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Development of kinetic parameters for the leaching of
phlogopite and characterisation of the solid residue

Synopsis

The development of an appropriate solid-state kinetic model which represents the leaching process
of phlogopite was investigated. Phlogopite samples were leached with nitric acid solutions of different
concentrations, at different temperatures and for different reaction times. Leach liquors were
analysed by ICP-OES for concentration, while the raw phlogopite and the acid-leached solid residues
were analysed by XRF, XRD, ATR-FTIR, BET, TGA-DTG and SEM-EDS for characterisation to support the
reaction rate model selection.

It was found that the reaction was diffusion-controlled and the model which represents one-
dimensional diffusion through a flat plate (model D1) most accurately predicts the leaching behaviour.
The observed activation energies and preexponential constants varied with initial acid concentration.
The observed activation energies decreased from 98.8 — 88.9 kJ mol™ as the initial acid concentration
increased from 2 — 4 M, while the observed preexponential constants decreased from 3.30 x 10*2 —
2.30 x 10** min™.

Additional experiments were conducted at different temperatures, using different initial acid
concentrations and over different reaction times to test the model. The experimental data points
obtained (“testing data”) were in agreement with the predicted values. Analyses of the solid residues
also revealed complementary results with respect to the leaching model selection. The raw phlogopite
was found to be highly crystalline (XRD). Therefore, the absence of defects in the lattice means that
the motion of H* ions permeating into the lattice is restricted (Ropp, 2003; Schmalzried, 1995). This
confirms that the leaching is internal diffusion-controlled since the mobility of constituents into the
system is the controlling factor, and since the phlogopite particles are plate-like (SEM-EDS, BET) in
shape, the use of the D1 model for one-dimensional diffusion through a flat plate is the recommended
model to represent the leaching process. Furthermore, results obtained from the different analytical
techniques were supportive of each other.

It was also found that the amount of acid consumed is inequivalent to the amount theoretically
required. Using the theoretically required acid concentration (2.45 M) results in incomplete
conversion (< 80 % according to Kgokong (2017)). When initial acid concentrations between 2.4 —
2.6 M were used, only 88 —91 % conversion was obtained after 6 hours of leaching at 65 °C, leaving
behind excess H* in solution. If fertiliser is the desired end product, it would be favourable to minimise
the H* concentration of the leach liquor. Therefore, the leaching process should be optimised so that
the acidity of the leach liquor is minimised while obtaining complete leaching of all cations from the
phlogopite particles into solution. Furthermore, since the SiO, by-product is highly porous (surface
area of 517 m? g'l), its application in industrial adsorbents, catalysts, polymers, pigments, cement, etc.
should be further explored.
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Nomenclature

Symbol Description Units

a,b,cs Stoichiometric coefficients -

mg Initial mass of raw phlogopite used for leaching kg

mg Mass of dried solids leached after a specified time kg

Mg Mass of the insoluble fraction of the original solid sample kg

t Time s

Cit Concentration of cation i in solution at a specified time kg L?

CiToTAL Concentration of cation i present in the original sample kg L?

Vi Volume of leach liquor obtained after a specified time L

VIoTAL Volume of leach liquor obtained after complete conversion L

efgyz Constants -

ra Rate at which reactant A is consumed mol L s?

Ca Concentration of reactant A mol L?

Cg Concentration of reactant B mol L?

k Reaction rate constant m?stors?

ko Pre-exponential constant/ frequency factor st

Ea Activation energy kJ molt orJ mol?

R Universal gas constant JmoltK?

T Absolute reaction temperature K

X Distance travelled through product layer AB m

l Product layer thickness m

D Diffusion coefficient m?s?

Mag Molecular weight of product layer AB kg mol?

Mg Molecular weight of reactant B kg mol?

C Concentration of B in AB kg m3

Cgp Concentration of B at interface P kg m3

Cpq Concentration of B at interface Q kg m3

[H*] Hydrogen ion concentration mol L

[H*], Hydrogen ion concentration of the initial acid before leaching  mol L*

m; (s) Mass of element i present in the acid-leached solid residues kg

d Interplanar spacing A or nm

n Order of reflection (XRD) -
Greek symbols

Symbol Description Units

g Gravimetric conversion fraction -

ay Volumetric conversion fraction -

o Conversion (recovery) fraction based on XRF results -

p Density of product layer AB kgm?3

A Wavelength of the incident x-radiation Aornm

0 X-ray diffraction angle radians

\Y Stretching vibrations -

6 Bending vibrations -
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1. Introduction

Phlogopite, also referred to as magnesium mica (Schipper & Cowan, 2018, p. 26), is a phyllosilicate
mineral with the empirical formula KMgsAlSisO10(F, OH), (Rieder et al., 1998). It contains valuable
elements such as potassium, aluminium, magnesium, iron and silicon and may be contaminated by
impurities such as calcium and titanium (Ganie, 2018), depending on the composition of the ore from
which it was mined. The Mg?*, AI**, Fe3* and Si** compose layered silicate sheet structures which are
weakly bonded by a cation interlayer (usually K*) to supply the ideal cleavage. This enables the
extraction of valuable cations by acid leaching (Kuwahara & Aoki, 1995; Mamy, 1970; da Silva et al.,
2008; Woest, 2016).

Despite the presence of these valuable elements within the mineral, it is treated as waste material
and is discarded in large quantities from various locations including the Palabora Igneous Complex
(PIC) (van Straaten, 2002; Porteus, 2018; Schoeman, 1989). According to van Straaten (2002), about
1.5 million tons of phlogopite are discarded yearly at the PIC. Therefore, converting this abundance of
waste material into economically viable products not only reduces the amount of waste accumulated
during mining operations but also provides significant potential for profit.

Harkonen and Keiski (1984), Kaviratna and Pinnavaia (1994), Kuwahara and Aoki (1995), and Okada et
al. (2002) have reported that leaching phlogopite with a strong acid and high temperatures results in
the extraction of virtually all cations into solution, leaving only insoluble SiO,. The porosity and
applications of the SiO; residue have been studied by Deysel et al. (2020), Harkdnen and Keiski (1984),
Kraevskaya et al. (1985), Okada et al. (2002), and Wypych et al. (2005). da Silva et al. (2008) and Said
et al. (2018) and reported that the solubility of K* from the interlayers of phlogopite in H,0, is low.
Acid extraction is required to extract all the K* from the layered structure. Therefore, to maximise the
cation exploitation of phlogopite, the acid leaching process must be thoroughly understood.

The primary objective of this study was to develop a solid-state kinetic model which accurately
represents the leaching process. Balland et al. (2010), Kalinowski and Schweda (1996), Lin and
Clemency (1981), and Taylor et al. (2000) studied the cation extraction from phlogopite using mild
conditions: pH 1-7, time in days or weeks, and low solid to liquid ratios. Their studies showed that
potassium is not leached selectively; hence, for maximum potassium recovery, all the leachable
cations should be removed, leaving only the insoluble SiO,. Neither a kinetic model for leaching
phlogopite with concentrated nitric acid and at high solid to liquid ratios nor a characterisation study
of the leached products is available in the literature.

In this study, cation extraction was accelerated by leaching phlogopite samples with nitric acid
solutions of different concentrations, over different reaction times and at different temperatures.
Temperature and stirring speed were controlled using benchtop hotplate stirrers. All leaching
experiments were conducted batchwise, in a closed system. The gravimetric data obtained from the
acid-leached solid residues were used to determine the overall kinetics of the system. Leach liquors
were analysed by ICP-OES for concentration, while the raw phlogopite and the acid-leached solid
residues were analysed by XRF, XRD, ATR-FTIR, BET, TGA-DTG and SEM-EDS for characterisation and
to support the reaction rate model selection.

The results are based on observations from experimental data and because internal diffusion
limitations are present, the kinetics reported in this study are “apparent or disguised kinetics”.
Therefore, the established kinetics should be used for reactions operated in the same regime as the
“disguised regime” of this study to ensure accurate results (Fogler, 2006, p. 835).
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The subsequent chapter details a literature review about phlogopite, the leaching process, modelling
and characterisation techniques. Chapter 3 outlines the experimental work conducted in this study.
The results are presented in Chapter 4, with a discussion to justify the significance of the results.
Chapter 5 highlights the main conclusions of the work and recommendations for future scientific
study. References and appendices are provided towards the end of the report.
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2. Literature Review

This chapter aims to provide a comprehensive background of the dissertation topic. It includes a
review of relevant literature to guide the reader in understanding the results and justification for the
investigation. In this chapter, the raw material (phlogopite), and experimental methods (leaching and
characterisation techniques) under investigation are described.

2.1. Phlogopite
2.1.1. Structure, appearance and composition

Phlogopite is the Mg end-member of the biotite mica group. Its structure is comprised of alternating
silicon tetrahedral and octahedral (T-O-T) layers. It is characterised as a 2:1 clay since each octahedral
sheet is sandwiched between two tetrahedral sheets. The octahedral sheets are occupied by divalent
and trivalent cations (mainly AI**, Fe** and Mg?*) and the tetrahedral sheets contain four 0% ions
bonded to Si** and AI** (Ciullo, 1996, p. 45; Grim, 1968). The layers are ~1 nm thick and are weakly
adhered together by a cation interlayer of typically K* to supply the ideal cleavage (Rieder et al., 1998).
The metal cations may be extracted from the structure through ion exchange of H* from acids
(Harkoénen & Keiski, 1984; Kuwahara & Aoki, 1995; Mamy, 1970; da Silva et al., 2008; Woest, 2016).
The general structure of trioctahedral micas such as phlogopite or biotite is illustrated in Figure 1
(Biedermann et al., 2014).

T hedral mica: Biotite/phlogop
K(Mg,Fe?), (Fe AlTi), [Siy, sAl, , sO,J(OH F),

T: Si, AV
o O:M1: Mg, Fe?*Fe** Mn, Ti, Li
e  M2:Mg, Fe’’ Fé" Mn, Ti, Li
IC: K, Na, Ca, Ba, Rb, Cs

Figure 1: Schematic of the structure of phlogopite/biotite (Biedermann et al., 2014).

The K*, AI**, Mg?* and Fe* present in phlogopite may occur as oxides (Eriksson, 1982), however, the
phlogopite may also contain some impurities. The precise chemical composition of phlogopite is
region-specific and varies according to the geology of the location from which the ore was mined.
Based on information gathered from Baksheev et al. (2016), Deysel et al. (2020), Kalinowski and
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Schweda, (1996), Khalighi and Minkkinen (1989), Mamy (1970), Porteus (2018), Reguir et al. (2009),
Schoeman (1989), da Silva et al. (2008), and Ucgiil and Girgin (2002), Table 1 shows the composition
range, with associated average values for some of the main constituents present in phlogopite.

Table 1: Composition ranges and average values of constituents present in phlogopite.

Phlogopite constituents wt. % range Average
SiO, 38.7-43.0 40.6
K.0 8.00-11.2 9.79
MgO 17.5-28.8 23.2
Fe203 0.00-10.0 3.31
Al,0s 9.88-24.9 15.0
TiO; 0.00-3.26 0.93
Cao 0.00-5.51 0.64
P20s 0.00-1.82 0.36
F 0.00-5.85 1.39
H.0 0.00-3.91 1.57
MnO 0.02-0.16 0.07
Na20 0.11-2.04 0.59

2.1.2. Properties and uses

Phlogopite may be considered non-porous, with surface areas of ~1 m? gt when untreated (Harkénen
& Keiski, 1984). It is relatively non-hygroscopic, highly dielectric and alkali resistant with excellent
thermal stability and ion-exchange capacity (Foster, 1960; Kraevskaya et al., 1985; da Silva et al.,
2008). These properties allow the mineral to be exploited for various potential purposes ranging from
joint filling in the construction industry to glass, paint and plastic manufacture (Ciullo, 1996, p. 47; del
Rey-Perez-Caballero & Poncelet, 2000; Dye & Hartshorn, 1924; Friedman, 2019; Heckroodt, 1991;
Kraevskaya et al., 1985; Verbeek, 2002).

Due to the presence of K and other plant nutrients, phlogopite may successfully be exploited in the
fertiliser industry (da Silva et al., 2008; Said et al., 2018; van Straaten, 2002). In order to produce
fertiliser, the potassium must be extracted from the phlogopite.

2.2. Leaching

Leaching is a chemical process involving the preferential dissolution of one or more constituents from
the solid phase by contact with a solvent (Seader & Henley, 2006, p. 650; Treybal, 1980, p. 717). Three
primary processes concerned with leaching operations include (a) solute dissolution, (b) separation of
the solution from the insoluble solid residue, and (c) washing the solid residue to remove unwanted
soluble material or to maximise the soluble material product yield (IAEA, 1993; Richardson et al., 2002;
Seader & Henley, 2006). Leaching forms part of hydrometallurgy, whereby valuable metals are
separated from mixtures of undesirable constituents and gangue by removing the metals as soluble
salts (Apua et al., 2013; IAEA, 1993; Sahoo et al., 2001; Udupa et al., 1990; Whittington & Muir, 2000;
Yoshida, 2003). The resultant solution is known as the leach liquor (Seader & Henley, 2006, p. 665;
Woollacott & Eric, 1994, p. 329). Chemistry, processes and techniques associated with the leaching of
ores are reviewed by Bautista (1974).
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As described above, the extraction of metals from mineral ores generally occurs through
heterogeneous processes (Sohn & Wadsworth, 1979). Many types of heterogeneous reactions exist,
however, this study will focus on reactions in the form of equation 1 (Sohn & Wadsworth, 1979: 9),

aAsolid) T bB(solvent) = ¢Cieachliquor) T SD(insoluble solid) (1)

where a, b, c and s are stoichiometric coefficients. In a typical leaching operation, the solid to be
leached (A) often contains soluble material and inert insoluble material (D). The solvent (B) is added
to the mixture to selectively dissolve the solutes contained in A. The fluid product (C), or leach liquor,
is a mixture of the solvent and dissolved solutes and should be separated from the solid product (D)
(Adebayo, 2014). Harkénen and Keiski (1984), Kaviratna and Pinnavaia (1994), Kuwahara and Aoki
(1995), Okada et al. (2002), and Woest (2016) have reported that leaching phlogopite (A) with a strong
acid (B) and at high temperatures results in the extraction of virtually all cations into solution, leaving
SiO; residue (D) and a leach liquor (C) with a pH < 0.

Okada et al. (2006) reported that the leaching rates of T-O-T minerals strongly depend on the nature
of cations in the tetrahedral and octahedral sheets, the surface area of the solids being leached, and
the ratio of expandable sheets. According to Harkonen and Keiski (1984), and Wypych et al. (2005),
HNO:; initially dissolves interlayer K* before penetrating the octahedral sheets occupied by Mg?*, A%,
and Fe¥. Temuuijin et al. (2003) reported that the interlayer ions are preferentially leached and the
ions in the tetrahedral sheets are leached less rapidly. This could be due to the fact that elements with
higher dissolution rates are more rapidly extracted, and since the K" ions are weakly bonded to the
interlayer of the phlogopite structure (Rieder et al., 1998), they are more prone to acid attack and are
readily available for extraction. This is further confirmed by Kuwahara and Aoki (1995), who found
that the increasing dissolution order of the elements present in phlogopite is Si** < Al**, Mg?* < Fe3*< K*
when leached with HCI, and Kaviratna and Pinnavaia (1994) who found that acid attacked the
phlogopite particles predominantly by an edge attack mechanism. Kalinowski and Schweda (1996)
determined the dissolution kinetics of phlogopite in aqueous solutions of HCl and H,SO4 at various pHs
(1 — 4) and room temperature and found that interlayer K* was preferentially released without
significant modification of the cation content in the 2:1 layers.

2.2.1. Preparation of solids for leaching

The nature of the solids, the portion of soluble material and its distribution throughout the original
solid, and the particle size of the original solid influences its preparation. The solvent may be inhibited
by insoluble material of the particles, which obstructs solute-solvent contact, thereby delaying
diffusion and extraction rates (Geankoplis, 1993, p. 724). This is common in various hydrometallurgical
processes where metal salts are leached from mineral ores (Seader & Henley, 2006, p. 651). Therefore,
in order to accelerate the leaching rate, the ores may require crushing and grinding which enhances
the accessibility of the solvent to the soluble fraction. Grinding becomes unnecessary if the soluble
material is widely distributed throughout the whole solid, or if the solid is bonded to a solution in
which the soluble matter is dissolved. In the latter case, washing can simply be utilised (Geankoplis,
1993, p. 724; Seader and Henley, 2006, p. 641; Treybal, 1980, p. 719; Van Arsdale, 1953). Various
grinding, milling, flaking and slicing techniques and their effects on particle properties are discussed
in Barabaszova and Valaskova (2013), Ciullo (1996), IAEA (1993), Porteus (2018), and Treybal (1980).
Generally, finely ground particles (< 0.1 mm) are associated with increased costs, yet more rapid and
thorough agitated leaching. Coarse grinding results in slower leaching with improved drainage, and
thus, less washing is required. Therefore, the use of coarse particles reduces grinding costs and
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simplifies filtration. Coarse solids are commonly leached in fixed beds by percolation (Basmadjian,
2007, p. 335; Derry, 1978; Schweitzer, 1979; Seader and Henley, 2006, pp. 652—-653; Treybal, 1980, p.
731).

2.2.2. Leaching rates

Reaction rates, in general, are often expressed in terms of concentration according to equation 2
(Levenspiel, 1999), and chemical species are related by stoichiometry.

—rp = kC}CH (2)

A and B represent arbitrary reactants, ra is the rate at which reactant A is consumed, CA and AB
represent the concentrations of reactants A and B, respectively, and y and z are the reaction orders.

The use of concentration to study reaction rates is common in solution kinetics. However, it is not an
accurate representation of reactivity in solid-state kinetics since the reaction is not homogenous and
is non-isotropic (irregular distribution of reaction sites), therefore, reactivity varies throughout the
sample (Khawam, 2007). Solid-state kinetics can more accurately be determined by studying the
weight loss of a solid sample. Weight loss data can be converted to a standardised form known as the
conversion fraction (ag).

2.2.2.1. Conversion
Gravimetric (overall) conversion

For isothermal gravimetric analyses, the conversion fraction represents the progress of the reaction
over time as shown in equation 3 (Khawam & Flanagan, 2006).
My — Mg

0 =————
6= o — my, (3)

where ag represents the gravimetric conversion fraction, mg is the initial mass of raw phlogopite used
for leaching, m: is the mass of dried solids leached after a specified time (t), and m« is the mass of the
insoluble fraction of the original solid sample (i.e., the mass of solids remaining after complete
conversion is obtained).

Elemental (cationic) conversion

The conversion of individual cations can be calculated using the fraction of cation (i) in solution at a
specified time with respect to the total amount of that specific cation present in the original sample
(i.e., the amount of that cation in solution after complete conversion is achieved) as shown in equation
4,

Ci Vi

o = ——F———
CitoraLVroTaL

(4)

Ci: is the concentration of element i in solution at time (t), Vi is the volume of leach liquor obtained at
that time, CiroraL is the concentration of i leached after complete conversion and Vrora. is the volume
of leach liquor obtained after complete conversion.
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Volumetric conversion

When gravimetric data is unavailable, then volumetric conversion (ay) can be calculated from
concentration data. av can be expressed in terms of the total elemental mass in solution at time, t
with respect to the total elemental mass leachable after complete conversion is achieved. This is
represented by equation 5,

2Ci Vi

2CiroraLVroTAL

Ay

(5)

where i represents the individual cations in solution.

2.2.2.2. Modelling

Understanding reaction dynamics relies on the attainment of all kinetic parameters. For example, in
order to design an efficient plant for the industrial-scale production of fertiliser from phlogopite, the
leaching reaction must be thoroughly understood, and therefore, the solid-state kinetics must be
determined. An effective method for obtaining kinetic parameters is through identifying suitable
reaction models. Models are mathematical, theoretical representations of real phenomena which can
be used to explain or predict system behaviours. They are approximations of experimental
observations (Rogers, 2012). In solid-state kinetics, models can be used to develop rate equations.
Currently, various models exist which represent solid-state kinetics, many of which are founded on
mechanistic assumptions, while others may be empirical (Brown, 2005). The selected model should
be substantiated by additional complementary analytical techniques (Khawam & Flanagan, 2005).

The rate laws of solid-state reactions are affected by the type of reaction mechanism occurring in the
system. Sestdk and Berggren (1971) proposed a combined differential equation form for the
preliminary appraisal of possible mechanisms in solid-state reactions as shown in equation 6,

1da @) = a1 — @) (= In(1 — @) (6)
Kdt 8

where e, f and g are constants.

Typical reaction mechanisms associated with solid-state kinetics include nucleation, geometric shape,
diffusion and reaction order. Khawam and Flanagan (2006) derived models based on these
mechanisms in terms of fractional gravimetric conversion and applied them to desolvation reactions.
These models are listed in Table 2 and can be implemented in the current study to determine the
kinetics of the leaching reaction. The derivations, classifications and theoretical backgrounds of these
reaction models are given by Khawam and Flanagan (2006).

The simplest models are order-based since they resemble those employed in homogenous kinetics.
For the order-based models, z = 0 in equation 2, whiley =0, 1, 2, or 3 (Khawam & Flanagan, 2006).
The derivation of the nucleation models are more complex and are usually applied to crystallographic
transition (Burnham et al., 2004); adsorption (Wu et al., 2005); crystallisation (Yang et al., 2005);
decomposition (Graetz & Reilly, 2005); desolvation (Khawam & Flanagan, 2005); and hydration
(Peterson et al., 2005) reactions.

It should be noted that the diffusion models are identical in form to the diffusion-controlled shrinking
core models through the ash layer (Levenspiel, 1999) for flat plates (D1), and cylindrical particles (D2),
and are quite similar for spherical particles (D3/ D4). Similarly, the geometric contraction models are
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representative of the reaction controlled shrinking core models for spherical particles (R3), cylindrical
particles (R2) and flat plates (R1/ FO).

Table 2: Rate expressions for various solid-state reaction models (Khawam & Flanagan, 2006).

Differential form
gl s o
k dt
Nucleation models
Power law P2 2a(1/2) a/2)
Power law P3 3a3/® a/3)
Power law P4 4aB/% a/4)
Avarami-Erofeyev A2 2(1 — o)[=In(1 — a)]/? [—In(1 — )]/
Avarami-Erofeyev A3 3(1 — o)[—In(1 — a)]?/3 [—In(1 — a)]*/3
Avarami-Erofeyev Ad 4(1 — o)[-1n(1 — a)]3/* [—In(1 — )]/
Geometric contraction models
Contracting area R2 2(1 — a)t/? [1-(1 -]
Contracting volume R3 3(1 — a)?/3 [1-(1 -3
Diffusion models
1-D Diffusion D1 1/(2a) o?
2-D Diffusion D2 [-In(1 - )] [(A—)in(1-a)]+a
3-D Diffusion-Jander D3 [30 = 0*] [1-@1 -]
[2(1 - (1 — a)/3)]
Ginstling-Broushtein D4 3/[2(1 = a) 12 = 1)] 1-(a/3)— (1 —a)??
Reaction-order models
Zero-order FO/R1 1 a
First-order F1 1-w —In(1 - )
Second-order F2 (1-—a)? 1-0)1-1
Third-order F3 (1-a) 0.5[(1 - )2 -1]

The temperature dependence of the rate constant is usually represented by the Arrhenius equation
(Fogler, 2006: 92),

E
k = koe‘R—f} (7a)

where ko is the pre-exponential (frequency) factor, Ea is the activation energy (in J mol?), R is the
universal gas constant (8.314 ) mol™ K) and T is the absolute temperature of the reaction (in K). Ganie
and du Plessis (2015) found the activation energy for leaching phlogopite with HNOsto be 59.5 k) mol?
and the pre-exponential constant was 5.88 x 107 min™.

The Arrhenius equation can be rearranged into its linear form,

Ink = Ink, + (- E{) (%) (7b)

to simplify the establishment of kinetic parameters. ko can be calculated from the intercept of a Ink
versus 1/T plot, and the activation energy can be calculated from the slope.
The kinetic triplet (ko, Ea, and model) could, therefore, be determined experimentally using conversion

data over time from several isothermal experiments. Conventional model-fitting methods could be
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employed, whereby the experimental data points are compared to various reaction models and the
model which most closely resembles or “fits” the experimental data is selected. The activation energy
and pre-exponential constant can be calculated from this model (Khawam & Flanagan, 2006).

Diffusion Models

When leaching solutes from within a particle, the solvent rapidly progresses from the bulk solution to
the particle surface where it diffuses into the particle. Thereafter, the solute dissolves into the solvent
and progresses to the particle surface. This step often limits the rate of the total leaching process and
is a function of various factors (particle porosity, effective diffusivity, tortuosity, etc.). Eventually, the
solute is transferred to the bulk solution. If the solid is dissolved into the solvent solution, the mass
transfer rate from particle surface to the bulk liquid is the controlling factor (Geankoplis, 1993, p. 725;
Seader and Henley, 2006, p. 665; Smit, 2001, p. 9). Based on this mechanism, diffusion control models
are expected to provide somewhat accurate predictions of system behaviours when leaching clay
particles such as phlogopite.

Several studies have confirmed that the amounts of potassium extracted from mica materials during
leaching and the boundary distance are linearly affected by the square root of the reaction time. This
is indicative that the rate of exchange is diffusion-controlled (Chute & Quirk, 1967; Giletti & Anderson,
1975; Kalinowski & Schweda, 1996; Kuwahara & Aoki, 1995; Leonard & Weed, 1970; Lin & Clemency,
1981; Mamy, 1970; Mortland, 1958; Rausell-Colom et al., 1965; Reed & Scott, 1962; Taylor et al., 2000;
von Reichenbach, 1969; Woest, 2016).

Diffusion models are associated with the mobility of constituents in a system. Defects in solids enable
solid-state reactions to occur, usually intramolecularly where motion is restricted or between crystal
lattices (Bybkov, 2002; Ropp, 2003). According to Levenspiel (1999), the transport of reacting species
from reaction sites could result in the formation of a product boundary layer that thickens as the
reaction progresses, thereby decreasing the product formation rate. This is illustrated in Figure 2
(Booth, 1948), whereby a solid reactant (A) is attacked by a gas or liquid reactant (B) resulting in the
development of product layer (AB) of thickness, [. The reaction proceeds due to diffusion through this
layer.

P  Q
ol ® |®

—>
e

Figure 2: Illustration of one-dimensional diffusion through a flat plane (Booth, 1948).

In Figure 2, P and Q are the product layer interfaces and x represents the distance travelled through
AB from Qin time, dt. The mass of B as it diffuses through AB to interface P (per unit area) in time,
dt, is represented by equation 8,

D dc dt= B 4 (8)
dX - MAB p
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where D is the diffusion coefficient, Mag and Mg are the molecular weights of AB and B, respectively,
p is the density of AB, and C is the concentration of B in AB.

For a linear concentration gradient of B in AB,

d€ _ _Cer ~Cao (9)
dx l

where Cgp and Cgq are the concentrations of B at interfaces P and Q, respectively. After substituting
equation 9 into equation 8, followed by variable separation and integration, the parabolic rate law
(equation 10) is formed (Booth, 1948),

12 =kt (10)

with

Lo 2DMag(Cpp — Cpq)
Mgp

According to Khawam and Flanagan (2006), diffusion occurs in one dimension for infinite flat planes,
therefore, conversion (a) is directly proportional to the product layer thickness (I) as shown in
equation 11,

a? =K't (11)
with k' being constant. Equation 11 represents the one-dimensional diffusion (D1) model.

Since phlogopite are sheet (or phyllo) silicates, they have a flat platy morphology (Benedictus et al.,
2008; Deer et al., 1992) and can, therefore, be described by one-dimensional diffusion. Diffusion
model D2 is applied to cylindrical particles where only radial diffusion occurs (two-dimensional), and
models D3 and D4 represent diffusion through spherical particles (three-dimensional).

Statistical Analyses

The coefficient of determination (R?) is a statistical measure of the proportion of the dependent
variable variance predicted from the independent variable(s). If the regression function is to be used
for making predictions, it is preferable to have a high R? value which means that there is a smaller
variation in the data (Joseph, 2019; McDonald, 2020). Goodness of fit can also be explained using the
1:1 line, whereby only one specific linear correlation between the predicted and observed values is
considered (Wright & Stone, 1999).

2.2.2.3. Factors influencing the rate of extraction

Various factors may be responsible for limiting the overall rate of extraction during leaching, which
ultimately influences the equipment selected for the process operation. The primary factors for
consideration are listed below (Chezom et al., 2013; Kim, 2002; Richardson et al., 2002; Sethurajan et
al., 2019; Tiwari et al., 2015).
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Temperature

An increased temperature usually results in increased solubility of solutes and an increased diffusion
coefficient, thereby increasing the extraction rate (Richardson et al., 2002; Treybal, 1980, p. 719). As
shown by the Arrhenius equation (equation 7a), temperature has an exponential effect on the reaction
rate. However, the temperature should be limited in order to avoid undesirable side reactions
(Treybal, 1980; 719; Richardson et al., 2002).

Okada et al (2002) reported an accelerated leaching rate as temperature was increased from 5 —
150°C. It took Favel (2018) 70 minutes longer to completely extract the soluble matter from within the
phlogopite at 65 °C as opposed to 75 °C. Ucgiil and Girgin (2002) achieved maximum swelling during
chemical exfoliation of phlogopite at room temperature for 30 hours as opposed to 70 minutes when
the temperature was increased to 60 °C. The material began decomposing for temperatures > 60 °C,
and completely lost its characteristics above 80 °C. Harkdnen and Keiski (1984) reported a 44 %
increase in K recovery for a temperature increase from 25 °C to 100 °C in less than 2 hours. According
to Kuwahara and Aoki (1995), ion dissociation increases with an increase in temperature, resulting in
maximised metal recovery from the octahedral layer and the interlayer. Woest (2016) reported that
temperature has a more significant influence over the leaching process than other factors. It affects
the selectivity (~25 — 45 % at 30 — 50 °C, respectively) and recovery of K (50 — 90 % at 30 — 50 °C,
respectively). The overall conversion when leaching phlogopite with HNOs increases drastically from
~22 % at 30 °C to ~80 % at 50 °C (Woest, 2016).

Solvent

The effectiveness of leaching processes are typically characterised by the ability of a chemical reagent
to solubilise and extract elements from a particle in the solid phase (Mgbeahuruike et al., 2019),
therefore, the type of leaching acid used, and its concentration should carefully be considered. The
most suitable leaching solvent should be selective, with sufficiently low viscosity to enable free
circulation. As the solute concentration increases within the solvent, the leaching rate progressively
decreases due to a reduction in the concentration gradient and an increase in the solution viscosity
(Richardson et al., 2002).

da Silva et al. (2008) reported that the efficiency of potassium extraction in acidic media (0.01 M
HNO:s), for different particle sizes, were around three times higher than the same process run with
distilled water. According to Castilhos and Meurer (2001), acids can improve mineral weathering and
make the K* release easier. Common acidic solvents used to leach phlogopite include HCI, HNOs and
H.S0,4 (Harkonen & Keiski, 1984; Okada et al., 2005). According to Okada et al. (2005), H,SO4 was the
most effective acid for leaching chlorite, followed by HNO3 and then HCI. Harkdnen and Keiski (1984)
found that leaching phlogopite with HNO; yielded silica products of greater surface areas than those
produced when the other acids were used. This was further confirmed by Venter (2015), who
compared the effects of HNOs, aqua regia and HCl on the surface areas of the leached products. She
found that aqua regia and HNOs; were more effective than HCl and yielded similar surface area values.
According to Kaviratna and Pinnavaia (1994), the crystallinity of 2:1 structures decreases with acid
treatment, while the BET surface areas increase. Woest (2016) reported that HNO; achieved superior
cationic conversions and potassium selectivity compared to HCl, H,SO,, citric acid and acetic acid when
leaching phlogopite.

Woest (2016) also found that SiO, with higher surface areas were produced with higher acid
concentrations, however, the acid concentration effects on the recovery of K is less significant than
the temperature effects. Complimentary results were found by Lammers et al. (2017) who observed
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increased muscovite dissolution rates with increased pH within the temperature range of 100 - 280
°C, however, the rates showed minimal variation with pH above 150 °C. This is somewhat justified by
Kalinowski and Schweda (1996), who reported that the dissolution rates of micas exhibit fractional
reaction orders with respect to hydrogen ion activity. Okada et al. (2002) also achieved improved
leaching with higher acid (HNOs) concentrations (> 1M) with all components, except SiO, completely
leached from the product. Furthermore, acid concentration influences the chemical exfoliation of
phlogopite (49-fold increase in swelling after 30 hours with an increase in acid concentration) (Ucgdil
and Girgin, 2002). According to Temuujin et al. (2003), the acid concentration exhibits a less prominent
influence as the concentration increases. This may be due to internal mass transfer limitations of the
products or inhibition effects of extracted ions in solution.

The presence of various ions (K, Cs, Rb, NH4) within the leaching acid may inhibit the discharge of K*
from the interlayer, however, others (Na*, H*) may induce potassium diffusion (Mamy, 1970).
Extraction could be suppressed by the formation of Fe and Al complexes during leaching, which may
inhibit internal diffusion rates of products and reactants (Kuwahara & Aoki, 1995).

Particle size

A reduction in particle size increases the mass transfer rate both internally (reduced solute diffusion
travel distance within the solid) and externally (increased solid-liquid interfacial area). Very fine
particles may remain in suspension with minimal agitation, however, they are more difficult to
separate and wash due to their low settling velocities and their large surfaces (Derry, 1978; Richardson
et al., 2002).

According to Ross and Rich (1973), thicker particles are more subject to layer deformation and
bending, unaccompanied by splitting, thereby increasing K* substitution and decreasing selectivity.
They also found that thinner particles were more prone to splitting rather than bending, which led to
improved K* selectivity. In addition, they also documented that particle size and the extent of K*
exhaustion may influence the ability of K* to be resorbed into the phlogopite. They concluded that the
K* sorption rate is greater for larger particles with complete K* depletion over smaller, partially
depleted particles.

The amount of K-depleted interlayers on particles increases with a decrease in particle size (Gilkes &
Suddhiprakarn, 1975; Rausell-Colom et al., 1965). da Silva et al (2008) found that leaching finer
fractions of phlogopite (-37 um) resulted in more than double the extraction efficiency when
compared to fractions +37 um. They suggested that this is due to the higher surface areas associated
with the finer particles. However, Kalinowski and Schweda (1996) reported contradictions of direct
proportionality between the dissolution rates of micas and their total surface areas.

Harkonen and Keiski (1984) found very slight differences in the recovery of K in the leach liquor for
different grain sizes smaller than 550 um. This suggests that the particle size of phlogopite, within a
certain range, has a minimal effect on extraction rates. Similar results were obtained by Woest (2016),
who leached particles smaller than 250 um with HNOs.

Solid:liquid (S:L) ratio

Solid:liquid ratios are often used in extractive metallurgy to quantify the leachate volume in relation
to the solid sample proportion, usually in units of g mL? or kg L* (Tiwari et al., 2015). The effect of the
S:L ratios on the leaching rate can generally be related to acid concentration effects. An increase in
the volume for the same molar amount of H" ions would enable the solvent to accommodate more

12| Page



extracted cations in solution with a reduced effect on solution viscosity due to dilution, which would
improve mixing, and thus, external mass transfer diffusion rates. Since there would be fewer cations
occupying each unit of volume in the solution, the concentration gradient between the particles and
the solvent would be greater than that of a more saturated solution (Richardson et al., 2002, p. 503).

According to Kuwahara and Aoki (1995), extraction rates may be improved when using larger volumes
of leaching solutions. They suspended 20 mg phlogopite in 100 mL or 20 mL leaching solutions and
found incongruent dissolution, with the release order Mg < Fe < K, and Si < Al (for 100 mL
experiments), and virtually congruent release rates of all elements, excluding K (for 20 mL
experiments). Venter (2015) and Woest (2016) also found that leaching improved with larger volumes,
however, the effect was found to be minimal or negligible. Woest (2016) observed that leaching
phlogopite with HNO3 (5.8 M), at 50 °C and with an S:L ratio of 0.1 g mL™? resulted in a potassium
recovery of > 98 %, and overall gravimetric conversion of 85 %. He also observed that by doubling the
mass of phlogopite used (i.e., S:L = 0.2 g mL?), the potassium recovery was increased by only 2 %,
indicating that the S:L ratio has a minimal or negligible effect on the leaching rates. Similar results
were obtained by Venter (2015) who leached phlogopite with different acids using different S:L ratios
(0.025, 0.05 and 0.1 g mL1). She found that leaching 20 g phlogopite with 200 mL acid (S:L.=0.1 g mL’
1) produced silica products with slightly higher surface areas than those obtained from the other S:L
ratios. Uggiil and Girgin (2002) reported that S:L ratios for chemical exfoliation tests on phlogopite
were of minor importance in comparison to acid concentration, temperature and reaction time.

Fluid agitation

Solvent agitation affects the eddy diffusion and thus, the external mass transfer rate (from solid
surface to the bulk solution). It also prevents sedimentation, distributes the temperature throughout
the solution and the interfacial surface is utilised more effectively. Stirring must be carried out
correctly in order to maximise the solid-liquid contact (Mgbeahuruike et al., 2019; Richardson et al.,
2002). Based on experience, the degree of agitation necessary for the leaching of phlogopite has a
minimal impact on the reaction rate. Different stirring speeds are required for different reactor and
stirrer types and sizes. Sufficient agitation is achieved when all particles are observed to circulate the
reactor, without settling (Richardson et al., 2002). Woest (2016) found that when leaching phlogopite
with HNO;s, the agitation had no major influence on the recovery of K into solution.

2.3. Characterisation techniques

Analytical models are quantitative in nature and are used to make estimated predictions of system
behaviours. To ensure that the selected model is expressed with sufficient precision, it should be
substantiated by additional complementary analytical techniques including spectroscopy, XRF, XRD,
microscopy, etc. (Baedecker, 1987; Khawam, 2007). These “model checkers” are required to ensure
the analytical model is well-formed, so it can provide a reliable representation of the experimental
procedure. Some common analytical techniques used for characterising sample materials are
described below.

2.3.1. Inductively coupled plasma optical emission spectroscopy (ICP-OES)

ICP-OES is a trace-level analytical technique capable of identifying and quantifying elemental
compositions of samples based on their characteristic optical emission spectra and the intensities of
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these lines. The sample being analysed (usually liquid) is nebulised before being injected into the
plasma (usually Ar) which atomises the test sample and excites the atoms (Boss & Fredeen, 2004,
Skoog et al., 2007, p. 266).

2.3.2. X-ray fluorescence (XRF)

The instantaneous emission of absorbed electromagnetic radiation by an ionised atom is termed
'fluorescence', or ‘x-ray fluorescence’ when x-rays are used as the electromagnetic source. X-ray
fluorescence (XRF) spectroscopy is an effective non-destructive technique used for the qualitative and
guantitative determination of elements in a sample. Characteristic x-ray spectra are generated by
irradiating a sample with a beam of primary x-rays. The emitted energy and its corresponding intensity
are respectively dependent on the atomic number of the atom and its concentration within the sample
(Khandpur, 2006). XRF has been employed extensively in the mineralogy industry to determine the
chemical compositions of various materials (Baedecker, 1987).

2.3.3. X-ray diffraction (XRD)

XRD is a non-destructive analytical technique used for characterising crystalline materials by providing
information about the crystallographic structure, physical properties and chemical composition of a
sample. In an XRD analysis, a monochromatic beam of x-rays irradiates a sample over a variable
incident angle range. Interaction of incident x-rays with atoms in the sample causes diffraction of the
x-rays according to Bragg’s Law (equation 12). Interference of the diffracted radiation is detected,
resulting in the formation of diffractograms which are plots of intensity or counts as a function of the
angle between the incident beam and the diffracted beam (26). Constructive interference of diffracted
beams results in the formation of diffractogram peaks. The peak intensities depend on where atoms
occur within the lattice planes and are proportional to the fraction of the material in the mixture.
Consequently, the diffractograms are fingerprints of periodic atomic arrangements within a sample.
The technique can be used to identify and quantify phases occurring within a material, to determine
the crystallinity of a material (structure, quantity and crystallite size), and to determine unit cell size
and lattice parameters (Khandpur, 2006; Qiao et al., 2017; Skoog et al., 2007).

XRD patterns of layered silicates generally display peaks at 26 angles corresponding to (00!) basal
reflections. The primary peak of phlogopite corresponds to a (001) basal reflection at a 26 value of
~10.1° (Co Ka) (Brindley, 1952). The general XRD pattern of phlogopite is presented in Figure 3.

P = Phlogopite
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Intensity / a.u.
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26 / degree

Figure 3: XRD pattern of raw phlogopite, redrawn from (da Silva et al., 2013).
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High crystallinity would result in a high degree of constructive interference and thus, a large amplitude
of the reemitted x-rays. Consequently, the intensity of XRD peaks is considered to be proportional to
the crystallinity (Cullity, 1956). The position of the peaks can be related to the interplanar spacing (d),
which is the fundamental repeating span between the perpendicularly stacked 2:1-layered structure
by the Bragg equation,

nA = 2dsin6 (12)

where n is the order of reflection (n = 1), the diffraction angle (angle between the diffracted beam and
the transmitted beam) is 26 (in radians), and A is the wavelength of the incident x-ray (0.179 A for
CoKa) (Cullity, 1956, p. 84). Therefore, a shift of the primary peak to larger angles corresponds with a
decrease in interplanar spacing, and vice-versa.

2.3.4. Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR)

Infrared (IR) spectroscopy is undoubtedly one of the most valuable and convenient analytical
techniques available for scientific research. Virtually any sample, regardless of state or chemical
composition, may be studied with a sensible sampling technique. Therefore, it has proven effective
for the determination of local cationic environments and fine structural features (Besson & Drits,
1997) and is commonly used as a complementary technique for various analysis methods including
XRD when investigating clay minerals (Madejova & Komadel, 2001).

Infrared absorption by a sample emerges due to the vibrations of its constituent atoms after being
struck by a beam of infrared radiation. The frequencies of these vibrations are functions of the mass
of the atoms, the restraining forces of the bonds, and the structural geometry. The resultant spectrum
of absorption frequencies is a characteristic property of the mineral which suffices as a fingerprint for
its identification and provides distinctive information on the structural features of the sample (Farmer,
1974; Stuart, 2004). Fourier-transform infrared (FTIR) spectrometers continuously detect transmitted
energies using interferometers and swift Fourier transformation of the interferogram into a spectrum
(Russell & Fraser, 1994).

Researchers have extensively exploited the use of infrared spectroscopy in mineralogy. As a result, a
plethora of relationships have been established between structure, composition and IR spectra
making identification of individual absorption bands simpler, faster and reliable (Besson & Drits, 1997).
Variations in positions and amounts of IR absorption bands are often utilised to identify structural
changes in a sample. The relationship between absorption spectra and sample structure is determined
based on the atomic displacements pertaining to each vibrational mode, which can be determined by
relating empirical observations to theoretical aspects of species similar in structure. The shape and
position of the vibration band will be altered based on elemental substitutions within the sample
structure. The position of the band shifts depends on the weights and bonding behaviour of the
substituted species (Beran, 2002).

The vibration bands of mica group minerals are generally distinguished by vibrations in the hydroxy|
group region and the lattice vibrations of the Si(Al)O, tetrahedra, the octahedral cations, and the
interlayer cations (Beran, 2002). Common absorption bands associated with the IR spectra of
phlogopite and their corresponding wavenumber positions were obtained from various sources and
are summarised in Table 3 (Farmer & Russell, 1964; Jenkins, 1989; Procépio et al., 2020; Sijakova-
lvanova & Cukovska, 2016; Sontevska et al., 2008; Stubic¢an & Roy, 1961; Vedder, 1964; Wypych et al.,
2005; Zeller & Juszli, 1975).
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Table 3: Observed absorption bands for phlogopite in the fingerprint region of the mid-IR spectrum.

Wavenumber (cm?) Band Tentative
Range Average intensity assighment
1011 -995 1003 VS v(Si—0-Si)
977 - 915 954 S—-VS, SH v (Si—0-Si)
899 - 799 823 W-S v(AI-O-Al)
748 - 725 731 VW -M, SH  y(AI-0-Si)
708 - 672 690 VW =S v(Si—0-Si)
536 - 495 511 SH, VS 6(Si—0-Si)
480 - 450 464 S—VS 6(Si—0-Si)

v: stretching; 6: bending, W: weak; VW: very weak; M: medium; S: strong; VS: very strong; SH: shoulder

2.3.5. Brunauer-Emmett-Teller (BET) Analysis

Physical properties (i.e. surface area and porosity) influence the quality and character of solid-phase
materials (Thommes et al., 2015). A BET analysis could prove valuable when studying reactivity,
dissolution, separation or any other properties associated with surface area (Michot & Villiéras, 2013).
The BET specific surface area (SSA) is calculated based on the amount of adsorbate gas (usually N,)
corresponding to a monomolecular layer on a sample's surface measured at the boiling point of the
adsorbate (-196 °C for N3). The technique is founded on the BET theory (Brunauer et al., 1938). To
ensure the required accuracy and precision during BET analysis, vapours and gases which had
previously been physically adsorbed onto the surfaces of particles during treatment, handling and
storage must be removed. The process of removing moisture and any other extraneous materials from
the surface of the particles is called degassing or out-gassing. Ultimately, the BET analysis ensures a
rigorous SSA assessment of a sample by gaseous adsorption as a function of relative pressure (p/po),
presented as adsorption-desorption isotherms (Micromeritics, 2016).

The shapes of N; adsorption-desorption isotherms are useful when investigating pore morphology of
the sample material (Bardestani et al., 2019; Zeng et al., 2017; Wang et al., 2018; Chen et al., 2018).
Pores are commonly characterised by the International Union of Pure and Applied Chemistry (IUPAC)
classification standard (Sing, 1985), which is predicated on the capillary condensation theory and
physical adsorption characteristics (Tuller et al., 1999; Rouquerol et al., 1994; Brunauer et al., 1938).
According to the IUPAC classification standard, there are six types of N, adsorption isotherms (Figure
4). Furthermore, pore structures can be classified according to pore size (diameter or width) as either
micropores (<2 nm), mesopores (2-50 nm), or macropores (>50 nm) (Rouquerol et al., 1994).
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Figure 4: Adsorption isotherms and pore types: (a) IUPAC classification of adsorption isotherms; (b)
illustration of pore cross-section; (c) IUPAC classification of hysteresis loops with corresponding pore
shapes. (Redrawn from Wang et al. (2020)).

2.3.6. Thermal analysis (TGA-DTG)

Crystal materials exhibit different heat absorption and release properties when exposed to
temperature changes. Relationships can be established between the physicochemical properties of a
sample and changes in temperature. One of the main thermal analytical techniques is
thermogravimetric analysis (TGA).

In a TGA, the mass changes of a sample are recorded in response to a change in temperature in a
controlled atmosphere as a function of time or temperature. The resulting plot is called a thermogram
or a thermal decomposition curve. The information provided from a TGA is quantitative but limited to
oxidation and decomposition reactions as well as some physical processes (desorption, vaporisation
and sublimation). The analysis requires precise weight, temperature and temperature change
measurements. Derivative curves may reveal information that is not detectable in the ordinary
thermogram. Derivative thermogravimetry (DTG) represents the rate of change in mass (dm/dt) as a
function of temperature and could be used to distinguish the most apparent points where the greatest
mass changes occur (Qiao et al., 2017; Skoog et al., 2007).

2.3.7. Field emission gun scanning electron microscopy (FEG-SEM) and energy-dispersive x-ray
spectroscopy (EDS)

Scanning electron microscopy (SEM) is an analytical technique used for studying the physical nature
of surfaces. It involves scanning a focused beam of high-energy electrons across the surface of solid
sample material. Secondary and backscattered electron signals derived from electron-sample
interactions are detected, providing detailed high-resolution images of the sample’s external
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morphology with over 50,000 times magnification enabling the observation of sub-micron-scale
features. Energy-dispersive x-ray spectroscopy (EDS or EDX) can be used to identify and quantify
composition information by absorbing emitted x-rays from ionisation. The absorbed x-rays are
converted into electrical voltages of proportional size, which are characteristic of the element
(Severin, 2004). SEM-EDS is commonly used to characterise material shapes and surface details
including surface defects, stains and residues or contaminants on or within the sample, to assess
reaction interfaces and degradation mechanisms, and to reveal spatial variations in chemical
compositions.
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3. Experimental

This chapter provides a detailed description of the processes involved in conducting the experimental
work. It includes a description of the apparatus and materials used to conduct the experiments, a
planning section that provides an outline of the experimental design showing the dependent and
independent variables, and the methods used to conduct the experiments. Sufficient information is
provided to enable a reader to repeat the work.

3.1. Apparatus

A measuring cylinder, micropipette, volumetric flask, burette, beakers and a RADWAG PS 6000/C1
laboratory scale were used for measurements. All leaching reactions were conducted batchwise
(beakers with magnetic stirrers for mixing), with plastic wrap seals to avoid solution evaporation
during experiments. Temperature and stirring speed were controlled using WiseStir MSH-20D
hotplate stirrers. Vacuum filtration was performed using a Blichner funnel, Blichner flask, tubing, a
rubber adapter and filter paper for each experiment. Wet filter cakes were dried in a Labotec
EcoTherm laboratory oven.

Sample concentrations were determined using a Spectro-Acros ICP-OES analyser (for liquid samples)
and a Thermo Fisher ARL Perform'X Sequential XRF instrument with Uniquant software (for solid
samples). XRD was performed using a PANalytical X'Pert Pro powder diffractometer. Absorbance
spectra were recorded on a Perkin Elmer Spectrum 100 using the single reflection ATR diamond
crystal. N, physisorption analyses were performed using a Micromeretics TriStar Il Surface Area and
Porosity BET instrument. TGA was conducted using a Hitachi STA7300 thermogravimetric analyser.
Surface morphologies were imaged with a Zeiss Gemini Ultra 540 Plus FEG-SEM and a Hitachi TM3030
Plus Benchtop SEM.

3.2. Materials

Phlogopite, mined in the town of Palabora, in South Africa's Limpopo Province, was supplied by
Foskor. The phlogopite was received as 100 — 200 mm lumps which were then crushed, ground and
sieved. According to the manufacturer, it is not possible to obtain phlogopite without other mineral
impurities. The average composition of the ore mined at Foskor is shown in Table 4.

Table 4: Composition of raw phlogopite ore (from manufacturer)

Mineral Composition (wt. %)
Diopside 50-60

Phlogopite 25-30

Apatite 12-16

Calcite <5

Nitric acid (55 %) obtained from Promark Chemicals was used as the leaching solvent. Sodium
hydroxide (98 %) from Sigma-Aldrich was used to produce the base solution for titration, and
phenolphthalein from Associated Chemical Enterprises was used as the titration indicator.
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3.3. Planning

To model the leaching process, the following factors affecting leaching rates were considered: reaction
time (t), temperature (T), and acid concentration ([H*]o). The effects of these independent variables
on the gravimetric conversion (ag) formed the basis for determining the best representative kinetic
triplet (model, ko, Ea). Figure 5 shows the values of each independent variable used and the sequence
of experiments conducted for modelling.

Experimental conditions for
Variables modelling
L l )
[HTp (M) 2 3 4
—— L
[ N | ‘ ] ) [ N [ N ] § [ N | N 1 §
T(°C) { 35 [ 50 65 35 50 65 35 { 50 [ 65 ‘
) 0,30, 60, | 0,30, 60, | 0, 30, 60, | 0, 30, 60, | 0,30, 60, | 0,30, 60, | 0, 30, 60, | 0,30, 60, | 0,30, 60, |
t (min) 90, 120, 90, 120, 90, 120, 90, 120, 90, 120, 90, 120, 90, 120, 90, 120, ‘ 90, 120,
| 240,360 | 240,360 | | 240,360 240,360 | | 240,360 | 240,360 | | 240,360 240,360 | 240,360 |

Figure 5: Schematic of experimental plan for modelling.

To ensure that the model accurately represents the leaching process, additional experiments were
conducted to test the kinetic information obtained. These experiments were conducted under the
conditions shown in Figure 6.

. Experimental conditions for
Variables model testing
I
T _ i
(Ho (M) | 2 |24 | 26 | 3| [ a]
2 [ | ] [ 7 I 1 §
T(°C) ‘ 65 ‘ EE | 50 ‘ 65 ‘ 35 50 65 | 65 ‘ 65
) (12,22,40,] [ o0,30,60, | 0,30, 60, | [ 0,30,60, | 0,30,60, | [0,30,60, | 0, 30,60, | R T
t (min) 120, 150, 90, 120, 90, 120, 90, 120, 90, 120, 90,120, 90, 120, o 95, 130,
200 | 240, 360 | 240,360 | | 240,360 240,360 | | 240,360 | 240, 360 | ’ | 150

Figure 6: Schematic of experimental plan for model testing.

A reaction temperature of 65 °C was selected for [H"]o = 2 M, 3 M and 4 M since it is sufficient for
complete conversion to be obtained at a relatively fast rate.

For all experiments, the variables shown in Table 5 were kept constant.

Table 5: Variables kept constant for all experiments.

Variable Values Units
Particle size range 250 -600 pm
Phlogopite mass 20 g

S:L 1:10 g mL?

To confirm the selection of the kinetic triplet, the composition, structure and physical properties of
solids from progressive leaching stages (see Table 6) were characterised.
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Table 6: Naming convention of solid residues for analytical characterisation.

Sample name Degree of leaching (ag in %)
Range Average

RP 0 0

LP1 10-20 14.3

LP2 40-50 44.2

LP3 100 100

Results from the complementary analytical techniques employed give an indication of the behaviour
of the particles when leached with acid. These techniques include XRF, XRD, FTIR, BET, TGA and SEM-
EDS.

3.4. Methods

3.4.1. Leaching

20 g of phlogopite particles of size range 250 — 600 um were leached with 200 mL nitric acid (Table 5)
of various concentrations for different reaction times and temperatures (see Figure 5). These
experiments were conducted to obtain kinetic information about the leaching process. Further
experiments were conducted to test the kinetic information obtained. These data points will be
referred to as “testing data” throughout this report. The experimental conditions for these additional
experiments are provided in Figure 6.

For all the experiments, stirring speed was controlled to ensure complete solid suspension within the
solvent (no settling) whilst avoiding excessive splashing and vortex formation. Temperature and
stirring speed were controlled using hotplate stirrers. All leaching reactions were conducted
batchwise, with plastic wrap seals to avoid solution evaporation during experiments. After leaching,
the reactor contents were vacuum filtered to separate the solid residue from the leach liquor. The
leach liquor was collected and the filter cake was washed three times with distilled water (400 mL in
total). After washing, the filter cake was dried at 100 °C overnight. The dried solids were then weighed
immediately upon removal from the oven to avoid moisture adsorption and the weights were
recorded. These gravimetric values (m:) were used in equation 3 to calculate the gravimetric
conversion, while the leach liquor concentrations were used to calculate elemental conversion
(equation 4), volumetric conversion (equation 5), and H* concentration. Experiments were repeated
for accuracy. Repeat experiments were randomly selected to eliminate any unknown bias.

3.4.2. Solid residue

The solid residues examined were prepared by leaching phlogopite with HNOs; of different
concentrations at 65 °C, for different leaching periods. Batches of the partially leached samples (LP1
and LP2) were obtained by combining acid-leached products from experiments where 10 — 20 %, and
40 —50 % conversions were respectively obtained. The average conversion values for samples LP1 and
LP2 were 14.3 and 44.2 %, respectively. Sample LP3 was obtained by leaching phlogopite with 4 M
HNOs for 24 hours to ensure complete conversion. A summary of the solid residue naming convention
is shown in Table 6.
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3.4.2.1.  Analytical characterisation

The solid residues described above were analysed by XRF, XRD, FTIR, BET, TGA and SEM.

ICP-OES

A Spectro-Acros ICP-OES analyser was used to determine elemental concentrations within each leach
liquor sample. Standard solutions were made using 50 mL, 100 mL, 150 mL, 200 mL and 250 mL of Mg
and Ca, with corresponding 20 mL, 40 mL, 60 mL, 80 mL, 100 mL of Fe, Al, K, and Ti, respectively, to
calibrate the ICP-OES. Leach liquor samples were diluted with distilled water to a 1:100 volumetric
ratio to prevent damage to the equipment, and so that the detected concentrations would be within
the calibration range. Standard samples were analysed after every 5 — 10 experimental samples to
monitor concentration drift.

XRF

The solid residue samples were roasted in alumina refractory crucibles at 1000° C to determine Loss
On Ignition (LOI). 1 g of sample was mixed with 6 g lithium tetraborate flux and fused at 1050 °C to
form a stable fused glass bead. The Thermo Fisher ARL Perform'X Sequential XRF instrument with
Uniquant software was used for analyses. The software analysed for all elements in the periodic table
between Na and U, however, only elements found above the detection limits were reported. Standard
sample material was prepared and analysed in the same manner as the experimental samples.

XRD

The solid samples were prepared according to the standardised Panalytical backloading system, which
provides a nearly random distribution of the particles.

The samples were analysed using a PANalytical X'Pert Pro powder diffractometer in 6 — 8 configuration
with an X'Celerator detector and variable divergence- and fixed receiving slits with Fe filtered Co-Ka
radiation (A=1.789A). The mineralogy was determined by selecting the best—fitting pattern from the
ICSD database to the measured diffraction pattern, using X’Pert Highscore plus software. Data was
collected in the angular range of 5° < 8 < 90° with a step size of 26 = 0.008°.

ATR-FTIR

Absorbance spectra were recorded on a Perkin EImer Spectrum 100 using the single reflection ATR
diamond crystal. All spectrograms were obtained between 4000 — 550 cm™ at a resolution of 4 cm™?
with an average of 32 scans.

BET

The N, physisorption analysis was performed using a Micromeretics TriStar Il Surface Area and
Porosity BET instrument at 77.35 K. Sample measurements were conducted after degassing under
vacuum at 110 °C for 24 h to remove surface contaminants while retaining the nature of the solid
surface and the sample integrity. N, adsorption and desorption isotherms were generated within the
relative pressure range of 0.0001 — 0.99.

BET specific surface areas were calculated using the BET method (Brunauer et al., 1938), and pore size
distributions (PSD) were determined by the Barrett-Joyner-Halenda (BJH) method (Barrett et al., 1951)
for the adsorption isotherms within the pore width range of 2 — 20 nm. According to Rouquerol et al.
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(2013), the BJH method can be used to provide a useful assessment of mesopore size distributions.
The total pore volume was calculated from the maximum amount of nitrogen gas adsorption at
p/po = 0.99.

TGA

A TGA was conducted using a Hitachi STA7300 thermogravimetric analyser. 10 mg samples were
placed in open 70 plL alumina pans. TGA-DTG curves were generated for temperatures up to 1000 °C
at a heating rate of 10 °C min™ and a nitrogen flow rate of 100 mL min™.

FEG-SEM

The surface morphologies of the raw and completely leached phlogopite samples were imaged with a
Zeiss Gemini Ultra 540 Plus Field Emission Gun Scanning Electron Microscope (FEG-SEM) with BS, EDS
and EBSD detectors. Prior to scanning, samples were mounted on an aluminium stub using carbon
tape. High-pressure argon was used to remove loosely bounded surface atoms for cleaner surfaces.
The samples were then carbon coated for conductivity using a Quorum Q150T ES sample preparation
system. The SEM images were generated using 1 kV and 3 kV acceleration voltages.

To properly understand the attack proton mechanism, delaminated phlogopite sheets were leached
with 4 M HNOs for 1 hour at 70 °C. The leached products were analysed by SEM and EDS using a Hitachi
TM3030 Plus Benchtop SEM. This experiment will be referred to as “LP4”.

3.4.2.2. Modelling

Because goodness of fit is closely related to model selection (Joseph, 2019), goodness of fit criteria
was used to evaluate how well the experimental data fit the regression function based on R? values of
models with the same amounts of included parameters and data points. This method was first used
to compare R? values of the integral forms (g(a)) of the reaction models in Table 2 versus time using
Microsoft Excel®. It was also used to determine whether certain models obeyed the Arrhenius
equation. Relationships were established between kinetic parameters (ko and Ea) and initial acid
concentration based on goodness of fit of the regression model to the experimental data in the
Arrhenius plot. Predictions from the selected model were compared to experimental data and the R?
value was used to determine the proportion of data points that fit the best-fitting regression line.

3.4.3. Leach liquor

The leach liquor was analysed by ICP-OES and by titration using sodium hydroxide as the base solution
and phenolphthalein as the indicator. The data obtained was mainly used to verify observations from
analysing the solids in terms of elemental conversion, volumetric conversion and H* concentration.
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4. Results and Discussion

This chapter includes the results obtained from the experimental work, presented in tabular and
graphical forms with some additional data (raw data, intermediate trivial results, and computer codes)
provided in the appendices. Technical results have been justified based on correlations between
variables. The significance of all results has been discussed and supported with additional results and/
or literature. This chapter has been sub-divided into a characterisation section, and a leaching section
and all products (acid-leached solid residue and leach liquor) were analysed to provide important
information about the leaching process and to confirm complimentary results. Results obtained from
the characterisation of the raw phlogopite and acid-leached solid residues are reported first so that
the particles can be better understood on a molecular level before the process is modelled.

4.1. Characterisation of the raw phlogopite and acid-leached solid residue

4.1.1. Chemical composition analysis (XRF)

Table 7 shows the chemical compositions of the raw and leached phlogopite samples obtained by XRF
analysis. The results for the raw phlogopite sample generally correspond with the literature values in
Table 1. This is indicated by the standard deviation in the final column of Table 7. The raw phlogopite
used in this study contains more Fe,0s, CaO, and P,0s, with less Al,O3 than the typical phlogopite
sample (Table 1). This is indicated by the larger standard deviations for these constituents.

Table 7: Chemical compositions (wt. %) of the raw and leached phlogopite samples obtained by XRF,
with standard deviations of RP from literature values shown.

Standard
Sample RP LP1 LP2 LP3 deviation of RP
from literature
SiO, 40.5 46.4 51.8 95.3 0.05
MgO 25.0 26.1 23.4 1.67 0.15
Al;03 9.62 9.81 7.94 0.10 3.83
K0 9.21 8.10 6.04 0.15 0.41
Fe 03 7.13 7.17 6.13 0.56 2.70
CaOo 2.68 0.02 0.07 0.01 1.45
P,0s 4.51 1.15 3.52 1.71 2.93
TiO, 0.87 0.86 0.80 0.37 0.04
TOTAL 99.5 99.7 99.7 99.8 -
LOI 2.18 5.58 6.18 8.19 -

The results in Table 7 were normalised to exclude LOI contents for a more direct comparison between
samples and so that the results would be more representative of the gravimetric data recorded for
the modelling experiments (Figure 5). The gravimetric data corresponds with the solid masses that
were dried at 100 °C, whereby most of the moisture contents is removed (see Section 4.1.5. Thermal
Analysis (TGA-DTG)). The LOI contents are shown below the total wt. % values and represent the total
volatile contents.

The amounts of Mg, Al, K, Fe, Ca, and Ti present in the leached samples decreases, as expected, with
leaching. Consequently, the SiO, concentration increases dramatically as a result of the cationic
extractions. Sample LP3 is almost completely SiO,, with <5 % of the other components present. Figure
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7 compares the conversion rates of the various elements present in the phlogopite and was developed
based on equation 13,

|m; o — my s
o« = i, i,t(s) (13)
m;
where mig is the mass of element i (= K, Mg, Fe or Al) present in the raw phlogopite sample, and mi s
is the mass of element i present in the acid-leached solid residues.
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Figure 7: Comparison between elemental conversion rates based on XRF analysis.

It is shown in Figure 7(a), that K is released at a faster rate than Mg. For example, when omg = 0.06
(6 % conversion of Mg is achieved), then at this point, the conversion of potassium (o) is 0.34 (34 %),
so the conversion of potassium is clearly faster. The 1:1 lines indicate points of equal conversion.
Therefore, the release rates of Mg and Fe (Figure 7 (b)) and Al and Fe (Figure 7 (c)) are similar since
most of the points lie close to the identity lines. Because the release rates of both Mg and Al are similar
to Fe, then, by association, the release rate of Mg must be similar to that of Al. It can thus be concluded
that K is released faster than all these elements. This is confirmed in Figure 7 (d), where arorac is the
conversion of the sum of the individual elements. This behaviour is expected since the K" ions occupy
the interlayer sites of the phlogopite and are, therefore, more susceptible to proton attack than the
other cations. Similar trends were observed by Kuwahara and Aoki (1995) and Wypych et al. (2005).
The acid then progresses along the tetrahedral and octahedral sheets, resulting in the release of the
remaining cations from the phlogopite structure. The stronger bonds occurring in the T-O-T layers are
responsible for the slower conversion rates of these cations (Fe3*, Mg?*, and Al**). After prolonged
leaching, cations are released at similar rates (i.e., the data points lie close to the identity lines) and
since most of the potassium is extracted at this point, the potassium extraction rate may be slower
than the extraction rates of the other cations.

4.1.2. Crystalline structure analysis (XRD)

Leaching affects the structures of crystalline materials, and the interplanar spacing (d) could,
therefore, be affected due to structural collapse or expansion. XRD is effective for characterising
crystalline structure variations. The XRD patterns, or diffractograms, for the raw phlogopite and the
leached samples, are shown in Figure 8 with an enhanced view of the 20° < 26 < 40° region for clarity
of less intense peaks.

The XRD patterns show that phlogopite is present in all the samples with its primary peak around
10.14°, and secondary peaks around 20.35°, 30.73°, 41.37°, and 52.40° for the raw phlogopite. The
counts of sample RP are very high with strong, sharp diffraction peaks indicating preferred orientation
and high crystallinity of the raw phlogopite structure. Quartz (SiO,), diopside, and apatite were also
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detected in the raw phlogopite sample with primary peaks around 30°, 35° and 37°, respectively.
Calcite could be present in the raw phlogopite sample with a primary peak also around 35°. These
impurities are present in the phlogopite ore as mined from Foskor (Table 4).
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Figure 8: X-ray diffractograms for each sample with a magnified view of the 20 = 20° - 40° region and
characteristic peaks shown.

The diffractograms of the partially leached samples are similar to that of the raw phlogopite sample,
however, the peaks are considerably less intense due to structural degradation of the raw phlogopite
by the dissolution of the octahedral cations, and the peaks shift slightly to higher angles with the
primary peaks of LP1 and LP2 at 10.16°. The reduction in peak intensity implies that there is a time-
dependent loss in crystallinity of phlogopite upon acid leaching.

The locations of the highest XRD peaks are related to the interplanar distance (d) (Bigham et al., 2001;
Niu et al., 2020). Since the d-spacing is based on Bragg’s Law (Cullity, 1956), a peak shift to higher
angles implies that there is a reduction in the interplanar spacing. Therefore, the interplanar spacing
of phlogopite decreases by < 0.2 % with an increase in conversion, from 10.12 A for the raw phlogopite
to 10.11 A for the partially leached samples. The slight reduction in the interplanar space could be due
to an increase in lattice defects (vacancies) or electrostatic interaction between interlayers from the
removal of cations from the lattice (Niu et al., 2020). Hydrobiotite, an alteration product of other
micas, was also detected in the raw and partially leached samples. Hydrobiotite peaks are located
around 8.5°, 10°, 20°, and 30°. Most of the impurity peaks are small in comparison to the phlogopite
peaks, and are, therefore, enhanced for a better view between the 20°- 40° region on the 20 axis.

The XRD pattern for LP3 shows a drastic decrease in the phlogopite peak intensities, with the
formation of a halo at 26 between 22° — 29° corresponding to an amorphous product. The most
dominant peak for quartz occurs at 26 = 30.8°. Peaks observed 35° and 41.5° indicate the presence of
diopside in the material. The d-spacing decreased from 10.12 A for the raw phlogopite sample to 9.83
A for the completely leached sample. This means that the interplanar space of the (001) lattice plane
decreased by 2.9 % (or 0.29 A) under complete conversion. This could be attributed to lattice defects
caused by the loss of ions which have considerable volume and charge causing electrostatic
interactions between layers within the lattice and the interlayer (Niu et al., 2020).
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Since the raw phlogopite is highly crystalline, the absence of defects in the lattice means that the
motion of H* ions permeating into the lattice is restricted (Ropp, 2003; Schmalzried, 1995). This
strongly suggests that the leaching is internal diffusion-controlled since the mobility of constituents
into the system is the controlling factor. Therefore, the use of the D1 model for one-dimensional
diffusion through a flat plate (Khawam & Flanagan, 2005) is the recommended model to represent the
leaching process. This also confirms results found by Kaviratna and Pinnavaia (1994) who reported
that the depletion of cations from the octahedral sheets and interlayers occur by proton attack at
layer edge sites since cations cannot be effected through the highly ordered, unbroken silicon-oxygen
layers which surround the basic components. Okada et al. (2006) reported that rapid leaching is
associated with high Sger and low crystallinity and that slow leaching is due to reduced Mg (Fe) content
in the octahedral sheets and less Al substitution in the SiO, tetrahedral sheets. Therefore, despite the
high crystallinity and low surface area of the raw phlogopite, it still undergoes rapid leaching due to
its abundance of Mg and Fe in the octahedral sheets and Al in the tetrahedral sheets (refer to Table 7
for Mg, Al and Fe content). The presence of microfractures on the surface of the particles would
provide additional access pathways for proton attack, thereby increasing leaching rates. A SEM
analysis could be used to determine whether such fractures are present.

4.1.3. Chemical nature analysis (ATR-FTIR)

The chemical natures of the samples were confirmed by studying the FTIR fingerprints of each sample.
The FTIR spectra for all the samples are shown in Figure 9 with a scaled view of the high energy bands
in the 1350 — 550 cm™* region of interest. Characteristic vibration bands of phlogopite are provided in
Table 3 with their corresponding wavenumber positions.
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Figure 9: FTIR spectra of raw phlogopite and leached products.

The raw phlogopite sample exhibits characteristic vibration bands around 935, 813, 720, 673, and
571 cm™ which corresponds with literature values (Beran, 2002; Jenkins, 1989). According to the Beer-
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Lambert law (Stuart, 2004), the peak intensity in infrared spectra is proportionally related to the
concentration of molecules in a sample. Therefore, the reduced intensities of absorbance bands
around 935, 813, and 720 cm™ as leaching increases, is due to the structural degradation of the
phlogopite associated with the removal of the Mg*, Fe** and AI** cations (Farmer, 1974; Temuuijin et
al., 2004).

The raw phlogopite sample and the partially leached samples exhibit strong, well-defined vibration
bands around 935 cm™. This band can be attributed to Si — OH vibrations (Mendelovici et al., 2001)
and is formed by the hydroxylation of acid-leached apical oxygen atoms originally bound to the
brucite-like sheet (Wypych et al., 2005). These silanol groups are expected to be hydrogen-bonded to
water molecules on account of hydration (Wypych et al., 2005). The medium vibration bands observed
at 720 and 813 cm™ are ascribed to Al in the tetrahedral sheets of the phlogopite structure. This
initiates Al/Si disorder as a result of Al— O —Si and Al — O — Al linkages, respectively (Beran, 2002). The
reduced absorbance intensities of these bands in LP1 and LP2 and the absence of this band in sample
LP3 verifies the removal of Al by leaching.

The absorbance spectra observed for the completely leached sample (LP3) displaying bands at 1059,
951, and 795 cm?, resembles that of amorphous silica gel (Costa et al., 1997; Ocafia et al., 1989). After
complete leaching (LP3), an amorphous silica product is obtained as indicated by the dominant
vibration band at 1059 cm™ with a shoulder around 1200 cm™. These bands are associated with
stretching and bending vibrations of SiO, tetrahedra (Awazu, 1999; Farmer, 1974). The presence of
the band at 795 cm™ further confirms the formation of a three-dimensional amorphous silica phase
(Costa et al., 1997; Deysel et al., 2020; Madejova and Komadel, 2001; Okada et al., 2002; Temuujin et
al., 2003) which confirms results obtained from the Crystalline structure analysis (XRD).

Si — O bending vibrations in the high energy regions of the mid-IR spectrum are often coupled with
stretching and bending vibrations of the cation-oxygen octahedra occurring in corresponding spectral
regions. Vibration bands of octahedral Mg are expected in the far IR spectral range. However, the
673 cm™ band may be attributed to the combined effects of Si — O stretching vibration and Mg — O
vibration (Si — O — Mg) (Beran, 2002). The reducing intensities of this band in the leached samples are
likely due to the decreased abundance of Mg in the octahedral sheets. Kloprogge and Frost (1999) and
Madejovd and Komadel (2001) assigned bands around 620, and 660 cm™ to OH — Mg — OH
deformations.

Further details on the interpretation of vibration bands for the FTIR spectra of phlogopite and its
amorphous silica product can be found in literature (Awazu, 1999; Beran, 2002; Farmer, 1974; Jenkins,
1989; Kloprogge and Frost, 1999; Madejova and Komadel, 2001; Scordari et al., 2006; Sontevska et al.,
2008; Vedder, 1964; Wen et al., 1988).

4.1.4. Surface area and porosity analysis (BET)

N adsorption-desorption isotherms

The nitrogen adsorption-desorption isotherms (Figure 10) obtained from the BET analysis are used to
determine and compare the pore structure and surface area characteristics between the samples.

As shown in Figure 10 (a), the adsorption and desorption curves for sample LP3 overlap at low relative
pressures, with narrow separations from relative pressures of around 0.4, creating hysteresis loops
(Sing, 1985). Based on the IUPAC classification (Figure 4), these loops can be related to pore structure
and shape (Rouquerol et al., 2013). The overlap of curves at low to medium relative pressures
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indicates large adsorption volumes, and the narrow separations between the curves at medium to
high relative pressures indicate capillary condensation. Adsorption hysteresis is generally associated
with mesoporous adsorbents (Thommes et al., 2015).
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Figure 10: BET N, adsorption and desorption isotherms for all samples (a) with a scaled view for
clarity of selected hysteresis loops (b).

Particles with larger surface areas are physically capable of adsorbing larger quantities of adsorbate
onto their surfaces. Due to the significant amount of N, adsorbed in sample LP3, Figure 10 (a)
illustrates how the surface area of LP3 is orders of magnitude greater than that of the partially leached
and raw phlogopite samples, with the adsorption-desorption isotherms of sample RP barely visible in
comparison. This makes it difficult to observe the hysteresis loops of the other samples. Therefore, a
scaled view of the adsorption-desorption isotherms for samples RP, LP1, and LP2 is provided in Figure
10 (b).

All adsorption isotherms most closely resemble Type IV, with H3 and H4 hysteresis loops for RP and
the leached samples (LP1 — LP3), respectively (see Figure 4). This means that all the samples have
mixtures of mesopores and micropores and interactions between gas molecules and adsorbent
mesopore surfaces lead to capillary condensation. The shape of H3 hysteresis loops (for sample RP) is
similar to Type Il isotherms, with deviations characteristic of solids containing aggregated non-rigid
plate-like particles, such as certain clays (Yuan & Rezaee, 2019; Labani et al., 2013) with parallel plate-
shaped pores. Hysteresis loops of Type H3 may also represent macropores partially filled with pore
condensate (Thommes et al., 2015).

The adsorption-desorption isotherms of samples LP1 and LP2 are similar to that of LP3, whereby the
N, adsorbed increases for all relative pressure values. There is a steep increase in N; adsorbed at low
pressures for all leached samples (LP1 — LP3). As the relative pressure increases, the N, adsorbate
continues to cover the external surface and pore walls of larger pores, forming the monolayer.
According to Sing (1982), the monolayer of many samples is typically filled when a relative pressure
of 0.1 is reached. After which, multilayer adsorption occurs on the external surface of the sample and
within the larger pores. This corresponds to the gradual adsorption of N, with an increase in pressure.
As the pressure approaches saturation pressure, the adsorbate continues filling the larger pores, until
all smaller pores are completely filled with adsorbate. Larger macropores may remain only partially
filled. The near-vertical adsorption isotherm at very low relative pressures (p/po < 0.05) for LP3 is
indicative of the presence of micropores in the completely leached phlogopite sample. This was not
observed for the other samples. Smaller pore sizes correspond to the larger surface area of the
leached phlogopite product (SiO,). All the leached phlogopite samples (LP1 — LP3) represent Type H4
hysteresis, with higher uptake of adsorbents at low relative pressures. The H4 type hysteresis loop is
characteristic of mesoporous, and possibly microporous substances, which experience capillary
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condensation and contain narrow slit-like pores (Thommes et al., 2015). Slit-shaped micropores may
form between adjacent tetrahedral silica sheets of selectively leached clays (Harkonen & Keiski, 1984;
Kosuge et al., 1995; Okada et al., 1998; Temuujin et al., 2003). According to Milliken et al. (2013),
brittle minerals and clay minerals generally form micropores and mesopores. This was further
confirmed by Okada et al. (2002) who leached phlogopite with nitric acid. Harkdnen and Keiski (1984)
reported that micropores formed when interlayer K* cations fully dissolved, mesopores formed when
cations from the octahedral sheets began to dissolve, and finer pores formed when Si tails near the
plate edges became disordered and entangled.

In summation, it can be concluded that all samples contain mainly open pores, as exhibited by the
hysteresis between the adsorption and desorption curves. The raw phlogopite contains parallel-plate
and slit-shaped pores and the leached samples contain mainly slit-like pores. According to Xue et al.
(2016), tapered plate pores and parallel-plate pores are associated with interlayer intraparticle pores
or microfractures between the layers of clay minerals.

Pore Size Distributions (PSD)

The pore size distributions (Figure 11) were calculated from the N, adsorption isotherms (Figure 10).
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Figure 11: Pore size distributions in terms of adsorption pore volume and area for all samples.

As shown in Figure 11 (a), the pore widths range from 7 — 20 nm for the raw phlogopite sample,
indicating mesoporosity (Rouquerol et al., 1994). There is a larger volume of pores (6.2 x 10 cm? g)
with widths around 20 nm. The absence of a distinct peak in the raw phlogopite sample substantiates
its near “nonporous” state. Conversely, the leached samples (Figure 11 (b)-(d)) show higher peak
values (0.028, 0.085, and 0.8 cm? g!) at pore widths around 2 nm and 4 nm for the partially leached
samples, and completely leached sample, respectively. The drastic increase in peak pore volume
values and the slight peak shifts are indicative of the increase in porosity, and hence surface area, of
the samples with an increase in conversion. It can also be observed that the leached samples contain
some micropores. According to Okada et al. (2005), micropores are expected to form from selectively
leaching octahedral sheets of 2:1 type clay minerals. Micropore volumes were found to be 1.9x1073,
9.4x1073,27.6 x 103 cm® g for LP1, LP2 and LP3, respectively.

Summary

A summary of the pore sizes and specific surface areas from the BET analysis are shown in Figure 12.
The average pore widths shown in Figure 12 (a) indicate that the samples are mostly mesoporous.
Pore sizes dramatically decrease from raw, unleached phlogopite to completely leached phlogopite
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(by =29 %). This decrease in the pore size corresponds with the higher specific surface areas of the
leached phlogopite products, from a mere 0.22 m? g for the raw phlogopite to 28, 89 and 517 m? g*
for LP1, LP2 and LP3, respectively (Figure 12 (b)). The surface area increases by more than 2000 times
the original value throughout the leaching process. Okada et al. (2005) suggest inhibiting the
development of framework structure units and maximising the amount of layered structure units to
increase the surface areas of the products formed. As shown in Figure 12 (b), the surface area of the
raw phlogopite sample is very low. Some sources consider phlogopite to be nonporous (Harkonen &
Keiski, 1984). Figure 12 (b) also indicates that the external surface areas or non-micropore areas of
the leached products (LP1 — LP3) account for the majority of the BET surface area. This means that
there are more larger pores than micropores. Micropores contribute 63 %, 44 %, 40 %, and 34 % of
the total BET surface area of samples RP, LP1, LP2, and LP3 respectively. As leaching time increases,
more pores are formed (mesopores and micropores). Some micropores may be unstable and become
mesopores as leaching time increases.
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Figure 12: (a) Pore size and (b) surface area summary from BET analysis.

To summarise, as the phlogopite solids are leached, cations of K, Mg, Fe, and Al are removed from the
layered structure leaving vacancies, or “pores” in the structure. These pores provide an increased
surface area on the material for subsequent reactions. The final product is highly porous, which is
favourable in various applications (Bardestani et al., 2019; Kaviratna & Pinnavaia, 1994; Wypych et al.,
2005). This explains the shapes of the adsorption-desorption isotherms (Figure 10). The quantity of N,
adsorbed increases with leaching extent. A more porous surface means that there is a greater area
onto which N; atoms may be adsorbed. The maximum values of N, adsorbed are 0.026, 0.569, 1.46,
12.4 mmol g at high pressures for the raw phlogopite (RP), partially leached phlogopite (LP1 and LP2),
and the completely leached phlogopite (LP3) samples, respectively. It is also clear from the pore size
distributions (Figure 11), that the leached particles contain both micropores, as well as mesopores of
slit-shape. A very small area of pores occupies the raw phlogopite sample (0.217 m? g!) rendering it
near nonporous. Figure 12 (b) displays the drastic increase in specific surface area from 0.217 m? g
(RP) to 517 m? g (LP3). The SSA of completely leached phlogopite sample (LP3) is in accordance with
previously recorded leached phlogopite values (Harkénen & Keiski, 1984; Okada et al., 2005, Okada et
al., 2002; Venter, 2015).

4.1.5. Thermal Analysis (TGA-DTG)

A TGA was conducted on the raw material and the leached products to investigate the possible
components present in each sample and to further confirm results obtained from prior analyses.
Continuous TG mass loss curves were observed for each sample over the entire temperature range,
as shown in Figure 13 (a). To easily compare the mass losses incurred in each sample, all TG curves
were plotted on the same set of axes, with the mass losses at selected temperatures (dotted lines in
Figure 13 (a) and Figure 13 (b)) shown in Figure 13 (c).
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Figure 13: Comparison of TGA (a) and DTG (b) curves of all samples over the entire temperature
range, and (c) masses lost selected temperatures (100 °C and 1000 °C).

Mass is lost from the RP sample in two main regions. Mass losses at temperatures below 200 °C
correspond with desorption of physisorbed water molecules, and mass losses at temperatures above
600 °C are due to dehydroxylation reactions. The leached samples also experience dehydration for
temperatures below 200 °C, with gradual weight losses above 300 °C which may represent
condensation of the silanol Si — OH groups and subsequent release of strongly held interlayer water.
The DTG curves emphasise the zones at which the reaction steps occur over the entire temperature
range. The derivative curve peaks (Figure 13 (b)) denote the points at which the mass loss rate is
maximised on the weight loss curve.

The TGA results confirm the observations made by the BET analysis. Since LP3 has a larger surface area
than the other samples, a larger quantity of water may become physically adsorbed to its surface,
hence, 17.5 % of the mass is lost compared to 0.9 -6 % for the other samples within the first 10
minutes of heating (< 120 °C) (Figure 13 (c)). Furthermore, LP3 mass losses are more significant than
RP and the partially leached samples since LP3 lacks the K, Mg, Fe, Al, Ti and Ca (Table 7) contents
which are present in increasing quantities in LP2, LP1, and RP, respectively. These cations are retained
in the structures of the samples and are not released within this temperature range, resulting in less
significant weight losses in the raw and partially leached samples.

4.1.6. Morphology and composition distribution analysis (SEM-EDS)

Figure 14 shows the surface morphologies of the raw and completely leached phlogopite samples
obtained by the FEG-SEM analysis.

The SEM micrographs indicate that the layered structure and platy morphology of the raw phlogopite
is retained despite prolonged leaching. The raw phlogopite sample (Figure 14 (a) and (b)) exhibits faint
cracks on its surface, while the cracks appear more pronounced for the completely leached sample
(Figure 14 (c) and (d)). The completely leached sample appears to have deteriorated edges, supporting
the notion of proton access by the edge attack mechanism (Kaviratna & Pinnavaia, 1994). However,
the cracks could also provide entry for proton attack. The leaching behaviour at the edges and cracks
were examined by SEM-EDS analyses (Figure 15 - Figure 16) for experiment LP4.
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(b)

(d)

Figure 14: SEM images of the raw phlogopite (a) and (b), and the completely leached phlogopite (c)
and (d).

The cracks observed in Figure 14 are more distinctively shown in Figure 15. The darker regions shown
in Figure 15 indicate the most leached areas of the phlogopite sample. The intensity of the darker
areas is proportional to the degree of leaching obtained at the corresponding sites. Therefore, it is
clear that there is not always a smooth advancing front from the edges, but that the acid does, in fact,
attack through the cracks as well.

(a) (b)

Figure 15: SEM Images for LP4 emphasising edge deterioration and surface cracks (a), with an
enhanced view of a surface crack shown (b).
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The EDS analysis of sample LP4 is provided for the sample edges (Figure 16 (a)) and for the sample
cracks (Figure 16 (b)). Letters A — E are provided to indicate points on the SEM images with their
corresponding positions on the concentration profiles below.
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Figure 16: EDS analysis focused on the edges (a) and cracks (b) of sample LP4 indicating the
concentration profiles of potassium, silicon and magnesium along the spans shown.

Sharp decreases in both the potassium and magnesium concentrations can be observed at the
leaching front, whether just from the edge (Figure 16 (a)) or due to cracks (Figure 16 (b)), which is an
indication that the cations are leached from the phlogopite at similar rates at this temperature.
Conversely, there was a corresponding increase in the Si concentration at the leaching front. This is
because the Si does not dissolve in the HNOs solution as the other cations do.

4.2. Leaching

The leaching reaction is expected to proceed according to the balanced chemical equation 14, which
follows the general scheme of equation 1.

[(TiposFep38Mg2.64)(Sizg7Alp8)019(OH),](Kgg3Cag 34) + 10.53HNO; — 0.05Ti(NO3), +

0.38Fe(NO3); + 2.64Mg(NO3), + 2.87Si0, + 0.8Al(NO3)3; + 0.83KNO3 + 0.34Ca(NO3), + 6.27H,0 (14)
The structural formula (half-cell) of the raw phlogopite was calculated using the method prescribed

by Foster (1960) for approximating the structural formula of trioctahedral micas and is based on the
chemical composition of the raw phlogopite sample as shown in Table 7. The XRF data was also used

to calculate the average molar mass of the raw phlogopite sample (430 g mol™). According to equation

14, and based on the XRF data in Table 7, 2.45 M HNOs (200 mL) is theoretically required to completely

react the raw phlogopite (20 g).
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42.1. Leached Solids

This section describes how, aside from the characterisation section (Section 4.1. Characterisation of
the raw phlogopite and acid-leached solid residue), the acid-leached solid products (leaching residues)
were also used to analyse the effects of temperature and acid concentration on ag, to develop and
test the kinetic model, and to develop kinetic triplet relationships which could be used to model the
leaching process for different initial acid concentrations.

4.2.1.1. Overall Gravimetric Conversion

The masses of leached solids obtained from the leaching process can be used to determine the overall
gravimetric conversion (ag). The solids remaining after complete conversion are primarily SiO; as
indicated by XRF, XRD, FTIR and SEM-EDS (Section 4.1). Deysel et al. (2020), Harkonen and Keiski
(1984), Okada et al. (2002), Venter (2015), and Wypych et al. (2005) obtained similar results after
complete leaching of phlogopite. The a¢ data are presented in Figure 17 (concentration profiles) and
Figure 18 (temperature profiles), with the raw data shown in Appendix A.
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Figure 17: Concentration profiles of ag vs time for different reaction temperatures.

It is clearly shown, in Figure 17, that conversion increases with an increase in acid concentration for
each temperature. An increase in acid concentration means that more H* ions are available to react,
thereby increasing the number of interactions between the reacting species, which increases the
reaction rate (Kotz et al., 2012: 692).
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Figure 18: Temperature profiles of ag vs time for different acid concentrations.

It can also be observed, from Figure 18, that conversion increases with an increase in temperature.
This is because higher temperatures increase the kinetic energies (and hence, the movement) of the
reacting species, thereby reducing the viscosity and density of the solvent (Liong et al., 1991; Perry
and Green, 1999), and increasing the diffusion (Boundless, 2020; Liong et al. 1991). Additionally, once
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these “energised” molecules have diffused into the solid particles, the reaction rate is also increased
as the fraction of molecules with sufficient energy to effectively collide and overcome the activation
energy of the reaction increases (Kotz et al., 2012: 696). The temperature effect on both the chemical
and physical (diffusional) rate constants can be represented by Arrhenius-type equations (Dybkov,
2002, p. 28; Levenspiel, 1999, p. 390; Poling et al., 2001, p. 11.39; Ropp, 2003, p. 151), where it can be
seen that temperature has a significant influence on the reaction and diffusion rates. However, the
activation energy of the chemical reaction is generally higher than that of diffusion and the reaction
rate is more temperature-sensitive than the diffusion rate (Dybkov, 2002, p. 29; Levenspiel, 1999, p.
390).

The effect of temperature on conversion is greater than the effect of concentration as indicated by
the slopes of the curves in Figure 17 and Figure 18. The slope steepens between 2.95 —
10.8 % conversion min? as concentration increases from 2M - 4M and between 23.8 —
29.6 % conversion min as temperature increases from 35 °C — 65 °C. Therefore, the average slope or
conversion rate over time is 3.88 times more sensitive to temperature changes than concentration
changes (within the given ranges).

4.2.1.2. Modelling
Model selection

The kinetic parameters were determined by conventional isothermal model-fitting techniques. The
data points plotted in Figure 17 and Figure 18 (see Appendix A) were used to calculate the integral
form (g(a)) of the reaction models for each model shown in Table 2. The slope of g(a) versus t provided
the reaction rate constants (k) for each model at different temperatures and concentrations.
Microsoft Excel® was used for these calculations. The results from this process are shown in Appendix
B, with the determination coefficients (R?) included. The power law models (P2 — P4) and the Avarami-
Erofeyev models (A2 — A4) exhibited poor fits with the experimental data as the average R? values for
each of these models were < 0.8. Therefore, there is a higher variation in the experimental data and
not enough data points fit the regression line to justify its slope. Hence, the slope (k) value may not
accurately represent the experimental data.

The slopes (k) and R? values were determined using the data points up to 240 minutes reaction time.
After 240 minutes, the leaching rate slows down dramatically and is no longer constant (see Figure 17
- Figure 18). The average R? values and the standard deviations from each temperature and
concentration were calculated and are shown in Table 8 for the best fitting models. The data bars are
used to visibly indicate the degree of goodness of fit between g(a) and time. Since the A and P models
exhibited poor fits with the experimental data, these models were not likely to represent the leaching
reaction very well and are excluded from Table 8.

The diffusion models (D1 — D4) exhibit the highest R? values and the smallest standard deviations. The
high R? values indicate that there are smaller differences between the experimental data and the fitted
values. The low standard deviations indicate that the values tend to be close to the mean, or expected
value. Therefore, the diffusion models are expected to accurately represent the leaching reaction.
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Table 8: Average R? values and standard deviations of each model for the g(a) vs time relationships.

RZ
Model Average ;Zi?;?;:
8r2 0.93 0.04
8r3 0.95 0.03
801 0.98 0.03
802 0.98 0.02
8pb3 0.98 0.02
804 0.98 0.01
ro 0.90 0.06
8r1 0.96 0.04
gr 0.94 0.04
g3 0.92 0.08

ko and Ea values were determined from the reaction rate constants of the diffusion models (shown in
Appendix B) for each temperature and concentration using equation 7b to determine whether the
diffusion models obey the Arrhenius equation. Results were once again obtained using Microsoft
Excel®. The full set of Arrhenius results is supplied in Appendix C. The average R? values and the
standard deviations for the diffusion models from each temperature and concentration were
calculated and are shown in Table 9 with data bars to visibly indicate linearity between Ink and 1/T.

Table 9: Average R? values and standard deviations of the diffusion models for the Ink vs 1/T
relationships.

R2
Standard
Model Average .
Deviation
8o1 0.99 0.02
€02 0.98 0.03
gp3 0.97 0.03
84 0.98 0.03

From Table 9, the diffusion models seem to exhibit strong correlations for the Arrhenius plot (high R?
values) with small variations from the average values. If the R? values for the Arrhenius plot were low,
this would mean that the data points don’t really fit on a straight line, and since a straight-line
relationship is used to determine ko and E,, these values would not be very accurate. Overall, model
D1 displays the strongest correlation and the smallest standard deviation, and since model D1
represents one-dimensional diffusion through a flat plate, it is selected as the model of choice to
represent the leaching reaction.

To confirm that model D1 represents the reaction, the k values for model D1 were substituted into
the differential form of its rate equation and integrated using Python® to find analytical solutions for
conversion as a function of time. The predicted values accurately represent the experimental values
as shown by the linear relationship between these variables in Figure 19.
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The high R? value in Figure 19 indicates that most of the data points are close to or on the 1:1 line
thereby satisfying the “perfect relationship” between the axes and confirming expectations that the
predicted conversion values closely approximate the experimental data. Therefore, model D1, and its
associated ko and Ea values were selected as the kinetic triplet to represent the leaching process. The
Python® code used to model the reaction is shown in Appendix D, and the conversion-time plots
comparing all the reaction models to the experimental data is shown in Appendix E.

Kinetic triplet relationships

It can be observed that the ko and Ea values vary with initial acid concentration (see Appendix C). The
Inko and the Ea values for model D1 as a function of initial acid concentration are graphically illustrated
in Figure 20. Both Ea and Inko exhibit linearity with respect to [H*]o as indicated by the high R?values
and can, therefore, be described by equation 15 and equation 16 for the preexponential factor and
the activation energy, respectively.

120 50
Ea 45
100 | v=-4.9705x +109.03
R%=0.9921 40
35
__ 8 Ink,
E y =-1.3358x + 31.69 30
2 - j=
S o R? = 0.9354 25 2
& 20
4
0 15
1
20 0
5
0 0
0 1 2 3 4 5
[H*],

Figure 20: Inko and Ea relationships as functions of initial acid concentration for model D1.
ko = e(—1.3358[H+]0+31.69) (min_l) (15)
Ea = —4.9705[H*], + 109.03 (k] mol™1) (16)
As shown in Figure 20, the activation energies observed decrease with an increase in acid

concentration. As previously discussed, the more H* ions present in solution, the higher the reaction
rate due to the high probability of collisions. Since activation energy is inversely related to the rate
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constant, this explains the decrease in activation energy. Activation energy dependence on pH has
been discussed by Dockrey and Mattson (2016), and Kalinowski and Schweda (1996).

4.2.1.3. Simulation Tests of Conversion Model

A simulation was done to assess the accuracy of the leaching model. The model was tested with
additional experimental data points obtained from the experimental conditions shown in Figure 6. The
“testing data” is provided in Appendix F. Equation 15 and equation 16 were employed to model the
reactions at 2.4 M and 2.6 M as shown in the Python® code (Appendix G).

Figure 21 shows that there is a relatively strong correlation between the predicted conversion and the
experimental conversion for the testing data which further confirms that the D1 model describes the
leaching reaction and that equation 15 and equation 16 describe the preexponential constant and
activation energy dependencies on initial acid concentration.

e
:0.8 "..Q'
206 .
o 0. =
£ g Koo
5 %o
%044 f‘ °®
Kt .
0.2 r
o
0 0.2 0.4 0.6 0.8 1

o (predicted)

Figure 21: Relationship between o predicted from the reaction model and ag experimental from the
testing data.

All the experimental conversion data (from the initial modelling experiments and the testing
experiments) are plotted over time with the modelled analytical solutions for each temperature and
concentration in Figure 22.
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Figure 22: Conversion-time plots showing all experimental data points fitted to the modelled curves.
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4.2.2. Leach Liquor

This section describes how the leach liquor was mainly used to verify observations from analysing the
solids. The concentrations of leach liquors from different leaching stages were used to determine
elemental conversions for individual elements compared to those from XRF. The volumetric
conversion data was used to verify that all cations extracted from the solids were recovered in the
solution. The [H*] concentration data of the leach liquors were used to determine whether the amount
of acid consumed is equivalent to the amount theoretically required.

4.2.2.1. Elemental Conversion

Since the weights of the individual elements in the solid residue are not easily measured, the leach
liguor was analysed. ICP-OES was used to determine the concentrations of the cations in solution.
According to Harkénen and Keiski (1984), Kalinowski and Schweda (1996), Kuwahara and Aoki (1995),
Lin and Clemency (1981), Mamy (1970), and Wypych et al. (2005), potassium is preferentially
extracted from phlogopite during leaching, therefore, its conversion rate is faster than the conversions
of the other elements and the overall conversion of the sum of the cationic masses. This is shown in
Figure 23, where the elemental conversions were calculated from ICP-OES data using equation 4.

08 " ] 08 ’ 0.8 ,. 08

o® o°

0.6 (Y 0.6 .’ 0.6 .’ 0.6

53 > = £
s <

C] ‘ R?=097 & O 100 3 R?=1.00 3 ' R?=0.99

0.4 0.4 0.4 0.4

0.2 0.2 0.2 0.2

0@ 0 0 0@
0 02 04 06 08 1 0O 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Oyg e Qe OroraL

Figure 23: Elemental volumetric conversion relationships.

Since the K*ions are weakly bonded to the interlayer of the phlogopite structure (Rieder et al., 1998),
they are easily accessible to acid attack and are readily available to be extracted. The weaker bond
strengths indicate that less energy is required to break these bonds. Therefore, the activation energy
for potassium conversion is expected to be less than that of the overall conversion. Conversely, the
stronger bonds occurring in the T-O-T layers are responsible for the slower reaction rates as shown in
Figure 23.

The direct proportionality between the conversion data of Mg?*, Fe** and AI** in Figure 23 (b) and (c)
implies that these cations are extracted at similar rates. It is clear, from Figure 23 (a) and (d), that K*
is extracted faster than Mg?*, and thus, faster than the other cations as well, especially at the start of
the leaching process (for lower a values). All conversion data points exhibit linearity for higher o
values, indicating that all cations are released at the same rate after prolonged leaching. The general
descending order of the cation release rates is K* > (Mg?*, Fe**, AI**), or ax > aroTaL > Qmg, re, a1 iN terms
of conversion.

The trends exhibited in Figure 23 are similar to those observed in Figure 7 which were obtained from
XRF data.

40 |Page



4.2.2.2. Gravimetric conversion versus volumetric conversion

The ICP-OES data was used to determine the volumetric elemental conversions of the leached species.
The volumetric conversion (ay) was calculated using equation 5. To confirm the accuracy of the
different data sets against each other as shown in Figure 24.
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Figure 24: Comparison between gravimetric conversion and volumetric conversion.

A sufficient correlation is observed as the coefficient of determination (R?) indicates that 99 % of the
data fall on the regression line, and thus, are relatively proportional to one another. This confirms that
the mass lost from the solid residues are recovered in the leach liquor solutions. The data plotted in
Figure 24 was obtained from the leaching “test” experiments.

4.2.2.3. Acid Consumption

To determine whether the reaction (equation 14) proceeds stoichiometrically, [H*] data of leach liquor
solutions were plotted over time as shown in Figure 25. The experiments were conducted at 65 °C
using different initial acid concentrations as indicated. The raw data is provided in Appendix H.
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Figure 25: Experimental [H*] data plotted over time for different initial acid concentrations.

As shown in Figure 25, the amount of acid consumed is inequivalent to the amount theoretically
required. For example, based on the stoichiometric relationships in equation 14, and the quantities of
each compound present in the raw phlogopite (Table 7), 2.45 M HNOs is required to react with 20 g
of phlogopite using an S:L of 1:10 g mL™. However, a maximum value of only 2.1 M is consumed when
4 M HNOjs is used for leaching. When 2.4 M and 2.6 M HNOs are used, only 1.75 and 1.90 M HNOs are
consumed, respectively, leaving behind some excess H* ions in solution. This could be due to the fact
that the theoretical [H*] required was based on equation 14, which assumes that the cations present
in solution have charges equal to the valence of those elements. However, the chemistry of certain
elements, such as titanium and aluminium, in aqueous solution are complex and could form species
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such as TiO?* and Aly(OH),* in solution, which would consume less acid than initially expected.
Another factor that may contribute to the observed inequivalence is the oxidation state of iron in the
phlogopite. A large fraction may actually be present as Fe?* and not Fe3* requiring less acid to be
extracted. The form of equation 14 suggests that the Fe is present in the octahedral position with Mg?
suggesting that most of the iron may be present as Fe?*. In addition, the oxidation of Fe?* to Fe3* would
involve the release of brownish-coloured NO; gas, which was observed during experimentation. Figure
25 also shows how the leaching rates increase (steeper slopes) with acid concentration as more H*
ions are consumed over time, up to a certain point (~120 minutes for [H*]o = 4 M), whereby the acid
consumption rate remains relatively constant.
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5. Conclusion and Recommendations

All analyses revealed complementary results concerning the cationic extractions. It was found that the
samples exhibit decreased cationic content, as expected, with leaching and that the raw phlogopite
undergoes structural degradation due to the removal of the Mg?*, Fe3* and AI** cations (FTIR, XRD,
SEM-EDS) resulting in the formation of an amorphous silica product. Sample LP3 is almost completely
SiO,, with <5 % of the other components present (XRF). The potassium content was released at a faster
rate than the Al, Mg and Fe contents, as expected since the K* ions occupy the interlayer sites of the
phlogopite and are, therefore, more susceptible to proton attack than the other cations (XRF, ICP).
The acid then permeates through the tetrahedral and octahedral sheets, resulting in the release of
the remaining cations from the phlogopite structure (SEM-EDS). The presence of microfractures on
the surface of the particles provides additional access pathways for proton attack, thereby increasing
leaching rates (SEM-EDS, BET) despite the high crystallinity (XRD) and low surface area (BET, TGA) of
the raw phlogopite. The presence of Mg, Fe and Al contents in relatively large quantities (XRF) in the
raw phlogopite also enhances leaching rates (Okada et al., 2006).

Since the raw phlogopite is highly crystalline (XRD), the absence of defects in the lattice means that
the motion of H* ions permeating into the lattice is restricted (Ropp, 2003; Schmalzried, 1995). This
strongly suggests that the leaching is internal diffusion-controlled since the mobility of constituents
into the system is the controlling factor, and since the phlogopite particles are plate-like (SEM-EDS,
BET) in shape (representative of a flat plane whereby the particle thickness is much smaller than its
length), the use of the D1 model for one-dimensional diffusion through a flat plate is the
recommended model to represent the leaching process.

The use of the D1 model was further confirmed by the strong regression of g(a) over time and of the
Arrhenius plot. Simulation tests also revealed strong linearity between the experimental conversion
data and the predicted conversion values obtained from the D1 model. Therefore, the kinetic triplet
selected accurately approximates what occurs experimentally for the overall conversion.

Since phlogopite is a rich source of potassium, among other desirable elements, it could be useful in
the fertiliser industry (Said et al., 2018; da Silva et al., 2008; van Straaten, 2002). It was observed that
leaching phlogopite with HNOs results in the extraction of virtually all cations into solution, leaving
SiO2 residue. However, the leach liquor produced has a pH < 0 with excess H* ions in solution (see
Section 4.2 - Figure 25). Therefore, extra OH ions would be required to neutralise the leach liquor if
fertiliser is the desired final product. When the phlogopite is leached with the theoretically required
molar concentration, less than 80 % of the cations are extracted into solution (Kgokong, 2017). Thus,
the leaching process should be optimised so that the acidity of the leach liquor is minimised while
obtaining complete leaching of all cations from the phlogopite particles into solution.

The efficiency of the leaching process could be improved by countercurrently reacting the phlogopite
with leaching acid (of the theoretically required concentration to achieve complete conversion) in
sequential semi-batch reactors, or by reacting phlogopite with fresh leach liquor in several subsequent
steps until the phlogopite is completely leached. This would decrease the H* content and increase the
concentrations of the extractable cations in solution.

To predict the conversion behaviours of the individual cations into solution, these cations (K*, Mg?*,
Fe3*, A**) should be modelled in a similar manner as the overall conversion. A relationship should also
be established between [H*] as a function of its dependent variables. Furthermore, since the SiO, by-
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product is highly porous (surface area of 517 m? g1), its application in industrial adsorbents, catalysts,
polymers, pigments, cement, etc. should be further explored.

Although model D1 was found to provide an accurate representation of the leaching process, a
plethora of models exists to describe solid-state kinetics. Therefore, the application of other models,
or even isoconversional (model-free) methods could also be explored. Moreover, a complementary
approach involving a combination of isoconversional and model-fitting methods (Khawam and
Flanagan, 2005) could be attempted.

Lastly, since cracks in the particle surfaces increase leaching rates, methods of solid preparation should
be explored whereby the number of surface cracks is increased while retaining the favourable physical
properties of the material.
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Appendix A

o data plotted in Figure 17 and Figure 18.

Table 10: a¢ data over time for varying initial acid concentrations and temperatures.

Time [H]o=2 M [H]o=3 M [Hlo=4 M

(min) | 35°C  50°C 65°C | 35°C 50°C 65°C | 35°C 50°C  65°C
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
30 0.04 0.08 0.17 0.05 0.12 0.30 0.06 0.16 0.30
60 0.06 0.13 0.32 0.08 0.17 0.48 0.09 0.22 0.57
90 0.08 0.14 0.40 0.10 0.24 0.60 0.13 0.27 0.76
120 | 0.09 0.16 0.48 0.13 0.28 0.72 0.15 0.32 0.85

240 | 0.13 0.24 0.72 0.18 0.44 0.94 0.21 0.50 0.96

360 | 0.15 0.35 0.81 0.23 0.55 1.00 0.26 0.60 1.00
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Appendix B

g(a) versus time data for overall conversion

Table 11: g(a) values calculated using ag data for each reaction model with reaction rate constants and regression indicated.

Time (min)  [H']o (M) Temp (°C) 8p2 8p3 8p4 8a2 8a3 [ 8r2 8r3 81 82 8p3 8p4 8ro 8r1 8r 8r3

0 2.00 35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
30 2.00 35 2.09E-01 3.53E-01 4.58E-01 2.12E-01 3.55E-01 4.60E-01 2.22E-02 1.48E-02 1.92E-03 9.74E-04 2.20E-04 2.18E-04 4.38E-02 4.48E-02 4.58E-02 4.69E-02
60 2.00 35 2.50E-01 3.97E-01 5.00E-01 2.54E-01 4.01E-01 5.04E-01 3.17E-02 2.13E-02 3.90E-03 1.99E-03 4.52E-04 4.46E-04 6.24E-02 6.45E-02 6.66E-02 6.88E-02
90 2.00 35 2.80E-01 4.28E-01 5.29E-01 2.86E-01 4.34E-01 5.34E-01 4.00E-02 2.68E-02 6.13E-03 3.15E-03 7.19E-04 7.06E-04 7.83E-02 8.15E-02 8.50E-02 8.86E-02
120 2.00 35 3.03E-01 4.51E-01 5.50E-01 3.10E-01 4.58E-01 5.57E-01 4.70E-02 3.16E-02 8.42E-03 4.35E-03 9.97E-04 9.76E-04 9.18E-02 9.63E-02 1.01E-01 1.06E-01
240 2.00 35 3.60E-01 5.06E-01 6.00E-01 3.73E-01 5.18E-01 6.11E-01 6.71E-02 4.53E-02 1.68E-02 8.80E-03 2.05E-03 1.99E-03 1.30E-01 1.39E-01 1.49E-01 1.60E-01
360 2.00 35 3.86E-01 5.30E-01 6.21E-01 4.01E-01 5.44E-01 6.33E-01 7.74E-02 5.23E-02 2.21E-02 1.17E-02 2.73E-03 2.64E-03 1.49E-01 1.61E-01 1.75E-01 1.90E-01
slope (k) 1.20E-03 1.57E-03 1.78E-03 1.25E-03 1.61E-03 1.82E-03 2.55E-04 1.72E-04 7.07E-05 3.70E-05 8.62E-06 8.36E-06 4.92E-04 5.31E-04 5.73E-04 6.20E-04

R? 0.66 0.54 0.47 0.67 0.55 0.48 0.90 091 1.00 1.00 1.00 1.00 0.90 0.91 0.92 0.94

0 2.00 50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
30 2.00 50 2.89E-01 4.37E-01 5.37E-01 2.95E-01 4.43E-01 5.43E-01 4.25E-02 2.86E-02 6.94E-03 3.57E-03 8.16E-04 8.01E-04 8.33E-02 8.70E-02 9.08E-02 9.50E-02
60 2.00 50 3.54E-01 5.00E-01 5.95E-01 3.66E-01 5.12E-01 6.05E-01 6.48E-02 4.36E-02 1.57E-02 8.20E-03 1.91E-03 1.85E-03 1.25E-01 1.34E-01 1.43E-01 1.54E-01
90 2.00 50 3.77E-01 5.22E-01 6.14E-01 3.92E-01 5.35E-01 6.26E-01 7.39E-02 4.99E-02 2.02E-02 1.06E-02 2.49E-03 2.40E-03 1.42E-01 1.53E-01 1.66E-01 1.80E-01
120 2.00 50 3.97E-01 5.40E-01 6.30E-01 4.14E-01 5.55E-01 6.43E-01 8.21E-02 5.55E-02 2.48E-02 1.31E-02 3.08E-03 2.97E-03 1.57E-01 1.71E-01 1.87E-01 2.04E-01
240 2.00 50 4.84E-01 6.17E-01 6.96E-01 5.17E-01 6.44E-01 7.19E-01 1.25E-01 8.53E-02 5.51E-02 3.00E-02 7.28E-03 6.86E-03 2.35E-01 2.68E-01 3.07E-01 3.54E-01
360 2.00 50 5.95E-01 7.08E-01 7.71E-01 6.61E-01 7.59E-01 8.13E-01 1.96E-01 1.36E-01 1.26E-01 7.18E-02 1.84E-02 1.67E-02 3.54E-01 4.37E-01 5.49E-01 6.99E-01
slope (k) 1.57E-03 1.88E-03 2.03E-03 1.70E-03 1.98E-03 2.12E-03 4.65E-04 3.18E-04 2.26E-04 1.23E-04 2.99E-05 2.82E-05 8.66E-04 1.00E-03 1.16E-03 1.36E-03

R 0.63 0.52 0.45 0.66 0.54 0.47 0.89 0.90 0.99 0.99 0.99 0.99 0.88 0.91 0.93 0.95

0 2.00 65 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
30 2.00 65 4.,08E-01 5.50E-01 6.39E-01 4.27E-01 5.67E-01 6.53E-01 8.69E-02 5.88E-02 2.77E-02 1.47E-02 3.46E-03 3.33E-03 1.66E-01 1.82E-01 2.00E-01 2.19E-01
60 2.00 65 5.63E-01 6.82E-01 7.50E-01 6.17E-01 7.25E-01 7.86E-01 1.73E-01 1.19E-01 1.00E-01 5.65E-02 1.42E-02 1.31E-02 3.17E-01 3.81E-01 4.64E-01 5.71E-01
90 2.00 65 6.31E-01 7.36E-01 7.94E-01 7.13E-01 7.98E-01 8.44E-01 2.24E-01 1.56E-01 1.59E-01 9.26E-02 2.43E-02 2.17E-02 3.98E-01 5.08E-01 6.62E-01 8.81E-01
120 2.00 65 6.93E-01 7.83E-01 8.32E-01 8.08E-01 8.68E-01 8.99E-01 2.79E-01 1.96E-01 2.30E-01 1.40E-01 3.83E-02 3.33E-02 4.80E-01 6.53E-01 9.22E-01 1.35E+00
240 2.00 65 8.47E-01 8.95E-01 9.20E-01 1.12E+00 1.08E+00 1.06E+00 4.69E-01 3.44E-01 5.15E-01 3.61E-01 1.18E-01 9.13E-02 7.18E-01 1.27E+00 2.55E+00 5.78E+00
360 2.00 65 8.98E-01 9.31E-01 9.48E-01 1.28E+00 1.18E+00 1.13E+00 5.60E-01 4.21E-01 6.50E-01 4.88E-01 1.77E-01 1.28E-01 8.06E-01 1.64E+00 4.15E+00 1.28E+01
slope (k) 2.96E-03 2.90E-03 2.84E-03 4.14E-03 3.68E-03 3.43E-03 1.90E-03 1.40E-03 2.21E-03 1.55E-03 5.08E-04 3.92E-04 2.85E-03 5.20E-03 1.07E-02 2.44E-02

R? 0.73 0.60 0.52 0.85 0.71 0.61 0.98 0.99 0.99 0.98 0.96 0.97 0.94 1.00 0.97 091
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(Table 11 continued)

Time (min)  [H']o (M) Temp (°C) 8p2 8p3 8pa 8a2 8a3 8aa 8r2 8rs3 81 8p2 83 8p4 8ro 8F1 8r2 8r3

0 3.00 35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
30 3.00 35 2.25E-01 3.70E-01 4.74E-01 2.28E-01 3.73E-01 4.78E-01 2.57E-02 1.72E-02 2.57E-03 1.31E-03 2.96E-04 2.92E-04 5.07E-02 5.20E-02 5.34E-02 5.48E-02
60 3.00 35 2.77E-01 4.25E-01 5.26E-01 2.83E-01 4.31E-01 5.32E-01 3.92E-02 2.63E-02 5.90E-03 3.03E-03 6.91E-04 6.79E-04 7.68E-02 7.99E-02 8.32E-02 8.66E-02
90 3.00 35 3.23E-01 4.71E-01 5.68E-01 3.32E-01 4.79E-01 5.76E-01 5.35E-02 3.60E-02 1.09E-02 5.63E-03 1.30E-03 1.27E-03 1.04E-01 1.10E-01 1.16E-01 1.23E-01
120 3.00 35 3.65E-01 5.11E-01 6.04E-01 3.78E-01 5.23E-01 6.15E-01 6.90E-02 4.66E-02 1.78E-02 9.31E-03 2.17E-03 2.10E-03 1.33E-01 1.43E-01 1.54E-01 1.66E-01
240 3.00 35 4.26E-01 5.66E-01 6.53E-01 4.47E-01 5.85E-01 6.69E-01 9.53E-02 6.46E-02 3.29E-02 1.76E-02 4.17E-03 3.99E-03 1.81E-01 2.00E-01 2.22E-01 2.46E-01
360 3.00 35 4.66E-01 6.01E-01 6.83E-01 4.95E-01 6.26E-01 7.04E-01 1.15E-01 7.84E-02 4.72E-02 2.55E-02 6.15E-03 5.83E-03 2.17E-01 2.45E-01 2.78E-01 3.16E-01
slope (k) 1.47E-03 1.81E-03 1.99E-03 1.56E-03 1.89E-03 2.06E-03 3.79E-04 2.57E-04 1.43E-04 7.62E-05 1.81E-05 1.73E-05 7.19E-04 8.00E-04 8.93E-04 1.00E-03

R? 0.70 0.58 0.50 0.72 0.59 0.52 0.93 0.93 0.99 0.99 0.99 0.99 0.92 0.93 0.95 0.96

0 3.00 50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
30 3.00 50 3.46E-01 4.93E-01 5.88E-01 3.57E-01 5.04E-01 5.98E-01 6.18E-02 4.17E-02 1.44E-02 7.49E-03 1.74E-03 1.69E-03 1.20E-01 1.28E-01 1.36E-01 1.45E-01
60 3.00 50 4.17E-01 5.58E-01 6.46E-01 4.37E-01 5.76E-01 6.61E-01 9.12E-02 6.17E-02 3.03E-02 1.61E-02 3.81E-03 3.65E-03 1.74E-01 1.91E-01 2.11E-01 2.33E-01
90 3.00 50 4.85E-01 6.17E-01 6.96E-01 5.17E-01 6.44E-01 7.19E-01 1.25E-01 8.53E-02 5.51E-02 3.00E-02 7.28E-03 6.87E-03 2.35E-01 2.68E-01 3.07E-01 3.54E-01
120 3.00 50 5.27E-01 6.52E-01 7.26E-01 5.70E-01 6.88E-01 7.55E-01 1.50E-01 1.03E-01 7.71E-02 4.27E-02 1.06E-02 9.83E-03 2.78E-01 3.25E-01 3.84E-01 4.58E-01
240 3.00 50 6.60E-01 7.58E-01 8.12E-01 7.56E-01 8.30E-01 8.70E-01 2.49E-01 1.74E-01 1.90E-01 1.13E-01 3.01E-02 2.67E-02 4.36E-01 5.72E-01 7.72E-01 1.07E+00
360 3.00 50 7.40E-01 8.18E-01 8.60E-01 8.90E-01 9.25E-01 9.43E-01 3.27E-01 2.32E-01 2.99E-01 1.88E-01 5.38E-02 4.55E-02 5.47E-01 7.92E-01 1.21E+00 1.94E+00
slope (k) 2.26E-03 2.42E-03 2.47E-03 2.67E-03 2.71E-03 2.71E-03 9.83E-04 6.88E-04 8.06E-04 4.80E-04 1.28E-04 1.13E-04 1.70E-03 2.28E-03 3.13E-03 4.40E-03

R? 0.73 0.59 0.51 0.79 0.64 0.56 0.97 0.98 0.99 0.98 0.97 0.97 0.95 0.98 1.00 0.99

0 3.00 65 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
30 3.00 65 5.49E-01 6.71E-01 7.41E-01 5.99E-01 7.11E-01 7.74E-01 1.64E-01 1.13E-01 9.10E-02 5.09E-02 1.27E-02 1.18E-02 3.02E-01 3.59E-01 4.32E-01 5.25E-01
60 3.00 65 6.92E-01 7.82E-01 8.32E-01 8.07E-01 8.67E-01 8.98E-01 2.78E-01 1.95E-01 2.29E-01 1.39E-01 3.81E-02 3.32E-02 4.79E-01 6.52E-01 9.19E-01 1.34E+00
90 3.00 65 7.77E-01 8.45E-01 8.82E-01 9.63E-01 9.75E-01 9.81E-01 3.71E-01 2.66E-01 3.65E-01 2.37E-01 7.07E-02 5.81E-02 6.04E-01 9.27E-01 1.53E+00 2.69E+00
120 3.00 65 8.46E-01 8.95E-01 9.20E-01 1.12E+00 1.08E+00 1.06E+00 4.67E-01 3.43E-01 5.12E-01 3.58E-01 1.17E-01 9.05E-02 7.16E-01 1.26E+00 2.52E+00 5.69E+00
240 3.00 65 9.71E-01 9.80E-01 9.85E-01 1.69E+00 1.42E+00 1.30E+00 7.59E-01 6.13E-01 8.87E-01 7.77E-01 3.75E-01 2.22E-01 9.42E-01 2.85E+00 1.62E+01 1.48E+02
360 3.00 65 1.00E+00 1.00E+00 1.00E+00 3.00E+00 2.10E+00 3.74E+00 9.90E-01 9.54E-01 1.00E+00 9.99E-01 9.09E-01 3.31E-01 1.00E+00 9.21E+00 1.00E+04 5.00E+07
slope (k) 3.26E-03 3.06E-03 2.94E-03 6.29E-03 4.90E-03 4.26E-03 3.05E-03 2.49E-03 3.78E-03 3.33E-03 1.69E+00 9.53E-04 3.62E-03 1.18E-02 6.81E-02 6.17E-01

R? 0.65 0.53 047 0.91 0.76 0.66 0.97 0.99 0.99 0.99 0.95 0.98 0.87 0.99 0.86 0.78
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(Table 11 continued)

Time (min)  [H'o (M) Temp (°C) 8p2 8p3 8pa 82 8a3 8na 8r2 8r3 81 8b2 83 8p4 8ro 8F1 8r2 8r3

0 4.00 35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
30 4.00 35 2.45E-01 3.91E-01 4.95E-01 2.49E-01 3.95E-01 4.99E-01 3.05E-02 2.04E-02 3.60E-03 1.84E-03 4.16E-04 4.11E-04 6.00E-02 6.19E-02 6.38E-02 6.58E-02
60 4.00 35 3.04E-01 4.53E-01 5.52E-01 3.12E-01 4.60E-01 5.58E-01 4.75E-02 3.19E-02 8.59E-03 4.43E-03 1.02E-03 9.96E-04 9.27E-02 9.72E-02 1.02E-01 1.07E-01
90 4.00 35 3.55E-01 5.02E-01 5.96E-01 3.67E-01 5.13E-01 6.06E-01 6.53E-02 4.40E-02 1.60E-02 8.34E-03 1.94E-03 1.88E-03 1.26E-01 1.35E-01 1.45E-01 1.55E-01
120 4.00 35 3.82E-01 5.27E-01 6.18E-01 3.98E-01 5.41E-01 6.31E-01 7.60E-02 5.13E-02 2.14E-02 1.12E-02 2.63E-03 2.54E-03 1.46E-01 1.58E-01 1.71E-01 1.86E-01
240 4.00 35 4.57E-01 5.93E-01 6.76E-01 4.83E-01 6.16E-01 6.95E-01 1.10E-01 7.49E-02 4.34E-02 2.34E-02 5.62E-03 5.34E-03 2.08E-01 2.34E-01 2.63E-01 2.98E-01
360 4.00 35 5.09E-01 6.38E-01 7.14E-01 5.48E-01 6.69E-01 7.40E-01 1.39E-01 9.52E-02 6.72E-02 3.69E-02 9.06E-03 8.48E-03 2.59E-01 3.00E-01 3.50E-01 4.11E-01
slope (k) 1.56E-03 1.88E-03 2.05E-03 1.67E-03 1.97E-03 2.13E-03 4.33E-04 2.94E-04 1.86E-04 1.00E-04 2.41E-05 2.28E-05 8.13E-04 9.21E-04 1.05E-03 1.20E-03

R? 0.69 0.56 049 0.72 0.58 0.51 0.92 0.93 1.00 1.00 1.00 1.00 091 0.93 0.95 0.97

0 4.00 50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
30 4.00 50 4.01E-01 5.44E-01 6.33E-01 4.18E-01 5.59E-01 6.47E-01 8.38E-02 5.67E-02 2.58E-02 1.36E-02 3.21E-03 3.09E-03 1.61E-01 1.75E-01 1.91E-01 2.10E-01
60 4.00 50 4.66E-01 6.01E-01 6.82E-01 4.94E-01 6.25E-01 7.03E-01 1.15E-01 7.82E-02 4.70E-02 2.54E-02 6.12E-03 5.80E-03 2.17E-01 2.44E-01 2.77E-01 3.15E-01
90 4.00 50 5.18E-01 6.45E-01 7.20E-01 5.59E-01 6.78E-01 7.47E-01 1.45E-01 9.88E-02 7.19E-02 3.97E-02 9.77E-03 9.12E-03 2.68E-01 3.12E-01 3.66E-01 4.34E-01
120 4.00 50 5.63E-01 6.82E-01 7.50E-01 6.17E-01 7.25E-01 7.85E-01 1.73E-01 1.19E-01 1.00E-01 5.64E-02 1.42E-02 1.31E-02 3.17E-01 3.81E-01 4.63E-01 5.70E-01
240 4.00 50 7.08E-01 7.95E-01 8.42E-01 8.35E-01 8.87E-01 9.14E-01 2.94E-01 2.07E-01 2.52E-01 1.55E-01 4.30E-02 3.70E-02 5.02E-01 6.97E-01 1.01E+00 1.51E+00
360 4.00 50 7.77E-01 8.45E-01 8.81E-01 9.62E-01 9.74E-01 9.81E-01 3.70E-01 2.65E-01 3.64E-01 2.37E-01 7.04E-02 5.79E-02 6.03E-01 9.25E-01 1.52E+00 2.68E+00
slope (k) 2.36E-03 2.47E-03 2.51E-03 2.88E-03 2.84E-03 2.80E-03 1.13E-03 8.03E-04 1.05E-03 6.48E-04 1.80E-04 1.55E-04 1.91E-03 2.73E-03 4.03E-03 6.18E-03

R? 0.70 0.56 049 0.78 0.63 0.54 0.96 0.97 0.98 0.97 0.96 0.97 0.94 0.98 0.99 0.98

0 4.00 65 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
30 4.00 65 5.52E-01 6.73E-01 7.43E-01 6.02E-01 7.13E-01 7.76E-01 1.66E-01 1.14E-01 9.25E-02 5.18E-02 1.30E-02 1.20E-02 3.04E-01 3.63E-01 4.37E-01 5.33E-01
60 4.00 65 7.55E-01 8.29E-01 8.69E-01 9.19E-01 9.46E-01 9.59E-01 3.45E-01 2.46E-01 3.26E-01 2.08E-01 6.03E-02 5.04E-02 5.71E-01 8.45E-01 1.33E+00 2.21E+00
90 4.00 65 8.69E-01 9.10E-01 9.32E-01 1.19E+00 1.12E+00 1.09E+00 5.05E-01 3.74E-01 5.70E-01 4.10E-01 1.40E-01 1.05E-01 7.55E-01 1.41E+00 3.08E+00 7.81E+00
120 4.00 65 9.22E-01 9.47E-01 9.60E-01 1.38E+00 1.24E+00 1.17E+00 6.13E-01 4.69E-01 7.23E-01 5.66E-01 2.20E-01 1.51E-01 8.50E-01 1.90E+00 5.67E+00 2.18E+01
240 4.00 65 9.80E-01 9.86E-01 9.90E-01 1.79E+00 1.48E+00 1.34E+00 8.00E-01 6.58E-01 9.21E-01 8.31E-01 4.33E-01 2.43E-01 9.60E-01 3.22E+00 2.39E+01 3.11E+02
360 4.00 65 1.00E+00 1.00E+00 1.00E+00 3.03E+00 2.10E+00 1.74E+00 9.90E-01 9.54E-01 1.00E+00 9.99E-01 9.09E-01 3.31E-01 1.00E+00 9.21E+00 1.00E+04 5.00E+07
slope (k) 3.30E-03 3.09E-03 2.96E-03 6.85E-03 5.21E-03 4.47E-03 3.28E-03 2.74E-03 4.02E-03 3.67E-03 1.91E-03 1.08E-03 3.73E-03 1.37E-02 3.73E-03 1.37E-02

R? 0.59 0.50 044 0.86 0.73 0.63 0.89 0.93 0.89 0.95 0.98 0.97 0.76 0.99 0.91 0.80
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Appendix C

Arrhenius plot data with associated kinetic triplets

Table 12: Arrhenius plot data with ko, Ea and R? values indicated for the diffusion models.

Ink
8b1 8p2 803 8ba
1/7 [H']o=2M
0.00325 -9.56  -10.20 -11.66  -11.69
0.00309 -8.40 -9.00 -10.42  -10.48
0.00296 -6.11 -6.47 -7.59 -7.85
ko 3.30E+12 4.20E+13 4.30E+14 3.30E+13
Ea(kJ/mol)| 98.83  107.15 116.90 110.38
R? 0.96 0.95 0.94 0.95
1/7 [H']o=3M
0.00325 -8.85 -9.48  -10.92  -10.96
0.00309 -7.12 -7.64 -8.96 -9.08
0.00296 -5.58 -5.70 -6.43 -6.96
ko 1.60E+12 2.20E+14 1.30E+17 6.30E+14
Ea(kJ/mol)| 94.63  108.98 129.23  115.56
R? 1.00 1.00 0.99 1.00
1/T [H']o=4M
0.00325 -8.59 921  -10.64  -10.69
0.00309 -6.86 -7.34 -8.62 -8.77
0.00296 -5.52 -5.61 -6.26 -6.83
Ko 2.30E+11 4.30E+13 5.30E+16 1.50E+14
Ea(k/mol)| 88.89  104.02 126.14 111.16
R? 1.00 1.00 0.99 1.00
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Appendix D

Python code for comparing analytical conversion data to experimental data for model D1

Import=

In [1]: M| from nunpy ispert array, log. append, exp, linspace, asarray, interp
from scipy. integrate import odeint
Import pandas as pd
import matplotlis
from matplotlib lepert pyplot as plt
Fmatplotllil inline

Data

In [2]: M| simporting kinstle triplet sew dotd from skcsl

Ram_data = pd.read_excel (r sersiCherliDesktopiVarsityiPost gradi\Masters
Raw_data.head{3) fdisplays the duto

yCoded Final Codes\FinaliReformalting slsx® , shee

1 14
Qut[2y:
HD K T
0 -2 000071 0BAS
1 2 00002 32395
2 2 (0020 33816
3 3 00004y J0RS
4 3 (0J0E0E 37315
§ 3 (0037ET 33E15
6 & (D00iEE J0E1S
T o4 oSl 3245
8 4 00040iE J3BIS
In |3}: M| fossigning volees to isportsd raw dotd
WB_vels = Raw_data values[:,8]
k_vals = Raw data.walues|
T wals = R data.wbluesf
Model Fitting

I (a]: M| feresting espty Lists fwhich ars Lote
tspan_vals = []
aldwvals =[]

Filted with ¢ ond o volies for soch sodsl, respect Lusly)

for k In k valsi
def funclivar, thi

Fale copstonl Lhe [mported Lict
a Fumc Tiow That Takes @0 v bles and €ime

&l = war
ol = 1/ (2%&01)
dalldt = k*fl

tion with differential rote squation
return dablde MENIE function retwns the differentiol {conver<sion over tiee) forms of sodsl 01

Lspan = linspace(®, 3&8, 1828) Atimespon of integration with munber of sowples (o generdale

SIntliol o voles s & Usiig an b
Srumbiers, which generote integrot lon
2o = [@.0021]

al = gdeint{funcl, au, Espan)

gt oo = § wodld resull In dlvisTon of & dnd thus undefined
L= @

ing the "oweint® funciion

Meodel D1 (s usslgried [F's veluss from integrotion

e = aif:,@

dhere, the ting and comversion voloes ore gppended inlo Che-emply [ists obove
tapan_vals, sppend( tapan)
aDvals . append(201)

a data

In [7]: M| ispore pandas
peint (1)
print (“Predicted valges for @i’}

y VRIAGY MELEEA. SICESR,MASIER, Malean. MA_ES")

TI128T, "2487, "EEAT]

dats = arvay([[interp(d |, tspen vals[e], sDlwsls[@]), interp(@ , tspan_vals[1], sDivals{1]), interp(d , tepan vals[2], €l
finterp(38 , tspan_vals[@], aDivals[8]), interp(3@ , tspan_vals[1], aDivals[1]}, interp(3B ; tipan_vals[2], aC
[interp(68 , tspan_wvalsfa], abivals[8]), Interp(E2 , tspan vals{1], aDlvals{1]), Interp(6@., tspan_vals[2], aC
[interp(28 , tspen_valsf@], aDlwvals[@]), Interp(3@ , tipan_vals[1], aDivals{l]), Inteip(38 , tipan_vals[2], aC
{interpeiza, tspan vals[@], aDivals[R]), Lnterp(128, tspan vals[1], aDivala1]), lnterp(128, tspan_vals{2], af!
{interp(248;, tspan_vals[@], aDivals[8]), Interp(248; tspan_vals[1], aDivals[1]}, interp(248; tipan_vals[2], aC]
[interpi36f, tspan_wals{@], ablwals[8]), Enterp(36@, tspan_vals[1], ablvals{l]), Interp{368, tipan_vals[2], -aC

display {pandas.Datafrane{data, tine, heading))

4 4

Predicted valuss for a:

235 250 285 335 50 365 435 £50 485
0000100 Q00000 0000300 0000900 0000100 0000900 Q000100 0000900 Q000100
Q04052 (082264 0257461 QD3R445 0155488 OTIAETTT QO74ERS Q177641 Q3TN
0065127 016339 0364105 (092553 0210664 0478275 0105537 0257062 (430801
QO7eTE4 O143B8 0845007 Q13354 0288044 0581316 0120256 [.O07ST QEDIaM
O0S9Z04 0184538 05746 0130600 DI10677 0673565 0145262 (0256061 (694211
0130255 023ZETE OF2BX3 Q188907 0S1STES 0952851 QZMIOT4 OS50S QSATTE2
Q156550 (0284871 OB9I6TS 0226700 OUSIARGA 1168632 0250512 OATS0E2 1A02408

EEEueme,
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In [E]: M |import pandas

print (77

print (“Predicred values for a (2H):')

heading2, heading®, headingd = [“2-65"], [“3-65"]. ["a-65"] .
tine?, timed, timed = [712%, 237, "4@", “aie, 1587, “Ipg"], ["15°, 337, "7, -*1e@t, ~238°], "B, "z@T, "s8°, 95"
dataM Extra = array([|Interp{id , topan wals[2], aDlvals[2])],

) interp({22 , tspan_vals[2}, ablvals{a]}],

interp(48 , tspan_vals[3], ablvals{i]}],

interp(1l8 , tupen vals[2], aDiwals[2])],

interp(158, tspan_wvals(2], abivals[2]}],

interp{2ed, tspan vals[2}; wnrals[l]}]]}

display (pandas.DataFranedalzIM Extia, Cime?, heading2))

print (“Predicted values for o (3H4);')

datzaM Extra = areay([[Interp(iS , tspen vals{2], aDiwals[2])],
interp(33 , tspan_vals[1], abivals{1]}],
Interp(78 , tspan vals{2], ablvals{2])],
interp(188 | tspan valsf2], aDlvals[2])],
interp{238, tspan vals[2}; d:ivals[i]}]]
display (pandas.DataFrane{datalM Extra, Cime3, heading3))

pednt (“Predicted walues for a (44):')

datadM Extra = srrayl[[interp(8 tspan_vus{l],- ablvalsia] ],
Interp(28 , tspan_vals[2], abivals{2]}],
Interp(68 , tspan vals{2], allvals{2]}],
interp(95 . tspan_vals{2], ablvais[2]}},
interp(138, tsgan_vals[2}, aDtvals{2])],
interp(is®, tspan_vals[2], abivals{z])]])
display {pandas.DataFrame{daladd Extra, Cimed, headingt))

e

Predicted values for a {2M):

2€5
12 (iEIEes
2 0xaTT
A0 0207
120 0514824
150 O57ER
HQ 08E4TES

Predicted values for a (3M):

35
15 0 i6ME0
3 O2700ET
0 AHBETI
106 0470058
0 OTIIERD

Predicted values For a (4M):

4£5
0133847
0210235
AIB4106
Q456157

EEEEE o

Q5752
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Appendix E

Conversion-time plots comparing all reaction models to experimental data.

35°C 50 °C 65 °C
L ]
=
150 180 210 0 B ;O 330 350 0 W M S 1m I o I 300 330 380
Tirme: {min} Time (min)
o
w
=
Time {min}
o3
o o2 &
2 2
o,
150 180 33
Time (min) Time: [min) Time {min)
P2 P3 ra A2 —-—- A3 Al A2 —=-—=- R3 [+} D2 —-—p (+2 Fo Fl F2 F3 L ] DATA
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Appendix F

Table 13: Conversion data for model testing (T = 65 °C).

Testing data for Figure 21 and Figure 22.

t [HTo o] t [HTo a t [HTo o
12 2.00 0.14 15 3.00 0.19 8 4.00 0.18
22 2.00 0.17 33 3.00 0.22 20 4.00 0.21
40 2.00 0.17 70 3.00 0.33 60 4.00 0.40
120 2.00 0.46 100 3.00 0.52 95 4.00 0.64
150 2.00 0.56 230 3.00 0.87 130 4.00 0.84
200 2.00 0.66 150 4.00 0.94

Table 14: Conversion data for model testing at different concentrations.

o for [H]o =
Time 24 M 2.6 M
0 0.00 0.00
30 0.05 0.06
o | 60 0.07 0.08
h 90 0.10 0.10
“ | 120 0.13 0.13
240 0.17 0.17
360 0.20 0.22
0 0.00 0.00
30 0.09 0.09
o | 60 0.17 0.18
o 90 0.18 0.25
1 120 0.23 0.26
240 0.35 0.42
360 0.50 0.53
0 0.00 0.00
30 0.26 0.27
o | 60 0.35 0.35
n |90 0.39 0.48
© | 120 0.48 0.54
240 0.77 0.82
360 0.88 0.91
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Appendix G

Python code for testing leaching model with additional “testing” experimental data

Imparts

M | from nunpy ispoert array, eppend, exp, linspace, asarray, Interp, ndarray
from scipy. lntegrate ispert odelnl
From scipy.stats import Linregress
lmport matplotlib
import pandas as pd
from malplotlib import pyplot as pit
Epatlplotilh Inline

Raw Data

M| riviporting row o, T omd [Me]8 dotd from excel (ALL fenperatures)

Faw_data = pd.redd sacel (r"Cr\UsersiCherl\Desktop'Versliy\Post prod'Mesters \Code'\Deta \Final Data Polnls, xlsx’, dheet name="
Rand_data. bead(125] #displays Che ddia

4| L4

out[2]: A

I | 3]

I [&]:

I [5]:

Time Conc o Temp
20 (LO0DOOO. A0RI5
20 0044000 30015
20 ODE00 30815
20 QOTRO00 30815
20 0083000 30615
20 Q1I0000 30815
20 0145000 30615
20 Q000000 32115
20 (O8I0 3715
20 G125000 315
20 0142000 325
20 Q157000 3TAS -

WoE o~ W dh e L ha

2
Emer  BEBeERE

"

M | fossigning volues to imported raw dolo
Ltime = Raw data.values[:,a]
HE wali = Raw deka. veluesf:,1]
a wals = Raw data values[:,2]

T_wals = Raw data.values|:,3]

Equation Ta
Here { define the Armhenus equation Ta which meorporstes equation 135 snd equation 16 The resction raie constsnt is refumed

M| sarrhernius squot lon For OVERALL conversion
def Arrhenlus(W_IN, T):
R = B.31& #1/mol.K
= exp{-1.33584H_IN + 31.69) i e
Ea = [ -4.9785"H_IN + 109.91)*ipod i
k= ko'exp{-Ea/{R*T)) i s
return &

Conversion equation for Model D1

This egualion calcwizies the gravimaing conversion (o) cver 8 reactor (Tor the enlire reachon fime rangs)

M| def & _egquation(®_ronge, k, o TNITIAL): & this functlon requires the regclor tlee rangs,. rote constant dand [eil
& a Into o reactor as Iapubs

W this function (s used o solve the differeatiol form of Dhe rofe squation
def o to integretefo, €, K):
def Fia):
fa = 1f(2%a)
return fa
dodt = k*F{a)
return dadl

lol fovw of reoction Fale sguotlon for modsl D1 (Tabie 2)

¥ integrating over [he enlire Time romge

at wvals = ofeinl{d to Integrate, .a INITIAL, t range, args=(k,)) # this solues The differsntisl sguution for aff) over i
¥ resctor Dlee ronge from of (iito regctor) o & ol of
& peoctor

# here T énsurs. thal & can oot be > 1
def o corrected(at_wals):

at =[] & pll corrected o voloes will be appended fo Drls empiy L8
for 1 in ot wals: & L0 indexes woch a volue coleulofed (from the [ntegrallon)
ek 25 B )
atcorractsd = 1 #4F that a > 1; he code Feturds o =1
else:
abcorrected = 1 & otherwise o calculated can be wsed
ot sppend{at corrected) & the corfected walues are appended [nito the swpty List "ot
return ot
réturn o corrected{ot_vals) o L voluves For o OUT of o resctor dgré pefursed
1 L4
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Printed Values For plotting in Excel:

In [7]: M| dict = {'t 2° : tspan,
| ‘a2 35 i g model 2 3%,
‘w2 GR' : oo model 3 58,
‘a2 65 : 0 medal 1765,
24 : Lapan,
‘e 2835 oo model 24 35,
‘24 58 : a model 24 5@,
‘o 24 65" @ a model 24 65,
L2326 : Lspan,
'a 2635 : a model 2635,
w2 58 : a_model 26 59,
‘a 26 65 : & megel 26 65,
G o + tspan,
‘a3 35 i g model 1 3%,
‘w3 58 : oo model 3 59
‘a3 65" a_model 365,
AT 1 tepan,
‘a4 35" : o model 4 3F,
a4 58 : o model 4 58
‘a4 G5 oo model 4 65}
| df = pd_pataFrame{dict)
| & disglayieg the DoteFroans
| 4F.style
ut| 71
t2 a235 o280 a 3 E5 tad 02435 o 24 50 024 E5 tas 028 35 026 50 |
0 0 .00 p.oo1] p.001) 0 R.801] poof] 0001 o kv ey K001
1 Q40067 [DOOSISATY) [OI2447E4] [O2619364] Q40007 [DOOSTEOET] MLOIITETEY] [OC0G0BELS) O4000E7 [D.O0S1432Y DOMMS1MY [0
2 O8ODE34 [DOOTIAMN  [DOTTSTALY] [OUCWTTIOT] (BODSAY [O0ANS] [OTO4TIOT [D4TIEIAT) OA00S%Y [ND0BANO0D]  |DOGOAGIOY) [nid
3 12000 [DOGBAIMET] [ROIS1ARM]  [LOMATOES] 10006 [O0099305T) [LOZISIAGT] [HOSTIOEET] 13008 [DOI0S4EL7] ([OOSOGMTE] [DOE
4 TACIDF DOIDIENE4] OBLAMMEE) [OSE23ST]  LE0IDT  jOONI4SSS] DOGTSATY] [NOG1INS)  TACIT [UO12I6374)  (DOZESTI (OO
5 20043 [D01135087) [DOETTEI44] [DOGRATAEL] 200M3F [OA2TETTT] JROS07E50S] [DOGSSASET 200433 [LOA3SB0ET) |DOARI0EEE]) [ROF
-1 24018 [D012425655] [D.OB0S0TES]  [DOGSAT4NG 240G [000M211]  JDOE3E5E4S]  [OTSOeLEE) 24006 [DONLARCER] [O3SEYEZE D07
7 ZAMET [DO1354401) [OGSB4NEE] DOTAISIEH]  2ADIET  ROIS0GY [EUGEISEID) [QOAHOESY) 2A0IET OMEDETTE] |HOGSIIS4T) JL0E
8 320043 [DOI4IIEE] [DOASTOTIY] [MOTUSITLS] 420043 [DOIBTECE] [OOOSD0TEY [DOSETOE0D] 20013 MOITITICR [OAN0ESY] [OC
5 Jp0d  MONE2NEY] [0S  [DDSLI6045] A800d  [LO1TTAEES] UOL12858T] (ROS19B45S] J800d  OO0IE2E) 04354254 RO
10 400067 (DO1G0Z061] [ROGGP4TRS] [DOSR9TES4]  AODEET [LOMEITIIY] pn.t'n_gasa] |DOSEIGASY) 400067  [DO191E0S]  |DOLSTEAOE] j0OiC
| b
Printed Values For pletting in Excel {predicted ws experimental]:
In [B)]: M|grint{™™)
| peint {“Predicied values for ai')
| heading = ["2:4-35", "2_4-5@° ; <EI6-35%, "¥6-5@", "2.6-657]
tine =-[ 8=, =3m%, T6E", =08", “108~, 248" “3E68")

| dataddd = arrvay(|[Lnterpld

| display [pd.DataFrane{datsbdd, tine,

[interp(ia |
[Enterpld |
[interp(3e ,
[interp(iaa,
[ interp(248,
[Enterp(36a,

|« I

Predicted values for -

2435 2450 2465 2535 2ESD 2565

EEBeou .

0.007000
0086407
LDGSEES
0.0asseL
L0960
0128730

L AT

007000 Q00000
BAT5054  OL2E5ATT
Q186365 (LIwS2Es
OX0BHT 045345
0238102 - 0S30TE2
LR8TES 0750687
Q412407 0918084

0003000 (003000
005MBE4 0125556
[VEAFE: Fx FR T Fre ]
O0a0esd 027084
0104562 0250665
O14A424 0354404
Q18R] 0234165

(L0000
0277055
O331ETS
QLETEEE
(554104
G7a3Tda
(950661

. tspan, ndareay.flatten{esarray(o_model 24 35))), interp(d , Cspan,
tspan, ndarray.flatben{asarray (o medel 24 353)), interp(3a
tapan, ndarray . Flatten]ssarcay(o madel 24 353} ), Interp(cd
tepan, ndarray.flatben{asarrayo_medel 24 35}3) 7, interp(2a |
tapan, ndarray.flatten{asarray (o medel_24 35))), interp(l2e,
tspan, ndarray.flatben{asarray (o medel 24 353)), inLerp(248,
tapan, ndarray . Flatten{ssarcay (o model 24 353} ), Interp{3sa,
heading])

Lspan,
Lapan,
Lapasn
Lapas,
Lspan,
Lapan,

ndartay . Flatteniasarrayo
mdarray. Flattenf asarray o
nderray Flatten] asarray(a.
rdarray Flatten| asarrayia.
ndaray . Flatteniasarrayio
mdarray. Flattenf asarray (o
nitarray. Flattenf asarrayia,

b
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Appendix H

[H*] data plotted in Figure 25.

Table 15: [H*] data used for testing the acid concentration relationships (T = 65 °C).

Table 16: [H*] data over time at 65 °C for different initial acid concentrations.

Time (min) [H*1o (M) [H*] (M)
12 2.00 1.81
22 2.00 1.76
40 2.00 1.78
120 2.00 1.05
150 2.00 0.89
200 2.00 0.66
15 3.00 2.65
33 3.00 2.44
70 3.00 2.11
100 3.00 1.78
230 3.00 1.11

8 4.00 3.82
20 4.00 3.46
60 4.00 3.21
95 4.00 2.71
130 4.00 2.32

[H']o
Time (min) 2M 2.4M 2.6M 3M 4M
0 2.00 2.40 2.60 3.00 4.00
30 1.77 1.95 2.03 2.34 3.53
60 1.68 1.58 1.86 2.06 2.96
90 1.39 1.34 1.56 1.78 2.71
120 1.22 1.02 1.50 1.69 2.25
240 0.55 0.52 0.71 0.99 1.99
360 0.27 0.66 0.71 0.92 1.90
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