would increase the area of

exposed cleavage planes, dependent on the type of grinding machinery used.

6.2 The reactivity of pyroxene group minerals

The reactivity of the pyroxene group minerals can depend on many factors such as: cation chemistry,
cation location, bond length, coordination, and Si-O polymerisation. This section of the discussion
aims to answer the key questions on pyroxene reactivity outlined at the end of Chapter 2. These key
questions will be addressed on the basis of the results from the leach experiments on pure pyroxene
samples and chemical and mineralogical balances from XRF and QEMSCAN, respectively. This

section of the discussion will follow the order of the key questions:

i Which of the pyroxene group minerals are more reactive and why?
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ii Is the dissolution of pyroxene controlled by physical features on the surface of the grains?

iii How do pyroxenes react in acidic conditions?

6.2.1 Order of pyroxene group reactivity

The order of experimental reactivity for pyroxene group minerals was: wollastonite > diopside =
augite > enstatite at 40 °C for the -38 um size fraction in 0.1 M HCI. In the same experiment,
the extraction of Ca from wollastonite was 96 %, but only 84 % for diopside, and 3.4 % for augite.
12 % Mg was extracted from augite, 3.3 % Mg from diopside, but only 1.8 % Mg from enstatite.
The Si extraction was 31 % from wollastonite and below 4 % for enstatite, augite, and diopside.
The extraction of cations from wollastonite reached equilibrium after 5 h, whereas the extraction
of cations from enstatite, augite, and diopside reached equilibrium after only 7 h. In addition, the
extraction of Ca from wollastonite, Ca and Mg from diopside, Fe and Mg from augite, and Fe from
enstatite was incongruent. Only the extraction of Ca from augite and Mg from enstatite were close
to congruent. Furthermore the dissolution of Ca from diopside had a higher degree of incongruency
than the dissolution of Mg. On the surface of the reacting grains, all minerals showed stoichiometric
relationships, except for wollastonite which was depleted in Ca.

From the literature, it is well known that pyroxenoids are more reactive than pyroxenes and
that clinopyroxenes are more reactive than orthopyroxenes (Cameron and Papike, 1981; Schott and
Berner, 1985). The reactivity of these minerals has been observed in a number of experiments (de-
tailed in Sections 2.3 and 2.5) and shown by the order of reactivity in Section 2.1. In addition to the
experimental results, the order of reactivity of the pyroxene group mineral has been correlated with
the Madelung site energy of the mineral’s M1 and M2 cations (Brantley, 2008). Besides the absolute
value of the Madelung site energy, there has been little that discusses why and how the reactivity
changes between the pyroxene group minerals. From a combination of cation chemistry and mineral
structure shown in Chapter 2, and validated with experimental results from Chapter 5, it is shown that
the reactivity of a mineral is dependent on the metal cation and Si-O tetrahedra connectedness. As
all pyroxene group minerals have the same Si-O tetrahedra arrangement, this section will discuss the
effects of cation size and chemistry with regard to pyroxene reactivity.

The chemistry of the cation affects the reactivity of the pyroxenes through the changes in the
electronegativity difference in the M-O bond. The higher the electronegativity difference, the more
polar the bond and thus the more negative the oxygen site. In the surface protonation model described

by Furrer and Stumm (1986), the attachment of protons to the oxygen lengthens the M-O bond and
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shifts the negative charge toward the oxygen and away from the metal site, thus facilitating the attach-
ment of the OH™ to the cation and the subsequent removal of M(OH)(,,) (Prigiobbe and Mazzotti,
2011). The Si-O bond electronegativity difference is 1.7, thus a covalent bond, and the bond strength
is 452 kJ.mol ! (Table 6.2). The bond strength is: Ca-O (402 kJ.mol~!) > Fe-O (390 kJ.mol ') >
Mg-O (363 kJ.mol~!, Silberberg, 2011). The Mg-O bond is the weakest based on electronegativity,
but from reactions far from equilibrium on diopside, Ca is released preferentially to Mg (Brantley,
2008). Therefore a pure cation-oxide bond strength is not the only force governing silicate mineral
reactivity. Changes in ionic radius and charge (ionic strength) are also important controls for mineral
reactivity (Terry, 1983). Transition metals in silicate mineral dissolve at rates which are proportional

to the number of d-electrons (Casey et al., 1993).

Table 6.2: Electronegativity difference, bond length and bond strength of selected oxide bonds found in the
pyroxene structure.

Bond Electronegativity difference Bond strength (kJ.mol~')

H-O 1.4 463/459
Si-O 1.7 452
Ca-O 25 402.1 £16.7
Fe-O 1.7 3904 £17.2
Mg-O 23 363.2 £12.6

Another factor to consider in pyroxene reactivity is the size of the cations in the M1 and M2
sites. An increase in size of the cation affects the octahedral coordination. The addition of a larger
cation into the M2 site in clinopyroxenes distorts the coordination from octahedral to polyhedral
and therefore changes the bond lengths (Deer et al., 1992). Figure 6.3 shows the difference in the
polyhedral shape and the M-O bond lengths associated with the M1 (yellow) and M2 (green) cation
sites of enstatite (orthopyroxene, left) and diopside (clinopyroxene, right). The larger M2 site (i.e.
Ca in augite and diopside) increases the M2-O bond length and the coordination from 6 to 8, but the
M1-0 bond length and coordination remains unchanged. The longer the bond length, the weaker the
bond. Therefore where Ca is present (i.e. in the M2 site) the mineral has an overall higher reactivity
than when not present. In wollastonite, the large Ca ion is present in both the M1 and M2 sites, further
distorting the pyroxene structure. The difference in pyroxene and wollastonite cell length (along the
z-axis) and tetrahedral angle in the chain, increases the reactivity of the wollastonite (Figure 2.19).
This small change in the structure of the wollastonite chain drastically lengthens the individual Ca-O
bonds holding the silicate chains together. Therefore during protonation of wollastonite, the weaker

Ca-0 bond decreases the energy required to dissolve the mineral.
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Enstatite Mg, Si,0, Diopside CaMgSi, O

Figure 6.3: Comparison of orthopyroxene (enstatite) and clinopyroxene (diopside) polyhedral coordination
shape. The M1 site is represented in yellow and the M2 site is represented in green. The corner oxy-
gens of the Si-O tetrahedra are illustrated with white circles. The M1 and M2 sites of the orthopyroxene
have 6-fold coordination; however in clinopyroxenes, the M1 site is unchanged and has 6-fold coordination
whereas the M2 site has a larger 8-fold coordination and the size of the site is larger. Image sourced from:
www.minerals.gps.caltech.edu.

The electronegativity difference and the size distortion of the cations effect can be grouped to-
gether as the Madelung site energy. The Madelung site energy for the M1 and M2 cations is listed
in Section 2.5 (Table 2.8). The energy of the Ca is -3 157 kJ.mol~! and Mg is -4 346 kJ.mol~! in
diopside. For enstatite, the difference in energy between the Mg in M1 and M2 sites is less with
a M2 of -3 940 kJ.mol~! and a M1 of -4 318 kJ.mol~! (Schott and Berner, 1985). The Madelung
site energy of the M1 and M2 sites has a direct impact on the overall apparent activation energy for
the pyroxene group mineral, the stronger the metal cation is bonded, the higher the activation energy
(Table 2.4). The activation energy (Ea) is the energy required to overcome dissolution, and it directly
correlates to the stability of the pyroxene structure. Enstatite, the more stable of the pyroxenes, has a
higher activation energy (Ea = 80 kJ .mol~1) than wollastonite (Ea = 55 kJ.mol~!), the most reactive
of the pyroxenes investigated. Augite has a lower activation energy than enstatite due to the presence
of the Ca in the M2 site. The activation energy of diopside should be lower than augite and enstatite,

however it is not well constrained and ranges between 42 kJ.mol~! and 96 kJ.mol~! (Knauss et al.,
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1993; Chen and Brantley, 1998; Brantley, 2003). This large range in activation energy for diopside
makes it difficult to compare it to the other pyroxenes.

The reactivities between the pyroxene group minerals are in accordance with the findings by
other authors as shown by the rates in Table 1.2. In addition, there is preferential dissolution of the
M2 cation in all of the pyroxene group minerals investigated. This results in incongruent dissolution
with regard to the leachate and agrees with the results of Huang and Keller (1970), Weissbart and
Rimstidt (2000), and Brantley (2008). However, the cause of the congruent reaction shown by the
solid residue will be discussed later. In this study, only the major cations that form stable carbonates
(Ca, Fe, and Mg) were evaluated. The effect of trace elements or other major phase elements (e.g. Al,
Na) were not taken into account. The inclusion of Al in clinopyroxenes for Si in the Si-O tetrahedra
can also increase the clinopyroxene reactivity. The Al-O bond is weaker in the Al-O tetrahedra than
the Si-O bond in the Si-O tetrahedra. The clinopyroxenes: omphacite, augite, and diopside, can have
a large proportion of the Si replaced with Al; and jadeite can have a high weight percent of Al in the
M1 site (Deer et al., 1992, p152). Therefore any changes in mineral chemistry for a pyroxene will

have a large effect on the mineral’s reactivity.

6.2.2 Dissolution mechanism of orthopyroxene

The pyroxene reaction model of Zakaznova-Herzog et al. (2008), Figure 2.21, shows the general pro-
tonation reaction of dissolution and alludes to the favourable release of the M2 cation before the M1
cation because of the distance of the M1 and M2 site from the surface. However the reaction sur-
face is perpendicular to the z-axis (perpendicular to the silicate chain), where there is no preferential
cleavage or parting. Therefore a reaction mechanism as the one proposed in Figure 6.4 would be
more suited to the the pyroxene group minerals. This is supported by SEM images (Figure 5.5B),
which shows distinctive dissolution parallel to the cleavage planes by the presence of stepped terraces
on the surface of the grain. Figure 6.4 shows the reaction mechanism of a simplified orthopyroxene
(where the M2 site > M1 site size) dissolution in an acidic solution (HCI solution). Pyroxene group
minerals dissolve in accordance to the surface protonation model as outlined by Furrer and Stumm
(1986) in Section 2.3. The reaction mechanism in Figure 6.4 is shown for the grain surface parallel
to a cleavage plane, indicated by the solid red line.

An exposed mineral surface is protonated by H* ions in an acidic solution (step 1). Protons

(red) attach first to anions (oxygens, light grey) with high energy. These anions are usually at sites
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Figure 6.4: Attachment of HT ions (red) from solution onto the surface of the reacting grain (i.e. on the oxygen)
strains the metal-oxygen bond by lengthening the bond. When all oxygen atoms of the silicate tetrahedra are
protonated, the metal-oxygen bond breaks. The metal cation and hydrated silicate are free to leave to surface
of the mineral, and thus exposing the underlying, unreacted silicate.
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of breakage (from cleavage) and at the edges of grain boundaries. Second in proton attachment order
are the non-bridging oxygens. These oxygens are more ionic than their bridging oxygen counterparts
(Ramberg, 1952), and will attract protons before non-bridging oxygens because of their higher elec-
tron density. The protonation of oxygens increases the M-O and Si-O bond length. The metal cation
is only released when all the neighbouring oxygens (6 for M1 and M2 but 8 for M2 in clinopyrox-
enes) have been protonated and the M-O bonds sufficiently weakened. The movement of the electron
density away from the M site allows for the attachment of an anion (green) —usually Cl1~ in a HCl so-
lution — to the metal. This attachment allows for the metal to leave the silicate structure and enter the
solution in the form of M(OH),,. When the surface metal cation has been removed, the underlying
cations are susceptible to removal by the protonation and the removal of neighbouring silicate tetrahe-
dra. Simultaneously the underlying and exposed metal cation is vulnerable to attachment of the anion
and its subsequent removal from the surface of the reacting grain. As the removal of silicate tetrahedra
and M1 and M2 cations continues, the reaction surface moves down (dashed red line). Therefore the
mineral’s surface remains flat and parallel to the cleavage plane throughout the dissolution reaction.

Unlike in the olivine reaction mechanism shown in Figure 2.4, the proposed pyroxene reaction
(Figure 6.4) is complicated by the the joining of silicate chains and the presence of two cleavage
planes within the crystal structure. The bridging-oxygen to silicon bond is shorter and therefore
stronger than the pure oxygen-silicon bond (1.628 A for bridging and 1.640 A for non-bridging oxy-
gens, Table 6.3). This increase in Si:O bond strength (i.e. decrease in bond length) requires more
energy to break the silicate chain apart (along the z-axis), and results in the removal of hydrated SiO9
chains rather than discrete Si(OH)4. Figure 6.4 shows the reaction of pyroxene as viewed down the
z-axis, the hydrated silicate is shown to be removed as an individual hydrated tetrahedra but it is likely
removed as an intact, hydrated Si-O chain (Terry, 1983).

The cleavage planes in pyroxene expose the surface of the grain along the length of the chain
and one M2 site, as it makes use of the larger distance between two M2 sites than two M1 sites
(Figure 2.18B). The cleavage of the pyroxene preferentially exposes the M2 cation site and protects
the M1 cation site from being released into solution as the M1 site is trapped below a silicate chain.
The presence of cleavage has two effects on the mineral’s dissolution. Firstly there is an increase
in the concentration of M2 cations, confirmed by the Ca:Mg ratio in the solution of diopside, and
secondly, the rate of reaction changes along each edge of the crystal. If it were assumed that the
reaction favours the cleavage plane surfaces, then the dissolution of pyroxene would indeed increase
the dissolution of M2 cations over the M1 cations. The reaction would proceed as described in

Figure 6.4, by the removal of hydrated silicate chains and not discrete hydrated silicate tetrahedra.
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Awad et al. (2000) showed that the changes in structure and chemistry down each of the crystallo-
graphic planes of olivine had a marked effect on the rate constant along each of the crystallographic
axes. The rate constant for olivine (at pH 1 and 70 °C) varied from along the x-, y-, and z-axis
at 2.7 x1074, 5.6 x1073, and 8.1 x10~% mm.h~!, respectively; and results in activation energy of
114.5 + 23 kJ.mol !, 69.9 & 8kJ.mol~!, and 72.9 + 15 kJ.mol~!, respectively (Awad et al., 2000).
The increase in dissolution down the y-axis was attributed to the preferential protonation of the oxy-
gens surrounding the M1 site (Figure 2.22). However, a good cleavage plane in olivine is situated
along the (010) plane (shaded area), perpendicular to the y-axis (Figure 2.22, Deer et al., 1992).
Therefore it can be assumed that the presence of cleavage, even slight or imperfect, preferentially
exposes a specific surface and causes preferential leaching. The Mg cations occupy both the M1 and
M2 site in forsterite (Mg olivine) and the Si-O are bonds equal in all directions, the presence of cleav-
age would have a small effect on the overall dissolution of the mineral. Yet pyroxenes have a wider
chemical composition and the bond lengths change along the different crystallographic axes, so the
presence of cleavage has a larger impact on the dissolution of pyroxene.

With cleavage planes controlling the rate of the overall reaction, the rate of reaction could be
increased by the increase in surface area parallel to cleavage by the preferential breaking along these
planes. It also has an important explanation for why, during reaction, the metal cations from the M2
site are released before the M1 site. Further investigation into the dissolution along each crystallo-

graphic plane would be of interest for an overall understanding of the pyroxene reaction mechanism.

6.2.3 Effect of pyroxene reaction mechanism on its stoichiometry and kinetics

The dissolution of enstatite, augite, diopside, and wollastonite in the leachate was incongruent for Ca,
Fe, and Mg; except for Mg from enstatite, which was almost congruent. However, the dissolution
of enstatite, augite, and diopside analysed from the solid residue was congruent for Ca, Fe, and Mg,
except for Ca from wollastonite, which was incongruent. On examination of the surfaces of the
reacted grain, the surfaces were generally smooth but with multiple terrace intersections at 90°, the
same orientation as the cleavage planes in pyroxene, for enstatite, augite, and diopside. The surface
of wollastonite had a fluffy texture from the precipitation of amorphous Si on its surface.

From the discussion in Section 6.2.2 and Figure 6.4, the dissolution of pyroxenes was controlled
by the cleavage planes on the mineral surface. The dissolution of pyroxene is a reaction-limited, and
therefore the surface of the grain should be smooth. Because of the strong cleavage planes present

in pyroxene, the reaction fronts proceeded along these planes. The lack of etch pits on the surfaces
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of the reacting grains agrees with the reaction is governed by the orientation of the cleavage planes.
The chemical analyses on the surfaces of reacting grains agrees with a chemical-controlled reaction
rate and the removal of Si(OH)4 tetrahedra from the surface of the grains. During dissolution, the Si
and cations initially are not removed in their stoichiometric ratio, with the M2 site favoured over the
M1 site. But, because the reaction proceeds along the cleavage planes, the entire silicate structure
of that plane needs to be removed before the reaction can continue. Therefore the grain retains its
stoichiometric ratio, and the dissolution reaction remains reaction-controlled. This agrees with the
activation energies of the pyroxene minerals. The high activation energies for the pyroxenes rule out
transport-limited kinetics; and therefore surface reactions (i.e. desorption of the reacting species) are

responsible for the higher activation energy (Schott and Berner, 1985).

6.2.4 Comparison of pyroxene reaction mechanism to other Mg-silicates

Olivine and serpentine were not investigated in this study; however, because of their high reactivity
and use in mineral carbonation, there is a vast amount of literature and rates available for these
minerals. The enstatite sample used in these experiments is close to pure enstatite and therefore
the comparison between this sample and olivine and serpentine is beneficial. Bond lengths and bond
strengths were not investigated in this study and therefore the data used to compare these pyroxene
reactivity may differ slightly because of natural chemical and structural changes within samples.

The major difference in reactivity between the Mg-silicates olivine, serpentine, and enstatite, is
their individual silicate structure, and bond type and strength. In olivine, the silicate tetrahedra are
not bonded through a bridging oxygen and therefore the silicate structure is less stable. Although the
serpentine has a higher Si:O ratio, than pyroxene, it is more reactive because of the reactive OH™
functional group which increases its reactivity (Terry, 1983). The M-O bond for olivine is longer than
the M-O bond lengths for serpentine and enstatite (Table 6.3). The addition of the HT to the O-M1
and O-M2 bond increases the bond length from 2.08 A and 2.14 A t0 2.30 A and 2.51 A, respectively
(Liu et al., 2006). This makes the removal of metal cations from olivine faster than for pyroxenes.

As seen from the bond length, the metal-oxygen bond is closer, and therefore stronger, in the
serpentine and enstatite minerals (Table 6.3). Therefore the metal cations are easier to remove from
the olivine structure than the serpentine and enstatite structures. In serpentine, the cleavage exposes
the metal site and therefore the reaction is much faster than for enstatite. Although the cleavage plane
of enstatite exposes the M2 site, the low reactivity of the pyroxenes can be attributed to the removal

of the entire silicate structure by the breaking of the strong Si-O bridging bond before further cations
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Table 6.3: Bond lengths of the Mg-silicates: forsterite, lizardite, and enstatite in angstroms (A). Non-bridging
oxygen lengths are shorter than the bridging oxygens. Olivine does not have bridging oxygens and serpentine
only has one metal site.

Bond Forsterite Lizardite Enstatite
Liu et al. (2006) Melline (1982) Ohashi and Burnham (1972)
Si-O (non-bridging) 1.62 1.616 1.628
Si-O (bridging) - 1.646 1.640
MI1-0O 2.14 2.067 2.077
M2-O 2.23 - 2.144

can be removed. The Si-O-Si bond is strong and therefore not likely to break during dissolution on

relatively short time scales.

6.3 Consequence of pyroxene reaction mechanisms and reaction kinet-

ics on the dissolution of pyroxene-rich PGM tailings

The large difference in cation extraction between Al, Ca, Fe, Mg, and Si indicates that a different
mineral is responsible for each cation. As indicated in Table 4.3 and Table 4.2, the Ca is leached
from the plagioclase and a small amount from clinopyroxene but the Mg is leached from the clinopy-
roxene. The dissolution of cations from the pyroxene-rich PGM tailings was low for all the cations
investigated due to the almost 90 % orthopyroxene, a relatively unreactive mineral. The low reactivity
of the Lonmin tailings has a direct impact on the feasibility of Bushveld PGM tailings for mineral
carbonation. Vogeli (2012) calculated that the Lonmin PGM tailings could sequester 868 kt of COq
per annum, however these calculations do not reflect slow kinetics of cation extraction and extents
of subsequent carbonation. The calculation of theoretical carbon storage is computed on the total
available tailings, multiplied by the total percent of each oxide in sequesterable minerals (Table 6.4).
Sequesterable minerals include: olivine, Fe-oxides, clinopyroxene, hornblende, serpentine, plagio-
clase, orthopyroxene (abundances in Table 3.2). When the carbonation efficiency calculated from the
experiments of Vogeli (2012) is included, the total available CO- storage decreases from 868 kt to
600 kt per annum, a ~30 % decrease.

On the basis of the experimentally determined extraction in this study, the total CO5 storage is
only between 53 kt to 61 kt per annum. Plagioclase is a relatively rich Ca-silicate that showed medium
Ca extraction in the organic mixture experiments (Table 4.2). By increasing the extraction of Ca from
plagioclase with organic acid mixtures and leaving the reaction to continue for a longer period of

time at ambient temperature (difference between 2 M HCI and 100-day leach), an extra 4.6 kt CO9
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Table 6.4: Theoretical CO, storage based on an experimentally determined carbonation efficiency percentage
at 100 % dissolution of cations.

Oxide Available oxide* (%) Moles of oxide (n) Carbonation** Moles Carbonated
CaO 4.58 1.8 x 107 96 1.8 x 107

FeO 12 3.9x 10° 98 3.8x 10°
MgO 21.7 1.4 x 1010 58.6 8.1x 10°
TOTAL 1.36 x 1010
CO;, stored 600 x 103 t

*Sequesterable mineral phases include: Olivine, Fe-oxides, clinopyroxene, hornblende, serpentine,
plagioclase, orthopyroxene (talc excluded)
** The calculation does not take into account the fact that not all the product formed was stable carbonate

per annum can be stored (based on the 2 M HCl extraction for Fe and Mg). Complete extraction of Ca
from plagioclase is responsible for 81 kt CO4 per annum from the theoretical 600 kt. For a more ideal
reaction where extraction reaches 90 % for Ca, 15 % for Fe, and 50 % for Mg, the available storage
would be 272 kt per annum. Increasing plagioclase dissolution would have a much greater effect
than increasing dissolution of Mg from orthopyroxene, as the carbonation efficiency is low for Mg
(<70 %) and high for Ca (< 90 %) investigated for Northam, BRPM, Impala, and Lonmin (Vogeli,
2012). Importantly, other PGM mines in the UG2 and Platreef can contain more or less plagioclase

than Merensky.
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Figure 6.5: The total CO- sequestration capacity when the reactivity of the dissolution stage is taken into
account. The total sequestration capacity is further divided into the cation responsible for the CO, storage.
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Chapter 7

Conclusions and recommendations

This study explored the reactivity of pyroxene group minerals and the effect that its reactivity has
on the dissolution of pyroxene-rich tailings for mineral carbonation. Merensky PGM tailings offer
a relatively inexpensive, fine-grained alternative feedstock for carbon sequestration via mineral car-
bonation. The Mg-rich tailings could store large tonnages of anthropogenic CO5; however the low
reactivity of orthopyroxene limits the viability of this potential feedstock. Overcoming the rate limi-
tation on pyroxene group minerals would be the foremost challenge for industrial mineral carbonation
of these tailings. The objective of this study was to investigate the acid leach behaviour of pyroxene
group minerals and pyroxene-rich PGM tailings, as a future potential resource for carbon dioxide se-
questration by mineral carbonation. By comparing extraction percentages from dissolution reactions
at varying conditions of solution chemistry, mineralogy, temperature, and particle size, an overall
mechanism for pyroxene reactivity in pyroxene-rich feedstocks was defined.

Two phases of leach experiments were conducted to answer they key question which are outlined
at the end of Chapter 2. The first phase of leach experiments on pyroxene-rich PGM tailings addressed
the effect of solution chemistry on the dissolution of silicate minerals by the addition of organic acids.
Solid residues from an extended 100-day leach experiment identified the reactive minerals in the tail-
ings and highlighted the unreactive nature of the orthopyroxene. A second phase of leach experiments
on pure pyroxene group minerals investigated the effects of particle size and temperature dependence
on pyroxene dissolution. Again, analysis of solid residues of the reacted pyroxene minerals high-
lighted the reaction kinetics during mineral dissolution and the surface features of reacted grains gave

insight into the mechanism of pyroxene dissolution.
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This chapter begins with a summary of the major findings from the discussion (Chapter 6), fol-
lowed by concluding remarks on a general approach to improve the viability of CCMC with mine
tailings. This is followed by multiple recommendations for future work on pyroxene mineral dissolu-

tion.

7.1 Summary of key research findings.

The addition of organic chelators increases the dissolution of silicate minerals by increasing the ap-
parent solubility of Si in solution, and by the addition of the ligand-promoted dissolution mechanism.
Organic acids increase the dissolution rates of minerals by increasing the apparent solubility of the
cation in solution; and organic ligands complex with the metal cations at the reaction surface to fa-
cilitate their removal. The results of this study showed that the addition of oxalic acid resulted in
higher Si extraction from the pyroxene-rich tailings, which indicated the formation of Si-complexes.
The addition increased the apparent Si solubility in a low-concentration mineral acid up to ten times
when compared to a high-concentration of the same mineral acid. Previous studies indicated that the
addition of organic acids would be most beneficial at near-neutral pH where the effect of the proton-
promoted dissolution is smallest; but the results from this study reflected the positive effects of oxalic
acid under acidic conditions (pH~1). With regard to the pyroxene-rich PGM tailings, plagioclase is
the major host of Ca and the addition of oxalic acid results in similar Ca extraction of but at lower
mineral acid concentration and pH. Complete extraction of Ca from plagioclase is responsible for
81 kt of the theoretical 600 kt CO; storage capacity of the PGM tailings sample investigated. In
addition, it also increases the overall extraction of Si from 0.72 % to 6.4 %.

An increase in temperature and a decrease in particle size increases the dissolution of silicate
minerals by decreasing the activation energy, and imparting physical defects on grains, respectively.
An increase in temperature from ambient temperature to 70 °C and a decrease in particle size frac-
tion from +75/-106 um to -38 pum reduced the energy required (apparent activation energy) for the
dissolution reaction to overcome the minimum energy needed to proceed at a statistically significant
rate. Calculations showed that the apparent activation energy of enstatite was less for the -38 pum
size fraction (27 kJ.mol~!) when compared to the +75/-106 um size fraction (66 kJ.mol~!). These
calculated activation energies were also much lower than the 80 kJ.mol~! calculated from surface
reaction models. Size reduction of the pyroxene samples by grinding imparts structural defects on
the grains. The decrease in particle size thus increased the reactivity of pyroxene through both the

increase in surface area and through the addition of surface roughness from structural defects as the
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grains preferentially break along the cleavage planes, creating jagged corners. As the dissolution of
pyroxene is reaction-limited, the creation of more sites of high-energy increased the reactivity of the
sample. This is important for the pyroxene group minerals, where dissolution is cleavage-controlled.
The pyroxene-rich PGM tailings are already finely milled to extract PGEs in the beneficiation process,
and the milling not only increases the surface area of the grains but also imparts structural defects on
the grains, which increases the pyroxene mineral’s reactivity.

The size and chemistry of the cation plays an important role in the reactivity of same-silicate min-
erals. For the pyroxene group, this results in the greater reactivity of pyroxenoids over pyroxenes and
the greater reactivity of clinopyroxenes over orthopyroxenes. The order of reactivity for the pyrox-
enes investigated was: wollastonite > diopside = augite > enstatite. The reactivity of the pyroxene
group is dependent on a combination of size and chemistry of the cations in the M1 and M2 sites.
The chemistry of the cation is responsible for the electronegativity difference of the M-O bond, which
changes for each cation (e.g. Ca, Fe, Mg); and the size of the cation distorts the length of the M-O
bond. In orthopyroxenes, the M1 and M2 cations (Mg and Fe) are small and have 6-fold coordination.
However, in clinopyroxenes, the inclusion of a larger cation (usually Ca) distorts the coordination of
the M2 cation from 6- to 8-fold coordination. The pyroxenoid wollastonite includes two large cations
which twists the silicate chain to accommodate the added strain. This results in a reactive mineral and
an increased unit cell length. The effects of the cations in a mineral with respect to their chemistry
and size can be described by the Madelung site energy. The Madelung site energy of the M2 site in
pyroxenes is less than the M1 site, which results in preferential release of cations from the larger M2
site over the M1 site. The preferential release of the M2 cation results in nonstoichiometric dissolu-
tion of the pyroxene and a leachate solution that is rich in cations. Therefore feedstocks with Ca-rich
pyroxenes will be more reactive than their orthopyroxene counterparts.

The dissolution of pyroxene group minerals is cleavage-controlled. Acidic dissolution of pyrox-
ene group minerals is cleavage-controlled and follows a protonation reaction. The cleavage of the
pyroxene exposes the weaker-bonded M2 cation and is therefore preferentially removed. This re-
sults in an initially incongruent dissolution reaction, but the reaction is governed by the presence and
orientation of the cleavage. Therefore the complete silicate structure must be removed before the
underlying layers can be reacted, which results in an overall congruent reaction. The strongly bonded
bridging oxygens of the Si-O tetrahedra chain cause the overall reaction to be slow. The dissolution
of pyroxene group minerals is reaction-limited and there is no formation of a leached layer on the
surface of the surface of the grain, except for wollastonite, where Si precipitated on the surface of the

grain.
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The dissolution of pyroxene-rich PGM tailings can be increased by the addition of organic acids,
an increase in temperature, and a decrease in particle size. The dissolution of the pyroxene minerals
increased with an increase in temperature and a decrease in particle size over the ranges investigated.
The dissolution of Ca from plagioclase also increased with the addition of oxalic acid. Orthopyroxene
and plagioclase are the major sources of Mg and Ca in the PGM tailings, respectively. As the majority
of the Mg extracted from the PGM tailings was from the dissolution of clinopyroxene and to a minor
extent from the other Mg minerals. Almost no Mg was leached from the orthopyroxene. The majority
of Ca was leached from plagioclase, with ~30 % Ca extracted and between 30 % and 60 % of the
plagioclase removed. The plagioclase reacted well in the presence of oxalate because of oxalate’s
affinity for Ca, and Al, which occupies half the Si sites in the plagioclase mineral structure. Of
the calculated 600 kt of CO, storage capacity from the pyroxene-rich PGM tailings, the Ca from
plagioclase is responsible for 81 kt of COq storage. The addition of organic acids has shown to
increase the extraction of Ca, especially from plagioclase, at ambient temperature in a solution of
weak acids. Therefore an engineered reaction suited to plagioclase dissolution would greatly increase

the overall mineral carbonation rates.

7.2 Concluding remarks: A general approach to increasing the disso-

lution of pyroxene-rich PGM tailings

From the results, the following hypothesis is true: For any given silicate mineral, the kinetics of
dissolution can be enhanced through manipulation of key influencing parameters. Specifically: by
increasing temperature which provides the activation energy, by decreasing particle size which in-
creases the surface area, and by the addition of chelating organic acids which increases the apparent
solubility of cations in solution. The reactions on pyroxene-rich PGM tailings show a distinct increase
in Ca and Si extraction when oxalic acid (organic acid) is in the solution as it increases the solubility
of Si. Coupled with the use of organic acids, an increase in temperature and a decrease in particle size
does increase the extraction of cations from pyroxene group minerals because in addition to an in-
crease in surface area, grinding can produce a number of high energy sites on the surfaces of mineral
grains.

The second hypothesis is also true: In the pyroxene group, clinopyroxenes are more reactive than
orthopyroxenes because the addition of a larger cation in the M2 site decreases the activation energy

by increasing the metal-oxygen bond length. The nature of the cation is solely responsible for the
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reactivity between the pyroxene group minerals. The inclusion of the larger cation distorts the stable
octahedral coordination of the pyroxene structure, which makes it more reactive.

Therefore, the reaction rate of pyroxene dissolution can be increased by the increase in temper-
ature and a decrease in particle size. The increase in temperature lowers the activation energy of
the mineral, which increases the reaction; and the decrease in particle size increases the amount of
high-energy sites. Importantly, the addition of organic acids increases the solubility of Si, and thus
aids in silicate mineral dissolution. The organic acids will also increase the dissolution of Ca from
plagioclase and target Ca-rich pyroxenes in the tailings. The decrease in particle size and increase in
structural irregularities from the upstream milling process, creates high-energy surface sites, and no

further size reduction is needed.

7.3 Recommendations

This section details the recommendations for future projects on the dissolution aspect of mineral
carbonation studies. These recommendations are put forward and a brief comment for each idea is
mentioned.

The use of other organic chelating acids and staged leaching with mineral and organic acids can
optimise the dissolution of pyroxene-rich tailings to achieve maximum Ca and Mg extraction. Other
authors have studied the effect of other organic acids on silicate mineral dissolution, such as catechol
as it too forms a complex with Si. These studies have been limited to olivine and serpentine, and
the effect of the complex formation on the mineral surface. However, it is the effect of increased Si
solubility that has increased the dissolution of pyroxene-rich tailings. More information is needed on
the differences between the organic acids and what effect organic acids have on mineral dissolution
when they complex other ions in solution. Organic acids can also be used in these pyroxene-rich
tailings to remove Ca before a stronger mineral acid (HoSO,) is used to leach the Mg from orthopy-
roxene. Sulphuric acid has had much success in leaching Mg from serpentine, but it forms gypsum
with Ca, which renders the leached Ca useless for mineral carbonation; therefore a multiple-stage
leached could be used to optimise the extraction of Ca, Fe, and Mg from each mineral for 100 %
dissolution. In addition, acid produced from water contaminated with sulphuric mine wastes (acid
rock drainage, ARD) can be neutralised by reaction with pyroxene-rich tailings. Once the Ca is re-
moved from the tailings with organic chelating acids (which can be produced by microbes), ARD can
further leach Mg and Fe from the tailings; thereby neutralising ARD, and sequestering anthropogenic

COa,. A further benefit of this ARD-PGM process is that the gold and coal mines that produce ARD
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and Bushveld PGM tailings are situated ~120 km apart and in a high industrial area with a large
production of COs.

Calculation of the kinetic reaction parameters (e.g. rate, rate constant, activation energy) for
the dissolution of pyroxene would improve the understanding of the pyroxene reaction mechanism
for improved pyroxene reactivity. The activation energy of dissolution of pyroxene group minerals
varies between studies because of the inaccuracy in the calculated rate of extraction (especially for
diopside). A better understanding of the differences between activation energy and reaction rates be-
tween the pyroxene group minerals would enhance the understanding of the reaction kinetics and the
role organic and mineral acids have on the dissolution of pyroxenes. Reaction rates of diopside and
enstatite along each crystallographic axes would confirm the proposed cleavage-controlled dissolu-
tion reaction for pyroxene and would also confirm the stoichiometric or nonstoichiometric nature of
pyroxene dissolution. The decrease in particle size increased the extraction of cations from pyroxene
but the larger size fraction had the greatest dependence on the increase in temperature. Therefore the
increase in surface defects imparted by grinding increases the minerals reactivity. An investigation
on how the structural defects of pyroxene crystals increases the reaction rate should be conducted.
It is also important to know what types of grinding creates the most number of high-energy surface
sites. These grinding techniques should be used as they will increase the extraction of cations from
pyroxene-rich tailings for mineral carbonation.

An investigation into the mineralogy of other mine tailings The variety of minerals mined over
South Africa, has created diverse historic and current tailings deposits around the country. As noted
in Chapter 1, these tailings can include serpentine, but are mainly pyroxene-rich; and Ca-rich pyrox-
enes such as diopside and wollastonite are abundant. The silicate minerals in the tailings have already
been brought to the surface and undergone particle size reduction, making them ideal for mineral car-
bonation. Furthermore, the carbonation process can take place with mineral extraction or a secondary
enhanced mineral extraction process. This process would be important for historic tailings, where
the beneficiation process may leave valuable product in the tailings. For Bushveld PGM tailings, the
extraction of cations for subsequent carbonation could be grouped with enhanced PGM recovery to

alleviate the costs of heating and reagents.
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Appendix A

Calculations

A.1 Pyroxene composition

Table A.1: Pyroxene composition calculation from Deer et al. (1992, p678) for enstatite sample.

Mass!  wt.% Prop. Atm. No. No.
oxides ox? prop. anions? ions®
ox>

Si09 60.02 5548 0.9243 1.8487 39174 Si 1.959
Al,Os3  101.96 1.20 0.0117 0.0352 0.0746 Al 0.050
TiOy 79.88  0.12 0.0015 0.0029 0.0062 Ti 0.003 2.01*
FeO 71.85 10.59 0.1474 0.1474 0.3124 Fe 0.312
MnO 7094  0.25 0.0035 0.0035 0.0073 Mn 0.007
MgO 40.30  30.87 0.7661 0.7661 1.6235 Mg 1.623 1.94%%
CaO 56.08 1.02 0.0181 0.0181 0.0385 Ca 0.038
NayO 6198  0.02 0.0003 0.0003 0.0007 Na 0.001
K50 94.20 0.0000 0.0000 0.0000 K 0.000
CrO03  151.99 0.46 0.0030 0.0091 0.0194 Cr 0.013
TOTAL 99.26 2.8314 6 4.008

Molecular mass
2Molecular proportion of oxides

3 Atomic proportion of oxygen from each molecule

“Number of anions on a basis of 6 oxygens

5Number of ions in formula

*Number of cations in Si site (includes Si, Al, and Ti)

**¥Number of cations in M1 and M2 site (includes rest of cations)
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A.2 Cation and mineral mass balance

Table A.2: Cation and minerals mass balance calculations for the pyroxene-rich PGM tailings. Cation mass bal-
ance calculated on XRF data in Table B.1 and Table D.1; and mineral mass balance calculated on QEMSCAN
data in Table B.4 and Table D.2. Start mass = 9.9995 g and residue mass =9.2113 g.

Prop.in Massin Prop.in Massin Massin  Extent of
Oxide Feed Feed Residue Residue Leachate Reaction
(wt. %) (8) (wt.%) (8) (8) (%)
SiO9 51.88 5.19 53.21 4.90 0.29 6
TiOy 0.26 0.03 0.25 0.02 0.00 13
Al O3 9.05 0.91 4.68 0.43 0.47 52
Fe,03 10.96 1.10 11.37 1.05 0.05 4
MnO 0.17 0.02 0.19 0.02 0.00 2
MgO 19.30 1.93 21.65 1.99 —0.06 -3
CaO 5.79 0.58 3.85 0.35 0.22 39
NayO 0.85 0.09 0.82 0.08 0.01 12
K20 0.17 0.02 0.08 0.01 0.01 57
P205 0.04 0.00 0.03 0.00 0.00 35
SO3 0.13 0.01 0.00 0.00 0.01 99
Crz03 1.02 0.10 1.07 0.10 0.00 3
NiO 0.10 0.01 0.08 0.01 0.00 22
Prop.in Massin Prop.in Massin Massin  Extent of
Mineral Feed Feed Residue Residue Leachate Reaction
(Wt. %) (€] (Wt. %) (g (8) (%)
Sulfides 0.5 0.0 0.2 0.0 0.0 70
Olivine 0.3 0.0 1.2 0.1 —0.1 —-317
Orthopyroxene 66.8 6.7 67.6 6.2 0.5 7
Clinopyroxene 5.2 0.5 4.4 0.4 0.1 23
Amphibole 2.9 0.3 3.9 0.4 —0.1 —25
Serpentine 0.0 0.0 0.0 0.0 0.0 75
Talc 1.0 0.1 3.9 0.4 -0.3 —255
Chlorite 0.9 0.1 0.3 0.0 0.1 74
Biotite/Phlogopite 0.9 0.1 0.1 0.0 0.1 91
Plagioclase 17.3 1.7 11.2 1.0 0.7 41
Quartz 0.9 0.1 3.1 0.3 -0.2 —237
Carbonates 0.2 0.0 0.0 0.0 0.0 97
Chromite 24 0.2 2.3 0.2 0.0 13
Fe oxides/Hydroxides 0.2 0.0 0.1 0.0 0.0 66
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Table A.3: Cation and minerals mass balance calculations for enstatite. Cation mass balance calculated on
XRF data in Table B.1 and Table D.1; and mineral mass balance calculated on QEMSCAN data in Table B.4
and Table D.2. Start mass = 9.8537 g and residue mass = 8.2613 g.

Prop.in Massin Prop.in Massin Massin  Extent of
Oxide Feed Feed Residue Residue Leachate Reaction
(wt. %) (8) (wt. %) (8) (8) (%)
SiO; 53.77 5.30 55.25 4.56 0.73 14
TiOy 0.12 0.01 0.11 0.01 0.00 25
AlyO3 1.73 0.17 1.57 0.13 0.04 24
Fe,03 9.78 0.96 9.34 0.77 0.19 20
MnO 0.21 0.02 0.19 0.02 0.00 22
MgO 30.75 3.03 29.50 2.44 0.59 20
CaO 1.84 0.18 1.93 0.16 0.02 12
NayO 0.34 0.03 0.13 0.01 0.02 68
K50 0.03 0.00 0.01 0.00 0.00 72
P20O5 0.03 0.00 0.00 0.00 0.00 100
SO3 0.00 0.00 0.00 0.00 0.00 100
Cry03 0.43 0.04 0.40 0.03 0.01 22
NiO 0.06 0.01 0.07 0.01 0.00 2
Prop.in Massin Prop.in Massin Massin  Extent of
Mineral Feed Feed Residue Residue Leachate Reaction
(wt. %) () (wt. %) () (g) (%)
Orthopyroxene 95.2 9.4 91.5 7.6 1.8 19
Clinopyroxene 1.5 0.2 1.7 0.1 0.0 7
Wollastonite - - - - - -
Fe-Mg alteration min. 0.4 0.0 0.6 0.1 0.0 —24
Other silicates 1.3 0.1 1.8 0.1 0.0 —15
Quartz 0.1 0.0 0.3 0.0 0.0 —269
Fe oxides 1.0 0.1 3.8 0.3 —0.2 —210
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Table A.4: Cation and minerals mass balance calculations for augite. Cation mass balance calculated on XRF
data in Table B.1 and Table D.1; and mineral mass balance calculated on QEMSCAN data in Table B.4 and
Table D.2. Start mass = 10.0786 g and residue mass =9.4712 g.

Prop.in Massin Prop.in Massin Massin  Extent of
Oxide Feed Feed Residue Residue Leachate Reaction
(wt. %) (8) (wt. %) (8) (8) (%)
SiOq 46.77 4.71 49.77 4.71 0.00 0
TiOy 1.35 0.14 1.41 0.13 0.00 2
AlyO3 2.55 0.26 2.52 0.24 0.02 7
Fe,03 15.53 1.57 13.06 1.24 0.33 21
MnO 0.66 0.07 0.23 0.02 0.04 67
MgO 12.63 1.27 12.43 1.18 0.10 8
CaO 17.86 1.80 18.12 1.72 0.08 5
NayO 0.57 0.06 0.37 0.04 0.02 38
K50 0.06 0.01 0.06 0.01 0.00 14
P20O5 0.03 0.00 0.01 0.00 0.00 76
SO3 0.17 0.02 0.04 0.00 0.01 75
Cry03 0.04 0.00 0.05 0.00 0.00 3
NiO 0.05 0.00 0.04 0.00 0.00 32
Prop.in Massin Prop.in Massin Massin  Extent of
Mineral Feed Feed Residue Residue Leachate Reaction
(wt. %) () (wt. %) () (g) (%)
Orthopyroxene 3.8 0.4 1.0 0.1 0.3 75
Clinopyroxene 77.0 7.8 49.1 4.7 3.1 40
Wollastonite - - - - - -
Fe-Mg alteration min. 10.3 1.0 14.5 1.4 —-0.3 —32
Other silicates 2.6 0.3 17.4 1.6 —1.4 —518
Quartz 0.5 0.1 0.5 0.0 0.0 15
Fe oxides 5.1 0.5 16.9 1.6 —1.1 —210
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Table A.5: Cation and minerals mass balance calculations for diopside. Cation mass balance calculated on
XRF data in Table B.1 and Table D.1; and mineral mass balance calculated on QEMSCAN data in Table B.4
and Table D.2. Start mass = 10.4742 g and residue mass = 10.4095 g.

Prop.in Massin Prop.in Massin Massin Extent of
Oxide Feed Feed Residue Residue Leachate Reaction
(wt. %) (8) (wt. %) (8) (8) (%)
Si09 52.28 5.48 54.33 5.66 —0.18 -3
TiOo 0.21 0.02 0.23 0.02 0.00 -7
AlyO3 0.08 0.01 0.10 0.01 0.00 —25
Fe, O3 2.04 0.21 1.95 0.20 0.01 5
MnO 0.05 0.01 0.05 0.01 0.00 -7
MgO 18.17 1.90 17.56 1.83 0.07 4
Ca0O 24.05 2.52 24.03 2.50 0.02 1
NasO 0.27 0.03 0.18 0.02 0.01 35
K20 0.09 0.01 0.05 0.01 0.00 43
P205 0.04 0.00 0.01 0.00 0.00 84
SO3 0.01 0.00 0.00 0.00 0.00 83
Cro03 0.06 0.01 0.07 0.01 0.00 —18
NiO 0.01 0.00 0.01 0.00 0.00 -7
Prop.in Massin Prop.in Massin Massin Extent of
Mineral Feed Feed Residue Residue Leachate Reaction
(wt. %) (g) (wt. %) (g) (g) (%)
Orthopyroxene - - - - - -
Clinopyroxene 94.4 9.9 91.9 9.6 0.3 3.2
Wollastonite - - - - - -
Fe-Mg alteration min. 2.9 0.3 6.3 0.7 —0.3 —113.4
Other silicates 0.6 0.1 0.6 0.1 0.0 —0.2
Quartz 0.2 0.0 0.4 0.0 0.0 —57.9
Fe oxides 0.2 0.0 0.3 0.0 0.0 —84.3
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Table A.6: Cation and minerals mass balance calculations for wollastonite. Cation mass balance calculated on
XRF data in Table B.1 and Table D.1; and mineral mass balance calculated on QEMSCAN data in Table B.4
and Table D.2. Start mass = 10.2991 g and residue mass = 9.2238 g.

Prop.in Massin Prop.in Massin Massin  Extent of
Oxide Feed Feed Residue Residue Leachate Reaction
(wt. %) () (Wt. %) () (8) (%)
SiOq 49.20 5.07 54.67 5.04 0.02 0
TiOq 0.09 0.01 0.06 0.01 0.00 34
AlyO3 1.24 0.13 1.19 0.11 0.02 14
Fe,O3 0.49 0.05 0.48 0.04 0.01 11
MnO 0.09 0.01 0.09 0.01 0.00 11
MgO 0.49 0.05 0.44 0.04 0.01 19
CaO 47.81 4.92 35.36 3.26 1.66 34
NasO 0.19 0.02 0.18 0.02 0.00 15
K50 0.08 0.01 0.10 0.01 0.00 —11
P20Os5 0.08 0.01 0.06 0.01 0.00 31
SO3 0.00 0.00 0.00 0.00 0.00 —305
Cry03 0.00 0.00 0.01 0.00 0.00 —629
NiO 0.00 0.00 0.01 0.00 0.00 —224
Prop.in Massin Prop.in Massin Massin  Extent of
Mineral Feed Feed Residue Residue Leachate Reaction
(Wt. %) () (Wt. %) () (8) (%)
Orthopyroxene - - - - - -
Clinopyroxene 1.6 0.2 2.6 0.2 —0.1 —46
Wollastonite 84.7 8.7 7.7 7.2 1.6 18
Fe-Mg alteration min. 0.8 0.1 5.8 0.5 —0.5 —539
Other silicates 6.9 0.7 10.1 0.9 —0.2 -31
Quartz 0.4 0.0 2.1 0.2 —0.2 —362
Fe oxides - - - - - -
Carbonates 4.4 0.5 1.0 0.1 0.4 79
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A.3 Activation energy

Example of enstatite for the -38 um sample:

Extraction rate = Extent of dissolution (%) -+ Time (s)
r=1.2 % Mg + (48 x 60 x 60)
r=06.94x107°

Int =—11.88

E 1
Equation of h:int= —- = +Ink
quation of graph: inr = — T+ n

1
Best-fit line: Inr = —3238.9- T~ 1.0536
-E
el —3238.9, where R is 8.314 J.mol ~*
E = 26928 J.mol !
E =27 kJ.mol !

Table A.7: Calculation of the activation energy of enstatite for the -38 um and +75/-106 um size fractions
using the Arrhenius equation.

Temperature Extraction Time  Time r Inr Temperature /T
(°O (%) (b) (s) X) K™
-38 um
25 1.2 48 172800 6.944x 107 -11.877 298 0.00336
40 1.8 48 172800 1.042x 1075 -11.472 313 0.00319
70 4.9 48 172800 2.836x 107° -10.471 343 0.00292
+75/-106 wm
25 0.25 48 172800 1.447x 1075 -13.446 298 0.00336
40 0.9 48 172800 5.208x 1076 -12.165 313 0.00319
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Appendix B

Feed Mineralogy

B.1 XRF

Table B.1: Chemical mineralogy of samples determined by XRF.
Oxide Tailings Enstatite Augite Diopside Wollastonite
Si09 51.90 53.77  46.77 52.28 49.20
TiOy 0.26 0.12 1.35 0.21 0.09
Al203 9.05 1.73 2.55 0.08 1.24
FeO* 9.86 9.78 15.53 2.04 0.49
MnO 0.18 0.21 0.66 0.05 0.09
MgO 19.30 30.75  12.63 18.17 0.49
CaO 5.79 1.84 17.86 21.75 47.67
NayO 0.85 0.34 0.57 0.27 0.19
K5O 0.17 0.03 0.06 0.09 0.08
P>05 0.04 0.03 0.03 0.04 0.08
SO3 0.13 0.00 0.17 0.01 0.00
Cry03 1.02 0.43 0.04 0.06 0.00
NiO 0.10 0.06 0.05 0.01 0.00
H,O- 0.10 0.10 0.11 0.12 0.05
LOI 0.17 —-0.28 —0.13 2.30 0.14
Total 100 100 100 100 100

*Ferrous iron recalculated to ferric iron
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B.2 Microprobe analysis

Table B.2: Microprobe analysis of selected pyroxene grains by EMP.

Enstatite
Si02  MgO  TiO2 Al2O3 Na;O Cr:03 CaO MnO FeO K20

55.45 30.74 0.11 1.40 0.03 0.50 0.45 0.24 11.08 -
55.71  30.77 0.12 1.15 - 0.40 0.92 0.23 10.69 -
55.39  30.96 0.16 1.17 - 0.47 0.61 0.24 11.02 -
55.43  30.23 0.11 1.23 0.02 0.50 1.86 0.21 10.42 -
55.42  31.02 0.11 1.21 0.01 0.46 0.58 0.28 1091 -
55.85 31.52 0.10 1.31 - 0.51 0.72 0.26 9.73 -
55.24  30.92 0.15 1.16 0.00 0.50 0.64 0.29 11.10 -
55.93 31.14 0.08 1.04 0.03 0.34 0.48 0.23 10.74 -
55.22  31.26 0.10 1.18 0.01 0.44 0.64 0.25 10.91 -
55.26  30.76 0.20 1.06 0.02 0.45 1.28 0.24 10.73 -
55.47  30.64 0.18 1.12 0.01 0.50 0.81 0.27 11.00 -
55.66  30.10 0.10 1.29 0.04 0.56 2.95 0.24 9.06 -
55.60 31.57 0.09 1.14 0.01 0.44 1.29 0.19 9.65 -
55.55 30.73 0.12 1.17 0.04 0.48 0.62 0.25 11.04 -
55.50  29.47 0.12 1.41 0.03 0.48 2.30 0.29 10.40 -
55.39  30.67 0.11 1.15 0.01 0.49 1.49 0.27 10.41 -
55.49 31.73 0.10 1.21 0.03 0.49 0.89 0.24 9.82 -

55.12  30.96 0.12 1.27 = 0.43 0.66 0.26 11.17 N
55.63  30.98 0.08 1.16 - 0.43 0.78 0.25 10.70 -
55.45 31.25 0.09 1.14 - 0.46 0.65 0.19 10.77 -

55.30  30.94 0.11 1.15 0.03 0.40 0.74 0.25 11.08 N

Average  55.48 30.87 0.12 1.20 0.02 0.46 1.02 0.25 10.59 -
Std. dev. 0.20 0.51 0.03 0.09 0.01 0.05 0.65 0.03 0.57 N
RDS (%) 0.36 1.65 25.92 7.86 54.85 10.09 63.86 11.05 5.42 —

Augite
SiOz MgO Ti02 A1203 Na20 CI‘203 CaO MnO FeO KQO

52.73 12.16 0.01 0.27 0.03 0.04 2321 0.28 11.27 -
52.01 12.35 0.27 1.34 0.16 0.02 21.62 0.28 11.95 -
51.01 12.69 0.48 1.69 0.18 0.02  14.89 0.35 18.67 0.01
51.13 12.62 0.43 1.71 0.15 0.05 20.10 0.28 13.53 -
51.96 12.22 0.24 1.08 0.11 0.02 21.69 0.33 12.35 -
52.15 11.69 0.31 1.68 0.19 0.04 21.31 0.35 12.28 0.00
52.69 12.02 0.03 0.17 0.02 - 22.31 0.33 12.43 0.00
52.19 12.01 0.11 0.89 0.17 0.01 21.70 0.34 12.59 -
52.02 13.28 0.37 2.17 0.19 0.06  20.10 0.25 11.54 0.00
52.12 13.14 0.35 2.15 0.26 0.08 19.80 0.24 11.85 0.01
51.28 12.13 0.48 2.18 0.28 0.02 18.81 0.35 14.47 0.01
50.99 12.90 0.46 2.15 0.19 0.07  20.71 0.30 12.24 -
51.46 12.54 0.27 1.59 0.21 0.03  20.88 0.31 12.70 -
52.35 12.74 0.09 0.61 0.06 0.01  22.25 0.28 11.62 -
51.21 13.66 0.46 2.54 0.21 0.05 19.81 0.19 11.87 0.00
50.53 12.42 0.42 241 0.25 0.07 21.15 0.29 12.46 0.01
51.43 11.64 0.32 1.51 0.23 - 20.18 0.31 14.38 0.00
51.92 13.38 0.41 4.11 0.64 0.03 11.75 0.20 17.55 0.00
51.15 12.07 0.39 2.01 0.22 0.05  20.79 0.28 13.03 0.01

Average  51.70 12.51 0.31 1.70 0.20 0.04  20.16 0.29 13.09 0.00
Std. dev. 0.62 0.57 0.15 0.91 0.13 0.02 2.68 0.05 1.97 0.00
RDS (%) 1.20 4.56  49.02 53.36 65.50 53.31 13.29 16.04 15.07 66.17

Continued on next page
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Diopside
SiOQ MgO TiOQ A1203 NaQO CI‘203 CaO MnO FeO KQO
54.86  17.92 0.24 0.08 0.06 0.03 24.63 0.13 2.05 0.00
54.99 17.50 0.21 0.04 0.14 0.05 24.88 0.07 2.13 0.00
54.84 17.85 0.17 0.10 0.10 0.05 24.75 0.04 2.08 0.02
54.76  17.90 0.24 0.10 0.08 0.07 24.83 0.09 1.91 0.02
54.89 17.74 0.19 0.04 0.13 0.08 24.82 0.03 2.07 0.01
54.89 17.76 0.22 0.07 0.13 0.06 24.81 0.05 2.01 0.00
54.74 18.01 0.24 0.08 0.07 0.03 24.77 0.06 1.98 0.01
54.93 17.87 0.20 0.08 0.06 0.08 24.71 0.12 1.94 0.01
55.00 17.99 0.22 0.08 0.06 0.04 24.64 0.05 1.92 0.00
54.83 17.71 0.21 0.08 0.05 0.09 24.87 0.11 2.03 0.01
54.62 18.19 0.23 0.57 0.06 0.09 23.39 0.05 2.18 0.61
54.80 17.93 0.24 0.07 0.05 0.07 24.65 0.11 2.08 -
54.89 17.93 0.18 0.06 0.03 0.04 24.68 0.12 2.06 -
54.62 17.77 0.21 0.02 0.17 0.05 24.77 0.07 2.28 0.05
54.98 17.91 0.22 0.08 0.07 0.06 24.62 0.05 2.00 0.01
54.42 1797 0.29 0.10 0.10 0.16  24.98 0.06 1.92 0.01
54.70 17.99 0.20 0.04 0.04 0.06 24.79 0.04 2.11 0.02
54.67 18.03 0.25 0.06 0.08 0.07 24.75 0.05 2.04 0.00
54.57 17.70 0.31 0.10 0.11 0.04 25.09 0.01 2.05 0.01
54.63 17.68 0.16 0.06 0.06 0.11  24.97 0.05 2.25 0.02
Average 54.78 17.87 0.22 0.10 0.08 0.07 24.72 0.07 2.05 0.04
Std. dev. 0.16 0.16 0.04 0.11 0.04 0.03 0.34 0.03 0.10 0.13
RDS (%) 0.29 0.88 15.89 119.02 43.68  44.95 1.36  50.35 4.95 336.15
Wollastonite
SiOq MgO TiO2 Alx03 NasO Cra03 CaO MnO FeO K20
51.73 0.07 0.01 0.01 - 0.02 47.89 0.12 0.14 0.01
51.85 0.09 - 0.01 - 0.01 47.74 0.14 0.17 -
51.81 0.02 - 0.01 - 0.02 47.86 0.08 0.20 0.01
51.71 0.08 0.02 0.02 - 0.04 47.82 0.12 0.19 -
51.46 0.10 - 0.01 0.02 0.03 48.08 0.13 0.18 -
51.68 0.04 0.02 0.02 0.00 - 4791 0.15 0.18 -
51.51 0.15 0.05 0.02 0.00 0.02 47.92 0.11 0.21 -
51.54 0.06 0.00 0.02 0.01 - 48.01 0.15 0.21 -
51.67 0.09 - 0.01 0.02 - 47.95 0.09 0.17 -
51.95 0.05 - 0.03 0.03 - 47.65 0.16 0.12 0.01
52.01 0.01 - 0.03 - - 47.72 0.12 0.12 0.00
51.99 0.03 0.02 0.03 0.01 0.03 47.71 0.12 0.06 -
51.99 0.12 - 0.03 - 0.01  47.57 0.10 0.18 -
52.07 0.06 - 0.03 - - 47.49 0.14 0.19 0.02
51.94 0.03 0.02 - - 0.03 47.69 0.15 0.14 -
52.24 0.09 - 0.01 - 0.00 47.43 0.05 0.18 0.00
52.03 0.09 - 0.00 - 0.01 47.49 0.15 0.23 -
51.90 0.06 0.04 0.00 - 0.00 47.76 0.09 0.14 0.01
52.03 0.07 0.01 - - - 47.52 0.15 0.22 0.00
52.01 0.07 - - 0.01 0.02 47.70 0.10 0.10 -
51.97 0.05 0.02 - - 0.03 47.60 0.15 0.18 -
51.87 0.10 0.03 0.01 0.00 - 47.59 0.15 0.24 -
Average 51.86 0.07 0.02 0.02 0.01 0.02 47.73 0.12 0.17 0.01
Std. dev. 0.20 0.03 0.01 0.01 0.01 0.01 0.18 0.03 0.04 0.01
RDS (%) 0.39 49.63 65.61 56.13 80.63 59.64 0.38 22,92 26.29 83.66
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B.3 XRD and QXRD

Table B.3: QXRD mineralogy data for feed samples

Mineral wt. %
Tailings
Biotite 1.6
Chalcopyrite 0.8
Pentlandite 0
Pyrrhotite 0
Chromite 0
Diopside 7.5
Hornblende 5.9
Serpentine (Lizardite) 0.4
Plagioclase (An85) 27.2
Talc 1.8
Quartz 0
Pyrite 0.3
Enstatite 40.7
Epidote 6.8
Calcite 1.9
Chlorite 5.1
TOTAL 100
Enstatite
Enstatite 52
Bytownite An85 7
Bronzite 41
TOTAL 100
Augite
Augite Px 96
Magnetite 1
IImenite 3
TOTAL 100
Diopside
Diopside 100
TOTAL 100
Wollastonite
Wollastonite 1T 41
Wollastonite 2M 59
TOTAL 100
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Figure B.1: Enstatite sample diffraction pattern with peak match for enstatite compositions.
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Figure B.2: Augite sample diffraction pattern with peak match for augite compositions.
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B.4 QEMSCAN

Table B.4: QEMSCAN mineralogy data for feed samples

Cation Tailings Enstatite Augite Diopside Wollastonite
Al 3.1 0.2 3.0 0.5 0.7
Ca 2.8 0.4 13.1 17.8 29.7
Fe 16.6 20.8 4.1 0.0 1.9
K 0.0 0.0 0.0 0.0 -
Mg 8.3 9.7 9.5 11.0 0.3
Mn 0.0 0.0 0.0 0.0 -
Na 0.6 0.0 0.8 0.0 -
Si 23.7 25.5 22.8 25.6 22.8
Ti 0.1 0.0 1.1 0.0 -
Mineral Tailings Enstatite Augite Diopside Wollastonite
Sulphides 0.5 - - - -
Olivine 0.3 2.4 2.3 0.0 0.0
Orthopyroxene 67.4 84.8 1.5 0.1 0.1
Clinopyroxene 6.7 1.5 77.0 94.5 86.3
Amphibole 1.6 0.3 8.9 2.9 0.8
Serpentine 0.0 0.0 0.0 0.0 0.0
Talc 0.8 0.0 0.9 0.0 0.0
Chlorite 0.8 0.1 0.2 0.0 0.0
Biotite 0.9 - - - -
Plagioclase 17.8 1.3 1.1 0.3 0.4
Alkali Feldspar 0.3 0.0 0.0 0.1 0.1
Quartz 1.0 8.1 2.1 0.5 14
Carbonate 0.0 0.0 0.0 0.0 4.4
Chromite 2.4 - - — -
Fe oxides 3.0 1.0 5.1 0.2 0.1
Other 0.2 0.0 0.9 0.8 5.7
TOTAL 100.0 99.6 99.9 99.3 99.3
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B.5 Mineral deportment

Table B.5: Al, Ca, Fe, Mg, and Si deportment of pyroxene-rich PGM tailings of each mineralogical phase
present.

Element

Al Ca Fe Mg Si
Sulphides 0.0 - 2.3 - 0.0
Olivine - - 0.5 0.5 0.2
Orthopyroxene - - 74.4 88.8 70.9
Clinopyroxene 4.7 26.5 1.7 4.0 5.1
Amphibole - 7.0 1.1 2.7 3.0
Serpentine - - 0.1 0.1 0.1
Talc - - - 14 1.2
Chlorite 2.5 0.2 1.5 0.8 0.5
Biotite 2.3 - 0.5 0.8 0.7
Plagioclase 83.8 63.1 6.6 0.1 16.1
Alkali Feldspar 0.4 - - 0.1
Quartz 0.0 0.0 - - 1.6
Carbonate - 2.0 - 0.0 0.3
Chromite 5.2 - 7.4 0.7 -
Fe oxides 0.1 - 3.0 - -
Other 1.0 1.1 1.0 0.0 0.1
TOTAL 100.0 100.0 100.0 100.0 100.0
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Table B.6: Ca, Fe, Mg, and Si deportment of pyroxene and pyroxenite feed samples of each mineralogical
phase present.

Ca deportment
Enstatite Augite Diopside Wollastonite

Orthopyroxene 0.6 24.9 35.0 -
Clinopyroxene 0.0 0.0 0.0 0.6
Wollastonite - - - 58.5
Other Fe-Mg minerals 0.1 1.2 0.6 0.1
Al-silicates 0.1 0.1 0.0 0.0
Quartz - - - -

Fe deportment
Enstatite Augite Diopside Wollastonite

Orthopyroxene 41.5 14 0.0 0.1
Clinopyroxene 0.0 5.3 0.0 0.0
Wollastonite - - - -
Other Fe-Mg minerals 0.0 1.6 0.0 0.0
Al-silicates - - - 3.7
Quartz - - - -
Mg deportment
Enstatite Augite Diopside Wollastonite
Orthopyroxene 19.0 1.5 0.0 0.0
Clinopyroxene 0.3 15.1 21.2 0.4
Wollastonite - - - -
Other Fe-Mg minerals 0.1 24 0.9 0.2
Al-silicates - - - -
Quartz - - - -

Si deportment
Enstatite Augite Diopside Wollastonite

Orthopyroxene 49.4 1.6 0.0 0.1
Clinopyroxene 0.8 36.2 49.0 0.8
Wollastonite 0.0 0.0 0.0 41.0
Other Fe-Mg minerals 0.2 5.4 1.6 0.4
Al-silicates 0.5 1.9 0.4 2.9
Quartz 0.1 0.5 0.2 0.4
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Appendix C

Leach reactions

C.1 Mixture experiments
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Table C.1: Leachate results from the mixture experiments from the first phase of experiments.

0ST

Al Ca Fe Mg Si
Time (h) | ppm %RSD Xal% | ppm %RSD Xca% | ppm %RSD Xfe % | ppm %RSD Xmg % | ppm %RSD  Xsi%
Mixture 1, Run 1
0.5 65.76 1.3 6.86 56.09 04 6.78 60.60 0.2 3.95 48.16 2.0 2.07 39.26 0.6 0.81
1 98.12 0.6 10.13 | 6920 0.5 8.27 72.95 0.5 4.70 60.25 1.2 2.56 55.62 0.4 1.13
1.5 12124 1.3 12.53 | 80.54 0.6 9.63 79.22 1.4 5.11 67.14 0.1 2.85 67.59 0.5 1.38
2 14242 0.7 14.74 | 90.61 0.6 10.85 85.95 0.8 5.55 7296 04 3.10 77.48 0.5 1.58
25 154.19 05 1598 | 98.19 04 11.77 87.94 0.6 5.68 75.61 04 3.21 83.97 0.7 1.71
3 165.03 0.7 17.14 | 104.12 0.5 12.50 | 91.11 0.9 5.89 79.41 1.0 3.38 89.46 0.8 1.82
35 179.47 0.6 18.68 | 111.56 04 13.41 94.19 0.2 6.09 8126 0.2 3.46 95.63 0.3 1.95
4 190.29 0.5 19.85 | 11759 02 14.16 | 97.33 0.3 6.30 8449 0.7 3.59 101.08 0.3 2.06
4.5 199.16 0.7 20.83 | 12259 0.2 14.79 | 98.16 0.6 6.36 85.55 0.3 3.64 10470 0.3 2.14
5 210.19 0.9 22.03 | 129.16 0.5 15.61 100.88 0.6 6.54 88.57 0.8 3.77 109.90 0.2 2.24
Mixture 2, Run 2
0.5 85.65 1.3 8.94 61.61 1.9 7.44 71.41 2.0 4.66 57.87 1.7 2.49 66.16 0.5 1.36
1 13797 0.3 1435 | 9524 0.2 11.47 81.51 0.2 5.29 68.88 0.1 2.95 97.87 0.0 2.01
1.5 14797 1.3 1540 | 10544 14 12.70 | 95.45 1.3 6.20 81.00 0.8 3.47 118.37 0.5 243
2 163.32 0.7 17.00 | 120.09 1.0 1447 | 98.37 2.0 6.39 8434 0.7 3.61 132.82 0.8 2.73
2.5 176.25 0.5 1836 | 132.11 1.2 15.93 10140 1.9 6.59 87.87 1.2 3.76 14544 0.2 2.99
3 189.88 0.2 19.80 | 14595 03 17.61 10494 04 6.82 90.29 0.8 3.87 158.47 4.0 3.26
35 20049 09 20.92 | 15847 02 19.13 10595 0.4 6.89 9322 04 3.99 167.56 0.2 3.44
4 211.09 0.1 22.04 | 16988 0.5 20.53 108.88 0.3 7.08 93.73 1.2 4.01 17695 0.5 3.64
4.5 219.37 0.5 2293 | 181.09 02 21.90 111.50 04 7.26 97.06 0.4 4.16 18493 1.0 3.80
5 226.04 0.3 23.65 | 189.58 0.2 22.95 111.61 09 7.26 98.58 04 422 189.88 0.5 3.90
Mixture 2, Run 12
0.5 48.78 3.1 5.09 38.18 0.8 4.61 47.67 0.9 3.11 35.35 0.6 1.52 20.50 2.3 0.42
1 95.65 0.0 9.91 59.39 0.2 7.12 70.50 0.9 4.56 5646 04 241 43.13 0.6 0.88
1.5 12049 0.7 1249 | 68.48 0.9 8.22 70.30 3.6 4.55 59.29 2.6 2.53 52.02 0.5 1.06
2 160.29 1.7 16.63 | 85.75 0.7 10.30 | 85.75 0.3 5.55 7292 09 3.11 69.59 0.8 1.42
2.5 183.21 0.7 19.04 | 98.37 0.2 11.82 | 91.81 0.6 5.95 79.39 0.4 3.38 78.88 0.8 1.61
3 207.35 0.5 21.58 | 108.88 0.6 13.10 | 95.85 0.8 6.21 83.33 04 3.55 87.47 1.0 1.79
35 21998 0.8 2293 | 11352 0.1 13.67 | 97.26 0.5 6.31 84.23 0.9 3.59 92.52 0.3 1.89
4 230.28 0.3 24.05 | 120.19 0.1 1449 | 98.88 0.7 6.41 85.95 0.1 3.67 96.86 0.7 1.98
4.5 249.57 0.4 26.11 | 12898 0.2 15.56 102.31 0.1 6.64 89.49 0.6 3.82 103.93 0.5 2.13
5 258.76 0.7 27.13 | 13484 02 16.29 10393 0.3 6.75 89.89 03 3.84 107.26 0.4 2.20
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Al Ca Fe Mg Si

Time (h) | ppm %RSD Xal% | ppm %RSD Xca% | ppm %RSD Xfe % | ppm %RSD Xmg % | ppm %RSD  Xsi%
Mixture 3, Run 3

0.5 87.87 0.8 9.17 69.59 0.3 8.41 66.16 0.4 4.31 5191 0.8 223 62.92 1.5 1.30
1 134.03 0.7 13.86 | 9090 04 10.88 | 79.08 0.1 5.11 65.15 04 2.77 95.95 0.6 1.96
1.5 17453 04 18.07 | 116.86 0.1 14.01 89.08 0.3 5.76 75.35 0.5 3.21 122.72 0.8 2.51
2 201.80 0.3 20.94 | 128.67 0.1 15.44 | 93.53 0.2 6.05 79.59 0.6 3.39 136.75 0.6 2.79
25 22291 0.7 23.18 | 138.88 0.2 16.70 | 96.35 0.8 6.23 8242 03 351 14645 04 2.99
3 243.61 0.7 25.39 | 15029 04 18.10 | 99.69 0.7 6.45 85.95 0.3 3.66 157.66 0.1 3.22
35 259.07 0.3 27.07 | 159.08 0.3 19.19 101.61 0.2 6.58 85.75 0.1 3.65 16645 0.2 3.40
4 276.13 0.7 28.93 | 167.66 0.6 20.27 105.44 0.6 6.83 89.69 0.6 3.82 17594 0.2 3.60
4.5 287.75 0.2 3024 | 173.82 0.2 21.05 106.76 0.8 6.92 90.09 0.8 3.84 18049 0.2 3.69
5 297.55 0.7 31.36 | 178.16 0.1 21.63 106.05 0.5 6.88 89.69 03 3.83 183.52 0.3 3.76
Mixture 4, Run 4

0.5 7444 2.0 7.717 58.78 0.5 7.10 64.03 0.2 4.18 45.45 0.8 1.95 44.54 0.4 0.92
1 119.99 0.6 12.43 | 80.09 04 9.61 80.50 04 5.21 62.52 04 2.66 70.30 0.3 1.44
1.5 15453 0.1 16.02 | 93.02 0.6 11.17 89.18 1.0 5.77 71.21 14 3.03 87.97 0.6 1.80
2 180.99 1.1 18.79 | 104.13 04 12.51 96.25 0.7 6.23 78.48 0.4 3.35 102.82 0.3 2.10
2.5 202.30 0.6 21.04 | 11352 03 13.65 | 99.38 1.0 6.44 81.91 0.5 3.49 11272 04 2.31
3 219.57 0.0 22.87 | 121.60 04 14.64 103.32 04 6.70 86.66 0.9 3.70 119.69 0.9 245
35 233,51 05 2437 | 13039 02 15.72 104.54 0.5 6.78 88.88 0.3 3.79 125.85 0.6 2.58
4 24422 0.8 25.54 | 13140 0.5 15.86 106.35 1.0 6.90 89.99 05 3.84 130.90 0.1 2.68
4.5 25775 0.3 27.01 | 139.68 0.2 16.88 11029 0.7 7.16 92.31 0.6 3.94 13746 0.7 2.81
5 26795 0.4 28.14 | 14372 03 17.39 111.10 0.3 7.22 95.24 09 4.07 142.81 0.8 2.93
Mixture 5, Run 5

0.5 33.53 2.4 3.50 19.80 3.8 2.39 38.68 22 2.52 28.28 0.9 1.21 3242 1.2 0.67
1 88.17 0.9 9.13 56.86 1.2 6.82 69.99 0.9 4.53 58.68 0.9 2.50 50.80 04 1.04
1.5 12635 0.2 13.09 | 8242 0.6 9.89 80.60 0.1 5.22 71.31 1.0 3.04 61.51 0.1 1.26
2 15120 14 15.69 | 90.50 1.1 10.86 | 83.63 0.3 541 75.25 0.7 3.21 68.88 0.5 1.41
25 17392 0.5 18.07 | 107.77 03 1295 | 9120 04 591 8232 0.6 3.51 75.75 0.2 1.55
3 204.12 42 21.23 | 12575 5.1 15.12 | 99.89 1.9 6.47 89.99 33 3.84 83.83 33 1.72
35 21442 0.8 22.34 | 12797 03 15.41 99.49 0.5 6.45 90.09 0.1 3.84 85.75 0.2 1.75
4 233.61 0.9 2439 | 13837 0.7 16.68 105.44 04 6.84 92.31 0.5 3.94 91.20 0.7 1.87
4.5 23836 1.2 2493 | 140.19 03 16.93 10241 0.7 6.65 91.91 1.1 3.92 92.72 0.2 1.90
5 256.04 0.4 26.84 | 151.60 0.1 18.33 10645 0.5 6.91 9454 05 4.04 97.26 0.1 1.99
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Al Ca Fe Mg Si

Time (h) | ppm %RSD Xal% | ppm %RSD Xca% | ppm %RSD Xfe % | ppm %RSD Xmg % | ppm %RSD  Xsi%
Mixture 6, Run 6

0.5 83.33 0.4 8.70 38.38 1.1 4.64 66.36 1.0 433 51.51 0.6 221 42.62 0.7 0.88
1 12362 1.9 12.81 | 68.68 0.9 8.24 78.98 0.6 5.11 63.13 1.1 2.69 55.15 0.2 1.13
1.5 16443 0.7 17.05 | 90.90 0.8 10.91 91.91 0.3 5.95 74.84 14 3.19 69.79 0.3 1.43
2 18220 0.3 18.92 | 99.99 0.6 12.01 95.75 0.5 6.20 78.38 0.7 3.34 76.05 0.2 1.56
2.5 193.01 0.9 20.08 | 102.72 0.7 1235 | 93.93 0.8 6.09 78.07 1.2 3.33 78.17 1.2 1.60
3 215.53 0.3 2245 | 116.05 0.7 13.96 100.50 0.6 6.51 83.22 1.7 3.55 86.05 0.2 1.76
35 23412 1.7 2443 | 12494 20 15.05 10544 19 6.84 87.97 23 3.75 92.01 2.1 1.88
4 255.63 0.2 26.73 | 13524 0.2 16.31 112.62 0.9 7.31 9252 05 3.95 99.89 0.5 2.04
4.5 254.62 0.5 26.68 | 137.16 0.2 16.57 109.38 0.3 7.10 90.90 0.5 3.88 98.68 0.2 2.02
5 27391 0.8 28.77 | 14473 02 17.50 11443 03 743 96.15 1.0 4.11 10443 04 2.14
Mixture 7, Run 7

0.5 122.82 1.7 12.82 | 6696 04 8.09 84.74 1.0 5.53 66.46 1.4 2.85 56.56 0.4 1.17
1 178.77 0.2 18.53 | 98.58 0.3 11.82 10241 0.0 6.63 81.20 0.5 3.46 75.65 1.0 1.55
1.5 203.21 0.7 21.09 | 110.80 0.3 13.30 103.53 0.3 6.70 83.83 1.1 3.57 83.63 0.5 1.71
2 22877 1.0 2378 | 12292 04 14.77 108.17 0.5 7.01 88.07 1.2 3.76 92.31 0.5 1.89
2.5 259.17 1.0 27.00 | 137.26 0.5 16.52 11645 0.3 7.55 95.45 0.6 4.07 102.62 0.5 2.10
3 277.55 0.1 2898 | 147.86 0.6 17.82 121.50 1.3 7.88 99.79 0.7 4.26 109.59 0.8 2.24
35 291.69 04 30.52 | 155.64 0.2 18.78 12423 0.7 8.06 101.51 0.5 433 11352 0.2 2.32
4 296.33 0.4 31.09 | 15423 04 18.64 121.00 0.6 7.86 98.48 0.8 4.20 112.82 0.1 2.31
4.5 299.77 0.6 31.52 | 15483 0.5 18.74 119.18 0.3 7.74 97.47 0.8 4.16 11342 05 2.32
5 315.63 0.7 3328 | 162.81 0.5 19.74 12393 0.8 8.06 102.01 1.1 4.36 11847 04 2.43
Mixture 7, Run 8

0.5 59.19 0.7 6.18 26.16 32 3.16 62.12 1.1 4.05 43.03 23 1.85 33.94 0.8 0.70
1 110.09 0.7 11.40 | 59.79 04 7.17 86.15 0.5 5.57 61.41 1.3 2.62 51.91 0.6 1.06
1.5 139.99 0.5 14.51 | 76.05 0.6 9.12 94.64 0.2 6.13 68.48 1.4 292 61.11 0.6 1.25
2 17897 0.6 18.58 | 99.79 0.5 11.98 11251 0.3 7.29 79.99 1.1 3.41 74.94 0.3 1.53
25 19746 0.8 20.53 | 10898 04 13.10 11726 04 7.60 8434 03 3.60 80.90 0.8 1.66
3 21422 1.0 2231 | 116.66 0.5 14.03 123.73 0.6 8.02 87.47 03 3.73 86.96 0.3 1.78
35 230.28 0.3 24.02 | 12453 03 15.00 12827 0.7 8.32 90.19 1.0 3.85 92.11 0.4 1.88
4 249.87 0.5 26.12 | 13342 05 16.09 13433 0.8 8.72 93.63 0.6 4.00 98.07 0.2 2.01
4.5 256.44 0.7 26.86 | 13655 0.6 16.49 135.64 1.2 8.81 93.63 0.3 4.00 100.19 0.9 2.05
5 266.54 0.3 2798 | 14120 04 17.07 138.57 0.4 9.01 96.25 1.0 4.11 103.22 5.0 2.11
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€Sl

Al Ca Fe Mg Si
Time (h) | ppm %RSD Xal% | ppm %RSD Xca% | ppm %RSD Xfe % | ppm %RSD Xmg % | ppm %RSD  Xsi%
Mixture 8, Run 9
0.5 126.65 0.2 1322 | 96.25 0.5 11.63 | 78.07 0.3 5.09 6424 0.5 2.76 122.51 0.7 2.53
1 181.19 1.9 18.78 | 127.66 0.8 1532 | 93.83 0.7 6.07 75.75 1.7 3.23 172.71 0.8 3.53
1.5 217.15 1.7 22.54 | 150.09 03 18.03 | 99.18 0.4 6.42 83.02 0.7 3.54 202.00 0.8 4.13
2 246.84 1.1 25.67 | 170.89 04 20.56 103.22 0.3 6.69 87.57 1.5 3.73 225.13 29 4.61
2.5 28149 04 2933 | 19493 0.4 23.49 108.98 0.6 7.06 9130 0.2 3.89 25139 04 5.15
3 305.73 0.0 31.93 | 20897 0.5 25.23 11049 13 7.16 9242 05 3.94 265.83 0.9 5.45
35 32320 04 33.84 | 21584 0.5 26.11 113.22 0.8 7.35 94.13 0.5 4.02 27997 1.0 5.74
4 34098 1.2 3580 | 23493 0.6 28.48 116.55 1.0 7.57 96.76 0.5 4.13 292.60 4.0 6.00
4.5 358.25 1.1 37.73 | 24321 09 29.55 11696 0.7 7.60 98.07 0.6 4.19 298.66 0.5 6.13
5 372.69 1.4 3937 | 24462 14 29.79 119.69 04 7.78 99.69 0.9 4.26 312.09 0.9 6.40
Mixture 9, Run 10
0.5 49.19 0.3 5.13 59.49 0.7 7.19 49.19 0.3 3.21 36.87 1.1 1.58 27.37 1.2 0.56
1 108.47 0.2 1123 | 66.76 0.6 8.01 71.21 1.0 4.61 56.16 09 2.39 53.33 0.4 1.09
1.5 146.65 1.6 1520 | 86.76 0.2 10.41 79.08 0.7 5.12 65.85 0.5 2.81 72.32 0.8 1.48
2 19523 0.2 20.26 | 10746 0.4 1291 95.75 0.6 6.20 78.78 0.4 3.36 93.12 0.4 1.90
2.5 217.86 0.6 22.65 | 11847 04 1424 | 97.77 0.6 6.33 82.11 0.2 3.50 10443 0.6 2.14
3 24533 0.7 25.55 | 131.30 0.0 15.80 103.63 0.2 6.72 86.96 0.9 3.71 115.04 0.5 2.35
35 26472 0.7 27.63 | 14049 0.1 16.93 10635 0.4 6.90 89.08 0.3 3.80 122.51 0.2 251
4 270.68 0.3 28.31 | 14797 0.1 17.86 105.65 04 6.85 89.18 0.6 3.81 12453 0.2 2.55
4.5 293.61 0.1 30.78 | 157.36 0.3 19.02 111.30 0.1 7.23 92.82 0.6 3.96 133.22 0.6 2.73
5 30694 0.9 3226 | 164.02 0.7 19.86 11272 0.5 7.32 95.45 1.3 4.08 138.77 0.9 2.84
Mixture 10, Run 11
0.5 60.30 1.4 6.29 52.12 0.0 6.30 58.08 0.6 3.79 44.74 1.1 1.92 34.24 1.5 0.71
1 101.20 1.8 10.48 | 68.38 0.4 8.20 74.24 0.7 4.80 61.21 0.8 2.61 54.74 0.6 1.12
1.5 137.87 0.6 1429 | 80.50 0.6 9.66 84.13 0.9 5.45 70.80 0.2 3.02 70.70 0.8 1.45
2 161.30 0.7 16.74 | 9343 0.8 11.22 | 88.48 0.8 5.73 76.26 09 3.25 80.80 0.3 1.65
25 190.59 1.6 19.81 | 108.98 0.6 13.10 | 95.75 0.7 6.20 82.21 1.2 3.51 92.11 0.1 1.88
3 21422 04 2230 | 11898 0.4 14.32 100.70 0.4 6.53 87.67 1.1 3.74 100.09 0.5 2.05
35 225.13 09 2348 | 12251 03 14.76 100.80 0.6 6.54 88.17 1.0 3.76 107.77 0.6 221
4 23432 0.1 2448 | 13625 02 16.43 100.39 0.2 6.51 89.49 05 3.82 110.39 05 2.26
4.5 251.79 1.0 26.36 | 136.65 0.5 16.50 103.63 0.5 6.73 92.01 0.5 393 11797 0.2 242
5 267.85 1.0 28.10 | 14433 0.5 17.46 105.85 0.8 6.88 93.73 0.5 4.00 12342 0.7 2.53
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Al Ca Fe Mg Si

Time (h) | ppm %RSD Xal% | ppm %RSD Xca% | ppm %RSD Xfe % | ppm %RSD Xmg % | ppm %RSD  Xsi%
Mixture 11, Run 12

0.5 48.78 3.1 5.09 38.18 0.8 4.61 47.67 0.9 3.11 35.35 0.6 1.52 2050 2.3 0.42
1 95.65 0.0 9.91 59.39 0.2 7.12 70.50 0.9 4.56 5646 0.4 2.41 43.13 0.6 0.88
1.5 12049 0.7 12.49 | 68.48 0.9 8.22 70.30 3.6 4.55 59.29 2.6 2.53 52.02 0.5 1.06
2 160.29 1.7 16.63 | 85.75 0.7 10.30 | 85.75 0.3 5.55 7292 09 3.11 69.59 0.8 1.42
25 183.21 0.7 19.04 | 98.37 0.2 11.82 | 91.81 0.6 5.95 79.39 0.4 3.38 78.88 0.8 1.61
3 20735 0.5 21.58 | 108.88 0.6 13.10 | 95.85 0.8 6.21 83.33 0.4 3.55 87.47 1.0 1.79
35 21998 0.8 2293 | 11352 0.1 13.67 | 97.26 0.5 6.31 84.23 0.9 3.59 92.52 0.3 1.89
4 230.28 0.3 24.05 | 120.19 0.1 1449 | 98.88 0.7 6.41 85.95 0.1 3.67 96.86 0.7 1.98
4.5 249.57 04 26.11 12898 0.2 15.56 102.31 0.1 6.64 8949 0.6 3.82 10393 0.5 2.13
5 258.76 0.7 27.13 | 13484 02 16.29 10393 0.3 6.75 89.89 03 3.84 107.26 0.4 2.20
Mixture 12, Run 13

0.5 26.16 1.5 2.73 31.71 0.7 3.83 28.79 0.9 1.88 18.48 1.3 0.79 6.77 1.0 0.14
1 49.39 0.7 5.11 38.38 0.7 4.60 42.12 0.9 2.72 31.71 1.7 1.35 19.09 1.3 0.39
1.5 82.82 1.6 8.58 56.06 0.8 6.72 58.38 1.2 3.78 47.17 0.7 2.01 34.14 0.7 0.70
2 96.56 0.2 10.01 | 58.88 0.4 7.07 6020 0.6 3.90 50.20 09 2.14 40.40 1.4 0.83
2.5 126.86 6.0 13.16 | 72.42 6.8 8.69 7020 5.4 4.54 61.71 5.6 2.63 53.13 6.3 1.09
3 150.39 0.5 15.62 | 83.63 0.1 10.05 | 78.68 0.1 5.10 68.38 0.6 291 63.53 0.3 1.30
35 165.74 0.4 1723 | 91.10 04 10.95 8090 0.8 5.24 71.00 0.2 3.03 69.89 0.4 1.43
4 17796 2.3 18.53 | 94.94 2.0 11.43 83.33 0.6 5.40 71.91 3.1 3.07 75.45 23 1.54
4.5 193.11 04 20.14 | 10221 0.2 12.31 86.25 0.3 5.59 76.76 0.6 3.27 80.50 04 1.65
5 203.52 04 21.26 | 106.86 0.1 12.89 | 88.58 0.3 5.75 78.28 0.1 3.34 85.04 0.4 1.74




C.2 Extended 100-day leach

Table C.2: Leachate results from the extended 100-day leach experiment from the first phase of experiments.

Al Ca Fe Mg Si
Day | ppm Xal% | ppm Xca% | ppm Xfe % | ppm Xmg % | ppm Xsi%
1 41.11  4.30 17.88  2.17 58.28  3.81 3424 147 26.26  0.54
2 73.93 7.74 4171  5.05 73.23 479 48.78  2.10 36.46  0.75
3 89.59 9.38 50.40 6.11 77.87  5.09 53.63 231 41.01 0.85
4 87.97 9.22 46.76  5.67 7131  4.67 51.01 220 39.79  0.82
5 96.66 10.14 | 51.71  6.27 7434  4.87 54.04 233 41.92  0.87
6 120.19 12.62 | 66.56  8.08 86.96  5.69 62.01 2.67 4848  1.00
7 128.37 13.49 | 71.31  8.66 88.38 5.79 64.34 277 50.10 1.04
8 13595 1430 | 76.15 9.26 89.08 5.84 66.46  2.87 51.91 1.07
9 199.98 21.06 | 164.33 19.99 | 116.76 7.66 90.80 3.92 164.13  3.39
10 178.97 18.88 | 128.37 15.64 | 100.60 6.60 7595 3.28 145.74 3.01
11 182.81 19.31 | 126.65 1545 | 9949 6.53 76.96  3.32 147.06 3.04
13 22321 23.62 | 15271 18.65 | 11544 7.58 88.27 3.81 169.48 3.51
14 237.96 2523 | 161.30 19.73 | 119.69 7.87 90.60 391 180.39 3.73
15 213.51 22.68 | 15837 1940 | 113.52 747 84.84  3.66 152.51 3.16
18 252.60 26.88 | 138.88 17.04 | 117.56 7.74 9534 4.12 87.37 1.81
22 214.02 2282 | 111.71 13.72 | 90.60  5.97 75.04 3.24 60.80 1.26
25 253.81 27.12 | 127.16 15.64 | 10443 6.88 8595 372 7413  1.54
31 29734 31.84 | 14797 1822 | 11736 7.74 9736 4.21 81.31 1.68
37 319.26 34.27 | 122.31 15.09 | 119.08 7.85 96.35 4.17 11595 240
44 358.05 38.54 | 219.17 27.06 | 123.93 8.18 98.58 4.26 190.59 3.95
51 387.44 41.83 | 215.13 26.62 | 13049 8.62 106.56 4.61 118.47 2.46
65 386.22 41.84 | 193.92 24.05 | 129.28 8.54 111.50 4.83 84.23 1.75
80 410.77 44.65 | - - 134.53 8.90 115.75 5.01 185.84 3.85
94 42193 46.03 | 299.82 37.25 | 127.61 8.45 109.59 4.75 109.38 2.27
100 | 421.62 46.17 | 276.29 3443 | 124.03 8.21 102.11 4.43 178.01 3.69
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C.3 Pyroxene and pyroxenoid dissolution

Table C.3: Leachate results from the pyroxene and pyroxenoid dissolution experiments from the second phase
of experiments.

Ca Fe Mg Si

Time (h) | ppm Xca% ppm Xfe % ppm Xmg % | ppm Xsi%
Experiment 1

1 - - 56 8.29 29 0.79 19 0.39
3 - - 59 8.68 34 0.92 32 0.63
7 - - 63 9.26 39 1.05 46 0.92
12 - - 65 9.65 43 1.16 56 1.13
24 - - 70 10.28 50 1.35 75 1.50
48 - - 77 11.38 60 1.62 92 1.85
Experiment 2

1 1961 27.94 - - - - 102 2.16
3 2066 29.27 - - - - 61 1.28
7 1870 26.55 - - - - 93 1.95
12 1987 28.27 - - - - 108 2.26
24 2227 31.76 - - - - 47 0.99
48 1777 25.41 - - - - 81 1.69
Experiment 3

1 139 4.18 - - 16 0.39 22 0.42
3 144 4.32 - - 26 0.66 28 0.53
7 153 4.56 - - 54 1.34 53 1.01
12 176 5.28 - - 72 1.82 75 1.42
24 188 5.62 - - 84 2.11 88 1.68
48 235 7.05 - - 109 2.73 111 2.10
Experiment 4

1 72 2.81 117 10.65 50 3.23 55 1.24
3 78 3.02 162 14.70 60 3.88 73 1.64
7 86 3.30 185 16.83 65 4.19 90 2.03
12 94 3.62 208 18.93 70 4.55 86 1.94
24 100 3.84 224 20.35 73 4.74 85 1.91
48 120 4.64 253 23.06 81 5.21 93 2.09

Experiment 5 — Samples lost before analysis
Experiment 6

1 118 43.44 8 1.19 7 0.18 2 0.04
3 100 36.60 9 1.22 7 0.19 3 0.07
7 88 32.44 12 1.75 10 0.26 6 0.11
12 88 32.62 19 2.66 14 0.38 10 0.19
24 212 78.41 22 3.13 19 0.49 14 0.26
48 328 122.08 41 5.81 35 0.90 29 0.56
Experiment 7

1 903 29.15 36 2541 38 1.02 33 0.67
3 475 15.24 54 38.09 61 1.64 52 1.06
7 521 16.74 89 62.35 134 3.60 103 2.11
12 795 25.59 113 79.95 174 4.68 143 291
24 869 28.03 162 114.91 237 6.37 222 4.53
48 1048 33.89 229 164.15 322 8.65 352 7.18
Experiment 8

1 648 2541 672  62.00 220 14.50 256 5.87
3 821 32.00 1482 136.22 468 30.58 559 12.71
7 868 33.93 2639 24526 818 53.53 987 22.47
12 736 28.87 3523 334.10 1098 72.23 1314 29.96
24 855 33.61 4059  395.49 1294  85.56 1492 34.10
48 514 20.24 4649  467.94 1458 97.11 1612 36.96
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Ca Fe Mg Si
Time (h) | ppm Xca% ppm Xfe % ppm Xmg % | ppm Xsi%
Experiment 9
1 288051  4125.00 366 1050.45 495 825.21 19210 407.51
3 300793  6377.61 301 935.78 508 900.13 17427 379.09
7 289269  12628.34 330 1110.54 632 1207.10 | 17352 389.36
12 307019  -727874.16 | 215 793.00 547 1157.59 | 16904 391.59
24 289337  -11490.13 244 964.04 532 124191 | 15873 379.70
48 322295 -6643.19 154 658.93 824 2138.33 | 16184  399.37
Experiment 10
1 55 20.78 69 10.11 46 1.24 57 1.12
3 67 25.00 75 10.82 56 1.50 81 1.60
7 79 29.65 85 12.23 73 1.94 109 2.13
12 95 36.02 97 14.02 91 242 132 2.59
24 94 35.40 121 17.52 129 3.44 169 3.33
48 112 42.44 163 23.61 182 4.84 204 4.01
Experiment 11
1 91 38.39 15 248 8 0.23 5 0.11
3 99 41.31 17 2.71 12 0.36 8 0.17
7 104 43.56 19 2.98 19 0.57 14 0.31
12 123 51.58 23 3.63 31 0.91 23 0.51
24 147 61.89 34 5.45 66 1.95 49 1.08
48 176 74.55 39 6.20 99 2.93 84 1.83
Experiment 12
1 50 1.59 66 45.25 45 1.19 51 1.02
3 64 2.02 70 48.35 54 143 74 1.49
7 81 2.53 78 53.90 69 1.83 100 2.00
12 90 2.85 84 58.37 83 2.19 119 2.38
24 102 3.22 107 74.63 135 3.56 167 3.34
48 120 3.78 133 93.45 187 4.93 198 3.95

Experiment 13 — Samples lost before analysis
Experiment 14 — Samples lost before analysis

Experiment 15

1 306474  4438.02 1457 423025 1492 2516.39 | 48931 1049.62
3 341900 7615.08 1195  5199.01 1748  3662.82 | 22935 532.77
7 354168  20442.41 258 1930.74 1305 3879.79 | 15779 383.01
12 286705 -25514.85 900  7987.53 862 372845 | 15788 395.43
24 282870  -8232.99 220 5494.81 550  3405.15 | 15715 406.57
48 282768  -4946.07 382 17124.80 | 506  4316.85 | 14995 401.10
Experiment 16

1 274220  3976.41 810 235475 465  785.77 37723  810.31
3 266911  5630.63 274 974.30 429  767.52 17749 40441
7 276587  10687.97 168  647.80 475  905.69 15200 358.01
12 333462  93329.95 237 963.93 1379  2836.02 | 14892 361.19
24 266907  -11445.82 865  3815.38 596 1589.82 | 14584 364.33
48 297223  -6627.95 151 961.20 988  3019.71 | 14247 366.68
Experiment 17

1 231798  3243.94 991 2780.52 | 470  766.40 51235 1062.14
3 227982 427424 566  2027.04 | 770 1325.68 | 35553  799.03
7 277642 7943.29 539 2304.72 610 1176.10 | 38038 913.76
12 240551 19148.33 480 252229 | 495 1054.65 | 30259 784.72
24 270115  -39509.12 129  852.87 420  978.32 9736  269.54
48 267012 -9329.48 103 728.85 367  927.22 8002  226.47
72 290861 -5799.41 168 1265.76 843 788891 | 7747 22332
96 274654  -3731.20 139 1167.42 582 1954.50 | 7580  222.52
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Ca Fe Mg Si

Time (h) | ppm Xca% ppm Xfe % ppm Xmg % | ppm Xsi%
Experiment 18

1 64 2.53 89 8.24 32 2.10 27 0.61
3 59 2.31 186 17.02 59 3.86 60 1.36
7 60 2.35 283 25.99 85 5.54 91 2.07
12 62 242 301 27.70 90 5.85 97 2.20
24 68 2.64 393 36.15 112 7.35 119 2.71
48 80 3.13 465 42.99 127 8.33 133 3.03
72 130 5.07 446 41.34 122 11.17 129 2.93
96 80 3.13 490 45.60 131 8.55 136 3.09
Experiment 19

1 27 10.64 48 7.26 19 0.53 8 0.16
3 31 11.84 55 8.28 25 0.68 12 0.23
7 29 11.44 58 8.71 29 0.80 17 0.35
12 58 22.54 59 8.89 33 0.90 22 0.44
24 52 20.10 63 9.38 38 1.05 32 0.65
48 54 21.06 65 9.70 43 1.18 42 0.85
72 50 19.59 66 9.87 44 6.63 47 0.96
96 59 23.08 67 10.07 48 1.33 56 1.13
Experiment 20

1 1554 63.34 3486 333.94 1100 75.13 1040 24.76
3 1649 67.01 4482  437.62 1317 89.78 1180 27.93
7 1930 78.84 4795 485.29 1356 93.13 1214 28.80
12 1774 72.95 5336  562.02 1548 107.12 1325 31.49
24 1541 63.73 6058 668.41 1784  124.52 1506 35.89
48 1499 62.33 6882  802.55 1734 12223 1720 41.10
Experiment 21

1 1405 56.81 3473 329.96 1120 75.88 1072 25.30
3 1338 53.91 4415  427.37 1365 92.30 1258 29.53
7 1458 59.00 4669  468.07 1440 98.09 1303 30.65
12 1710 69.51 5434 566.07 1718  117.95 1533 36.16
24 1999 81.71 5977  652.50 1937  134.31 1715 40.55
48 2693 110.82 6526  751.95 2245 157.34 1934  45.89
Experiment 22

1 128 46.44 13 1.77 7 0.17 2 0.04
3 118 42.87 16 221 10 0.27 5 0.09
7 121 44.00 19 2.62 15 0.37 9 0.17
12 126 4591 20 2.75 21 0.53 14 0.27
24 130 47.47 26 3.62 41 1.05 29 0.56
48 171 62.84 36 4.95 76 1.95 52 0.98
72 170 62.86 37 5.12 82 11.36 63 1.20
96 189 70.09 37 5.13 89 2.28 75 1.41
Experiment 23

1 2572 38.03 10 30.20 4 6.24 656 14.36
3 3183 46.84 11 32.39 7 12.07 653 14.21
7 3032 44.78 6 16.71 6 10.53 298 6.49
12 2695 39.95 4 13.12 6 10.63 105 2.28
24 3424 50.92 6 17.14 9 15.39 124 2.70
48 3230 48.23 2 6.30 12 19.77 109 2.38
Experiment 24

1 40 15.32 12 1.78 13 0.36 10 0.21
3 84 31.78 14 2.08 20 0.55 17 0.34
7 86 32.71 18 2.55 28 0.75 28 0.55
12 105 39.89 18 2.68 36 0.96 39 0.77
24 131 49.85 22 3.13 52 1.40 63 1.25
48 179 68.36 29 4.20 79 2.11 102 2.02
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Ca Fe Mg Si

Time (h) | ppm Xca% ppm Xfe % ppm Xmg % | ppm Xsi%
Experiment 25

1 15 6.76 3 0.45 2 0.06 1 0.01
3 10 4.66 4 0.60 2 0.08 1 0.02
7 12 5.22 4 0.74 3 0.11 2 0.04
12 13 5.58 6 0.95 4 0.14 2 0.05
24 9 4.00 6 0.95 6 0.19 4 0.08
48 9 4.23 7 1.12 8 0.25 5 0.13
72 10 4.35 12 1.97 10 1.76 7 0.17
96 9 4.10 36 - 13 0.40 10 0.23
168 11 5.05 37 - 19 0.59 18 0.42
264 12 5.59 38 - 22 0.70 23 0.54
Experiment 26

1 21 1.06 11 1.24 4 0.34 3 0.09
3 23 1.11 27 3.06 0.74 9 0.25
7 24 1.18 62 7.19 17 1.43 22 0.62
12 22 1.06 101 11.61 27 2.23 36 1.03
24 22 1.10 179 20.71 48 3.98 65 1.87
48 22 1.09 281 32.57 74 6.12 104 2.97
72 25 1.22 322 37.50 85 9.79 117 3.36
96 28 1.37 336 39.34 89 7.30 123 3.53
168 30 1.48 344 4047 92 7.62 125 3.60
264 46 2.24 368 43.53 101 8.35 136 391
Experiment 27

1 24 11.42 1 0.24 2 0.05 1 0.02
3 24 10.99 2 0.29 2 0.06 1 0.02
7 28 12.86 2 0.36 2 0.08 1 0.03
12 24 11.25 2 0.44 4 0.12 2 0.06
24 22 9.98 4 0.77 9 0.29 7 0.17
48 29 13.36 6 1.00 14 0.44 12 0.28
72 32 15.01 6 1.02 14 2.55 15 0.36
96 32 14.87 6 1.04 15 0.49 17 0.42
168 43 20.32 7 1.20 21 0.67 27 0.64
264 52 24.41 8 1.40 27 0.90 38 0.92
Experiment 28

1 125 45.50 18 2.48 13 0.34 7 0.12
3 130 47.02 22 3.03 25 0.64 14 0.27
7 149 54.06 31 4.29 55 1.40 34 0.64
12 145 52.94 34 4.68 68 1.73 47 0.89
24 204 74.64 40 5.57 94 2.39 73 1.37
48 229 84.41 47 6.57 129 3.30 109 2.05
Experiment 29

1 882 64.25 4 62.08 2 19.09 274 29.51
3 988 71.69 5 69.64 3 26.53 284 30.38
7 1133 82.81 5 77.83 3 25.00 295 31.66
12 1136 83.73 5 76.32 2 20.78 296 31.88
24 1179 87.59 6 82.19 2 20.98 288 31.18
48 1273 95.46 6 91.21 3 26.94 284 30.78
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Ca Fe Mg Si

Time (h) | ppm Xca% ppm Xfe % ppm Xmg % | ppm Xsi%
Experiment 30

1 30 10.18 69 9.11 33 0.81 19 0.34
3 39 13.15 74 9.70 44 1.06 34 0.61
7 50 16.88 78 10.18 53 1.28 50 0.89
12 56 19.07 81 10.61 59 1.41 62 1.10
24 70 23.82 90 11.74 69 1.66 82 1.45
48 85 29.13 104 13.57 83 1.99 103 1.82
Experiment 31

1 61 243 221 20.60 82 548 69 1.61
3 69 2.70 325 30.05 116 7.66 102 2.34
7 75 2.95 390 36.21 135 8.90 117 2.69
12 81 3.19 420 39.12 142 9.38 120 2.75
24 96 3.77 489 4573 161 10.63 126 2.90
48 108 4.23 558 52.50 182 12.03 134 3.07
Experiment 32

1 31 11.96 67 10.14 24 0.67 23 0.48
3 16 6.07 8 1.19 5 0.15 3 0.06
7 15 5.94 11 1.61 7 0.20 5 0.10
12 16 6.39 13 1.94 9 0.25 7 0.14
24 17 6.47 16 2.34 11 0.31 9 0.19
48 19 7.53 19 2.82 15 0.41 14 0.28
Experiment 33

1 15 0.87 6 0.74 4 0.37 2 0.05
3 33 1.87 155 20.41 54 5.10 57 1.87
7 36 2.03 273 35.98 95 8.88 102 3.32
12 39 2.18 350 46.20 121 11.37 128 4.20
24 40 2.26 395 52.48 136 12.78 142 4.65
48 46 2.56 419 55.94 144 13.57 145 4.76
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Appendix D

Residue

D.1 XRF

Table D.1: Chemical mineralogy of samples determined by XRF on residue.

Oxide Tailings Enstatite Augite Diopside Wollastonite
Si0e  53.21 55.25 49.77  54.33 54.67
TiOy,  0.25 0.11 1.41 0.23 0.06
Al,O3 4.68 1.57 2.52 0.10 1.19
FeoO3 11.37 9.34 13.06 1.95 0.48
MnO 0.19 0.19 0.23 0.05 0.09
MgO  21.65 29.50 1243 17.56 0.44
CaO 3.85 1.93 18.12  22.96 29.36
Na;O 0.82 0.13 0.37 0.18 0.18
KoO  0.08 0.01 0.06 0.05 0.10
P05  0.03 0.00 0.01 0.01 0.06
SOs3 0.00 0.00 0.04 0.00 0.00
Cro03 1.07 0.40 0.05 0.07 0.01
NiO 0.08 0.07 0.04 0.01 0.01
H, O~ 1.04 0.11 0.19 0.13 1.30
LOI 1.68 0.31 0.25 1.08 6.00
Total 100 100 100 100 100
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D.2

QEMSCAN

Table D.2: QEMSCAN mineralogy data for residue samples.

Cation Tailings Enstatite Augite Diopside Wollastonite
Al 3.1 0.2 3.0 0.5 0.7
Ca 2.8 0.4 13.1 17.8 29.7
Fe 16.6 20.0 4.1 0.0 1.9
K 0.0 0.0 0.0 0.0 -
Mg 8.3 10.2 9.5 11.0 0.3
Mn 0.0 0.0 0.0 0.0 -
Na 0.6 0.0 0.8 0.0 -
Si 23.7 24.1 22.8 25.6 22.8
Ti 0.1 0.0 1.1 0.0 -
Mineral Tailings Enstatite Augite Diopside Wollastonite
Orthopyroxene 6.2 91.5 1.0 0.4 0.1
Clinopyroxene 0.4 1.7 49.1 91.9 2.6
Wollastonite - 0.0 0.0 0.0 7T
Amphibole* 0.4 - - - —
Other Mg-Fe mineral 0.5 0.6 14.5 6.3 5.8
Al-silicate 1.0 1.8 17.4 0.6 10.1
Quartz 0.3 0.3 0.5 0.4 2.1
Fe oxides 0.2 3.8 16.9 0.31 0.32
Carbonates - - - - 1.05
Other 1.9 0.2 0.6 0.11 0.25
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D.3 EDS

Table D.3: Elemental distribution data from the surfaces of residue pyroxene and pyroxenite samples.

Element (0) Mg Al Si Ca Fe Total
Enstatite 1.1 51.5 532 170 23.1 03 63 100
Enstatite 1.2 435 458 17.6 26.1 12 92 100
Enstatite 1.3 329 539 173 228 00 6.0 100
Enstatite 2.1 496 174 - 250 06 74 100
Enstatite 2.2 494 177 06 252 04 6.8 100
Enstatite 2.3 530 165 - 229 05 7.2 100
Enstatite 3.1 433 179 - 283 - 10.6 100
Enstatite 3.2 46.1 18.0 - 274 - 85 100
Enstatite 3.3 493 16.1 - 237 - 10.9 100
Enstatite 3.4 36.0 185 - 320 - 13.6 100
Enstaite 4.1 51.5 154 08 240 06 7.7 100
Enstaite 4.2 435 189 - 282 - 9.5 100
Enstaite 4.3 329 183 - 300 - 18.8 100
Enstaite 4.4 426 183 - 29.0 - 10.2 100
Augite 1.1 542 67 1.1 212 99 7.0 100
Augite 1.2 552 72 09 203 96 6.8 100
Augite 1.3 519 66 14 216 94 87 100
Augite 1.4 487 6.8 07 234 114 9.0 100
Augite 1.5 525 7.1 09 218 112 6.6 100
Augite 2.1 56.2 83 1.2 207 68 69 100
Augite 2.2 513 79 1.1 228 104 6.6 100
Augite 2.3 521 74 1.0 21.7 103 7.6 100
Augite 2.4 477 77 1.1 238 112 84 100
Augite 2.5 446 74 10 242 151 76 100
Diopside 1.1 50.6 10.1 - 240 143 1.0 100
Diopside 1.2 578 9.7 - 206 10.7 13 100
Diopside 1.3 538 93 - 22.1 13.0 1.7 100
Diopside 1.4 470 104 - 250 163 13 100
Diopside 2.1 523 103 - 23.0 132 12 100
Diopside 2.2 573 100 - 209 109 1.0 100
Diopside 2.3 51.8 105 - 227 143 0.8 100
Diopside 2.4 458 104 - 258 169 1.1 100
Wollastonite 1.1  12.5 - - 17.5 70.0 - 100
Wollastonite 1.2 472 - - 20.1 327 - 100
Wollastonite 1.3  40.7 - - 252 342 - 100
Wollastonite 1.4 62.5 - - 263 112 - 100
Wollastonite 2.1 564 — - 227 209 - 100
Wollastonite 2.2 56.2 - - 227 21.1 - 100
Wollastonite 2.3 514 - - 248 239 - 100
Wollastonite 2.4 53.7 - - 234 229 - 100
Wollastonite 2.5 61.7 - - 221 162 - 100
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