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Abstract

This study compared the reactivity of a plagioclase concentrate subjected to two processes: (1) direct acid leaching and (2)
thermochemical treatment with ammonium sulfate followed by leaching. The sample was prepared from coarse-grained
pyroxenite rock retrieved from the Bushveld Igneous Complex, South Africa. It contained 78% plagioclase (labradorite),
9% orthopyroxene (enstatite) and 13% quartz. The elements contained in the concentrate were categorized into three
groups based on their susceptibility to direct acid extraction after 6 h of leaching. Group 1 consisted of the highly reac-
tive main elements of plagioclase (Al, Ca and Na, with extraction efficiencies of 95%, 89% and 81%, respectively). Group
2 included elements predominantly present in enstatite (Mg and Fe with extraction efficiencies of 41% and 55%, respec-
tively). Group 3 was composed of slowly extractable Si (25%) from mostly plagioclase. Increasing the duration of direct
acid leaching to 24 h had no effect on the extraction of Group 1 elements, whereas the extraction of Mg and Fe (Group
2) increased to >60%, and that of Si (Group 3) increased from 25 to 80%. The latter correlated with the nearly complete
disappearance of the plagioclase blueprint in the XRD pattern of the residues generated after 24 h of leaching. In con-
trast, plagioclase had limited reactivity with ammonium sulfate during thermochemical treatment. Direct acid leaching
of plagioclase-rich tailings can therefore generate leachates to be used as precursors for the preparation of value-added
products, such as silica nanoparticles via a sol-gel route and calcium aluminate nanoparticles via solution combustion.
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1 Introduction

Silicates represent the most abundant group of minerals on Earth and are ubiquitous in mineral and mining wastes.
Understanding their chemical reactivity under varying conditions is essential [5] since they are involved in numerous
important industrial processes, such as carbon dioxide (CO,) mineral sequestration [36], vitrified nuclear waste disposal
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[14-16], the extraction of strategic metals from silicate-bearing materials (e.g., coal fly ash [11, 45, 50], the treatment of
laterite nickel ore [25], platinum group metal (PGM) tailings [33, 35], bauxite residue [4] and the purification of silicate
minerals (e.g., talc [8]). Such studies can lead to the large-scale reprocessing and reuse of mineral and mining wastes
and can facilitate the development of new materials and novel processing routes [49], they can therefore address issues
related to the Green Agenda such as the sustainable use of the world’s finite natural mineral resources and the protec-
tion of the environment [26].

In South Africa, the reactivity of silicate-bearing PGM tailings from the Bushveld Igneous Complex (BIC) is of particular
interest due to their abundance, with the country accounting for 96% of known global reserves of PGM [31], and their
perceived CO, mineralization potential owing to their Mg-rich mineralogy [10, 48]. These high-tonnage mining waste
materials also contain elevated concentrations of Ca, Al, Fe, and Cr and low to moderate amounts of Ti and other valuable
elements, depending on their origin [32]. However, their complex mineralogy and associated chemical reactivity remain
challenging. For instance, Meyer et al. [28] reported that acid leaching using both strong inorganic (2 M HCl) and organic
(oxalic acid, ethylenediaminetetraacetic [EDTA]) acids had limited value for cation extraction from PGM tailings, with only
up to 3% Mg, 9% Fe and 30% Ca extracted. More recently, Mohamed et al. [35] examined a promising two-stage process,
which consists of a solid—solid thermochemical extraction step (stage one) using ammonium sulfate salt ((NH,),SO,) as
a chemical agent, followed by an optimized acid HNO; leaching step (stage two). This process yielded promising extrac-
tion efficiencies (80% Ca, 60% Al, 35% Fe, 32% Si, 27% Cr and 25% Mg). Additional experiments [34] provided the first
hint that the optimal extraction efficiencies achieved using this two-stage process could not be ascribed solely to the
effect of the thermochemical step for all major elements. More specifically, (1) most of the Si and Ca were extracted via
the acid dissolution step, (2) Al and Mg were extracted at each stage of the process, and (3) the thermochemical step was
the main contributor to Cr and Fe extraction. The optimized acid dissolution step, in the absence of the thermochemical
step, can be assimilated to a conventional hydrometallurgical process of HNO; leaching for elemental recovery from
PGM tailings. However, not all inorganic acids were equally effective at extracting Ca and Si from PGM tailings, with
HNO; [34] being much more effective than HCl [28]. While (NH,),SO, was more reactive than other ammonium salts
(ammonium bisulfate NH,HSO,, ammonium chloride NH,Cl, ammonium nitrate NH,NO,) with silicates contained in PGM
tailings during thermochemical treatment [33], Ca was nearly equally extracted for all salts, which provided additional
evidence that Ca may have been extracted during the acid dissolution step rather than during the thermochemical step.
However, Mohamed et al. [33] could not ascertain (1) whether the plagioclase phase, which was thought to be the main
Ca-bearing mineral in the tailings, reacted with (NH,),SO, or other ammonium salts during the thermochemical step
or (2) whether the HNO; dissolution step on its own, which appeared to be able to extract most of the Ca and probably
most of the Al contained in the plagioclase phase, could also destabilize the entire Si network of the plagioclase mineral.
Elucidating these questions is of particular importance for the valorization of some South African PGM tailings, which
can contain up to 60% plagioclase feldspars in the form of Ca-rich plagioclase. It is also of relevance to the valorization
of other mining and industrial residues that contain this mineral phase. A brief description of the plagioclase series is
provided in Sect. 3.1, and the continuous solid solutions between the two end-members of the series, albite (NaAlSi;Og;
Ab) and anorthite (CaAl,Si,Og; An), are illustrated in Fig. 1.

The primary objective of this paper is to determine the extent to which the plagioclase Si-O-Si silicate network can
be fully broken down by direct HNO; leaching. The secondary objective was to assess the degree of reactivity of Ca-
bearing plagioclase (present as anorthite) with (NH,),SO, during thermochemical processing, if any. For this purpose, a
plagioclase concentrate was produced from a rock identified as coarsely grained pyroxenite, which was retrieved in situ
from the southern sector of the eastern limb of the BIC, approximately 25 km south of the Two Rivers platinum mine
from which tailings were used by Mohamed et al. [33-35].
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Fig. 1 Nomenclature and chemical formulae for the plagioclase feldspar series ranging between the Ca-rich end-member (anorthite) and
the Na-rich end-member (albite)
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2 Materials and methods
2.1 Preparation of the starting material

The preparation of the plagioclase concentrate was reported elsewhere [38]. In brief, the plagioclase concentrate was
prepared from a single rock sample (Fig. S1) donated by the Booysendal North Mine, a platinum mining operation man-
aged by Northam Platinum Ltd. The mine is situated in the southern sector of the eastern limb of the Bushveld Igneous
Complex (BIC) in South Africa, 35 km from the town of Mashishing (previously known as Lydenburg) and 25 km south
of the Two Rivers Platinum Mine, whose tailings were used in previous work [33-35]. The rock was retrieved in situ and
identified as coarsely grained pyroxenite. Its bulk mineralogy consisted of enstatite (66 wt%), augite (7 wt%), plagioclase
(12 wt%), hornblende (3 wt%), biotite (5 wt%), quartz (3 wt%), and talc (4 wt%) [38].

The rock could not be processed by hand due to the small size of the pyroxene crystals present in the sample. The
whole rock was first processed using a jaw crusher to reduce its size from cobble-sized chunks to ca. 5 cm fragments
(Supplementary Figure STA). The fragments were further crushed to sizes <1 mm using a roll crusher. The cumulus pla-
gioclase component was estimated to have a density of ca. 2.7 g cm™ [23] and was subsequently separated from denser
pyroxene grains (estimated density: 3.4 g cm™ [23]), by density separation using bromoform (density of 2.9 g cm™) at
ambient temperature (Supplementary Figure S1B). After separation, the two fractions (Supplementary Figure S1C) were
thoroughly washed with acetone. This study reports only on the plagioclase-rich fraction, hereafter called ‘plagioclase
concentrate), which is denoted as Plg-c. All experiments were performed on a single batch of Plg-c. Representative
homogeneous subsamples of Plg-c were obtained using a splitter. Plg-c was stable and did not require storage under
controlled atmospheric conditions. Because of the small sample mass, all experiments were conducted in duplicate using
a limited number of established experimental variables to evaluate the reactivity of the plagioclase concentrate during
direct acidic leaching and during thermochemical treatment with (NH,),SO, followed by leaching.

2.2 Methods
2.2.1 Thermochemical treatment

The plagioclase concentrate Plg-c was mixed thoroughly with (NH,),SO, (reagent grade, 299%, Merck, South Africa) at a
constant solid—solid mass ratio of 1:3 (m/m) using an established thermochemical treatment preparation method [33,
35]. The resulting mixtures were placed in fused quartz crucibles and subsequently heat-treated in a muffle furnace set
at 550 °C for 45 min. The reaction products (hereafter denoted Plg-c,;) were allowed to cool to ambient temperature
and ground using a mortar and pestle before characterization and subsequent leaching in water (uncontrolled pH) or
acid (controlled pH). An outline of the thermochemical treatment process is provided in Fig. 2.

2.2.2 Cyclical thermochemical treatment

Cyclical thermochemical treatment experiments were completed on Plg-c to ascertain whether (NH,),SO, could be
a limiting factor during the thermochemical step and whether an excess of (NH,),SO, can yield improved extraction
efficiencies. For this purpose, Plg-c was mixed with (NH,),SO, at a 1:3 (m/m) ratio and subsequently heat-treated in a
muffle furnace at 550 °C for 45 min. The reaction product (Plg-c,) resulting from this first cycle was weighed and then
mixed with additional (NH,),5O, in a 1:3 (m/m) ratio before being subjected to the same thermal treatment (i.e., 550 °C,
45 min), which yielded Plg-c,,. This cycle was repeated five times. The final reaction product (hereafter denoted Plg-
Cicts) Was allowed to cool to ambient temperature. All samples were ground using a mortar and pestle and stored in a
dessicator before characterization and subsequent leaching in water or acid. An outline of the different thermochemical
treatment cycles is provided in Fig. 2.

2.2.3 Leaching procedure
Leaching of Plg-c (i.e., direct acid leaching) and Plg-c, (i.e., leaching after the thermochemical step) was performed using

established leaching procedures [35]. Briefly, the procedure consisted of suspending Plg-c or Plg-c,., in 500 mL of either
distilled water (electrical conductivity: 1942 uS cm™') or 0.63 M HNO; solution at 95 °C under continuous stirring at a
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constant speed of 850 rpm using a mechanical overhead stirrer (WiseStir HS30D, Wisd Lab Instruments) fitted with a 50
mm? bladed propeller-type impeller to maintain the particles in suspension for 6 h. The duration of direct acid leaching
of Plg-c was also extended to 24 h to collect additional data on the dissolution of the plagioclase silicate network in acidic
media. At the end of the leaching period, the solution pH and electrical conductivity (EC) of the leachates in distilled
water were measured using a Hanna HI 2829 multiparameter logger. The solution pH and EC could not be measured for
the leaching experiments conducted in HNO; because of the presence of HNO;, which caused the solution conductivity
to be greater than the maximum permissible measuring range of the logger (i.e., >200 mS cm™'). An HNO; concentration
of 0.63 M was selected because it was previously shown to prevent the formation of secondary iron precipitates during
leaching [35]. The leachates were then filtered using Sartorius polycarbonate track-etch membranes (pore diameter of
0.4 um) under reduced pressure and subsequently analyzed for their major element contents (Al, Ca, Na, Si, Fe, and Mg)
by inductively coupled plasma—optical emission spectrometry (ICP-OES) at an accredited laboratory (Waterlab Pty Ltd,
Pretoria, South Africa).

The results from the ICP analyses were used to calculate the elemental extraction efficiencies for the different treat-
ment procedures. A subsample of the distilled water was submitted as a blank and analyzed by ICP for its metal content.
The elemental concentrations were <1 mg/L for all the elements except for K and Na, which were ca. 7 and 10 mg/L,
respectively. The presence of these elements accounted for the alkalinity of the water, which had a pH of ca. 8. The
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elemental extraction efficiencies were calculated after subtracting the values obtained from the blank sample from the
experimental values obtained for each element.

2.2.4 Characterization of solid materials

The elemental compositions of the solid materials were obtained using X-ray fluorescence (XRF) fused bead analysis
(PANanalytical Axios X-ray fluorescence spectrometer equipped with a 4 kW Rh tube). Elemental analysis to determine
the sulfur content of solids was conducted using a ThermoScientific Flash 2000 elemental analyzer.

The mineralogical compositions were determined using XRD (PANalytical X'Pert Pro powder diffractometer in the 6-6
configuration with an X'Celerator detector and variable divergence and fixed receiving slits with Fe-filtered Co-Ka radia-
tion (A=1.789 A)). For XRD analysis, the samples were prepared according to the standardized PA nanofibrous backload-
ing system, which provides a nearly random distribution of the particles. The mineralogy was determined by selecting
the best-fitting pattern from the ICSD database to the measured diffraction pattern. The relative phase concentrations
were estimated using the Rietveld method with X'Pert Highscore Plus software.

Field-emission scanning electron micrographs (FE-SEM) were collected using a Zeiss Gemini Ultra Plus FEG SEM with
an EDS detector operating under high-vacuum conditions with an accelerating voltage of 1.0 kV to obtain information
on the morphologies of all the solid materials. The samples were mounted on a metal substrate using double-sided
carbon tape and subsequently sputter-coated with a thin, conductive layer of carbon using an Emitech K550X coater
(Ashford, England).

Thermogravimetry/differential thermal analysis (TG and DTA) analyses were performed on a TA Instruments SDT
Q600 instrument in duplicate to confirm the observed effects. Approximately 20 mg of sample was heated from 25 to
1400 °C at a heating rate of 10 °C per min in alumina pans under a dynamic air atmosphere controlled at a flow rate of
100 ml per min.

3 Results and discussion
3.1 Characterization of the starting material

Feldspars are the most abundant mineral group in igneous and metamorphic rocks [18]. They are a series of silicate
minerals divided into two main subgroups: (1) K-feldspar or alkali feldspars and (2) plagioclase feldspars. Alkali feldspars
range in composition between the K end-member, orthoclase (KAISi;Og), and the Na end-member, albite (NaAlSi;Og; Ab).
The plagioclase series comprises a continuous solid solution (Fig. 1) between the two end-members, albite (NaAlSi;Og;
Ab) and anorthite (CaAl,Si,Og; An). The plagioclase series is subdivided into six intermediate compositional varieties,
given specific nomenclature depending on the mole percentage of Na and Ca. The Na-rich end-member, albite (Ab),
may contain up to 10 mol percent of the anorthite (An,,) component; and the Ca-rich end-member, anorthite (An), may
range between Ab,, and Ab,. Intermediate species include oligoclase (Abg,-Ab-,), andesine (Ab,,—-Abs), labradorite
(Abgy—-Abs,) and bytownite (Aby,—Ab, ) [6, 23].

In general, plagioclase feldspars belong to the subclass “tectosilicates” and conform to a triclinic crystal structure.
Tectosilicates are framework silicates comprising a three-dimensional (3D) SiO, and AlO, tetrahedral framework. Each
tetrahedron consists of a Si or Al atom bonded to four O atoms and positively charged cations, occupying the framework’s
larger interstices [9]. The degree of ordering of the cations primarily depends on the conditions during formation, i.e.,
the crystallization temperature and thermal history of the feldspar. The substitution of AI** for Si** requires a charge
balance to be maintained and is attained by incorporating monovalent and divalent cations such as K*, Na* and/or Ca®*.
The substitution of one AI** for Si** allows the incorporation of one Na* or K* cation into the lattice structure, whereas
substituting two AI** cations for Si** allows one Ca®* cation to be incorporated into the lattice structure [23]. Elements
such as Ti, Fe, Mn, Mg, Ba and Sr may also be present in limited amounts, either as impurities or as a replacement for Ca
in plagioclase [21].

Plg-c was predominantly composed of SiO, (55.0 wt%), Al,O5 (22.2 wt%), CaO (10.5 wt%), Na,O (3.2 wt%), MgO
(3.5 wt%) and Fe,0; (2.7 wt%) (Table 1). The sample exhibited a negative loss on ignition (LOI=—1.1), which is typically
due to the oxidation of Fe** to Fe* (FeO to Fe,0;) during analysis. Similar observations were previously made for Fe-rich
mine tailings obtained from the BIC [35] and for coal fly ash [47]. The low Na,O content of the samples suggested that
the plagioclase mineral phase may have been predominantly present as a Ca-rich end-member (Fig. 1).
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Table 1 Chemical
composition of Plg-c (XRF,

oxide wt%) 55.6 224 10.6 36 3.2 2.7 0.7 1.2 -1.1

Sio, Al,O; CaO MgO Na,O Fe,0; (total) K,O Other elements Lor

?LOI: loss on ignition

Table 2 Mineralogical

o Mineral group (mineral) Ideal chemical composition Abun-
composition of the dance
plagioclase concentrate (Plg-c) (Wt%)

Plagioclase (Na, Ca)Al,_,Si;_,0g" 78
Orthopyroxene (Mg, Fe),Si,04° 9
Quartz Sio, 13

2Elements such as Ti, Fe?*3*, Mn, Mg, Ba and Sr may also substitute for Ca in the plagioclase feldspar series
[21]

PMinerals of the orthopyroxene group range from pure Mg end-member, enstatite (Mg,Si,O) to the Fe
end-member, ferrosilite (Fe?*,Si,04). Orthopyroxenes may be represented by the generic formula XYSi,Oy,
where X and Y may be occupied by Mg, Fe2*/Fe3*, Ca, Al, Cr, Ti, Mn and Na [12]

The mineralogy of Plg-c consisted of three crystalline phases: plagioclase (78 wt%), orthopyroxene (in the form of
enstatite; 9 wt%) and quartz (13 wt%) (Table 2). These results confirmed the effectiveness of the separation procedure,
which produced a sample fraction with a high proportion of plagioclase (78 wt%) in comparison to the parent bulk rock
(11 wt%) from which it was derived.

The thermogram of untreated Plg-c (Fig. 3) was mainly constant, indicating that the mineral phases present in Plg-c
are thermally stable up to 1000 °C. The slight mass gain (ca. 1%) observed at ~ 1 250 °C was correlated with the negative
LOl value and indicated the oxidation of Fe.

3.2 Characterization of thermochemically treated Plg-c

TGA was used to determine the thermal stability and phase transformations of Plg-c,; and Plg-c,s. Based on previous
studies [8, 33, 35, 37], reactions between some silicate minerals (e.g., lizardite, kaolinite, serpentinite) and (NH,),SO, dur-
ing thermochemical treatment can lead to the formation of soluble metal sulfate species, whereas mineral phases such
as talc have been shown to be nonreactive [8].

In contrast to the mostly horizontal thermograms observed for Plg-c, those of Plg-c,, and Plg-c,.s displayed several
mass loss steps that followed a similar trend for the two samples (Fig. 3A, B). The mass loss up to 200 °C corresponded to
the liberation of water due to dehydration of hygroscopic metal sulfate hydrate species [35]. The mass loss transitions
observed between 400 and 800 °C were attributed to the decomposition of Fe and Al-sulfate species, for which the onset
of decomposition typically occurs between 500 and 600 °C [2, 44]. Additional mass loss events were observed between
800 and 1200 °C, which corresponded to the decomposition of magnesium sulfate and calcium sulfate, which are known
to have onset temperatures of ca. 850 °C [44] and 1000 °C [13], respectively. The nearly identical mass loss curves observed
for Plg-c,; and Plg-c,.s above 200 °C indicated that increasing the number of cycles during the thermochemical treat-
ment did not improve the conversion of the metals contained in Plg-c into metal sulfate species and suggested that the
products enclosed a similar amount of sulfate-containing phases. This result was confirmed with sulphur analyses, which
indicated that the sulphur contents of Plg-c,; and Plg-c, s were 5+ 1% and 4 = 1%, respectively.

XRD of Plg-c,.; was performed to assess the presence of unreacted reactants and confirm the formation of new
mineral phases following one or five cycles of thermochemical treatment (Table 3; Fig. 4), as suggested by TGA. XRD
identified aluminum sulfate (millosevichite; (Al,Fe),(SO,);) and calcium sulfate (anhydrite; CaSO,) as newly formed
mineral phases. Millosevichite was observed in both Plg-c,.; and Plg-c,.s, but its content in relation to the total
crystalline phases increased from 4 to 10% with an increase in the number of cycles. The proportion of anhydrite,
however, remained the same regardless of the number of cycles. The TGA results suggested the presence of mag-
nesium sulfate, although such phases could not be identified by XRD. The relative phase proportion of plagioclase
remained high in both Plg-c,; and Plg-c,.s, which indicated a limited reaction between plagioclase and (NH,),SO,
during thermochemical treatment. This result suggested that a reaction between plagioclase and (NH,),SO, may have
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Fig.3 TGA (A) and DTG (B) curves of untreated Plg-c and Plg-c,; generated via the thermochemical treatment of Plg-c with (NH,),SO, at
550 °C for one cycle (Plg-c,;) and five cycles (Plg-c,.s)

been thermochemically favorable, albeit with slow kinetics. It is conceivable that the plagioclase phase could react
with AS further if a very high number of cycles is applied and if the treatment temperature is decreased from 500 to
400-450 °C to maximize the contact time between the sample and AS, but the energy penalty would be extensive.

Although no new Fe- or Mg-bearing sulfate phases could be identified by XRD, elemental substitution or solid
solutions in the newly formed phases and the presence of isostructural mineral phases were most likely. For instance,
millosevichite is known to be an Al analog of the mineral mikasaite Fe,(SO,);, in which Al and Fe can substitute for

@ Discover



Research Discover Materials (2024) 4:49 | https://doi.org/10.1007/543939-024-00125-2

Table 3 Mineralogical

o Mineral group (mineral) Ideal chemical composition Abundance (wt%)

composition of Plg-c, PIg-C

and Plg-Ces Plg-c Plg—Cey  Plg—Cius
Plagioclase (anorthite) (Na, Ca)Al,_,Si;_,0q 78 71 68
Orthopyroxene (enstatite) (Mg, Fe)Si, 04 9 7 6
Quartz Sio, 13 15 12
Anhydrite Caso, - 4 4
Millosevichite (Al and/or Fe sulphate)  (Al, Fe),(50,); - 4 10

Fig.4 Mineralogical compo- = Plagioclase (anorthite) 0 Orthopyroxene (enstatite) 0 Quartz

sition of Plg-c, Plg-c,+; and

Pla- + Aland/or Fe sulphates ¢ Ca sulphate

9-Cicts

Thermochemically treated Plg-c (Plg-c,.)

0
[ ]
o ]

g . :
o " oom 4+ [ u L] L L] 0
A N2 /\_/\V‘\L,A__,M& A~ 0 =

Plg_ctctS

Intensity (arbitrary values)
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20 (°) [Co-Ka)]

each other in two mineral structures [29, 30, 41]. These two mineral phases have been reported to have hygroscopic
properties due to their strong deliquescence [24, 30], which was observed in the TGA curves (Fig. 3) for both Plg-c,,
and Plg-c,.s.

The presence of newly formed sulfate species in Plg-c, was further confirmed using FE-SEM (Fig. 5). Untreated Plg-
¢ was made up of irregularly shaped particles of varying sizes in the submicron and micron ranges (Fig. 5A). Plg-c,
contained unreacted, irregularly shaped particles surrounded by numerous newly formed and near-cubical hexagonal
structures. The hexagonal structures were interlocked plate-like particles that formed clusters of varying sizes (Fig. 5B, C).
The thickness of these hexagonal structures was less than 10 um. Submicron cubic-like structures were also present at the
surface of these hexagons (Fig. 5E, F), although it was not possible to ascertain whether they were precursors to the hex-
agonal structures or were the anhydrite phase identified by XRD. Anhydrite is an orthorhombic-cubic crystal system and
is usually characterized by thick tabular shapes [21]. Similar mineral phases and morphologies were also observed in coal
fly ash that had been thermochemically treated with (NH,),SO, at similar temperatures [11]. The formation of hexagonal
particles during the thermochemical treatment of PGE tailings and coal fly ash with (NH,),SO, was previously attributed
to metal (Fe, Al, Cr, and/or Mq) sulfates, which generally display hexagonal habits [11, 33, 35]. These results confirmed
that the plagioclase and/or enstatite present in Plg-c reacted with (NH,),SO, during the thermochemical treatment.

3.3 Elemental extraction
Elemental extraction efficiencies were assessed using a previously established method [33, 35], which consists of
leaching the samples under continuous mixing conditions at 95 °C for 6 h to dissolve metal sulfates and prevent

secondary mineral precipitation. The elemental extraction efficiencies of Plg-c, Plg-c,.; and Plg-c,.s were evaluated
in two different leaching media: (1) distilled H,O and (2) 0.63 M HNO;.
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Fig.5 FE-SEM images of untreated (A) and thermochemically treated Plg-c (B-F) using (NH,),SO, at 550 °C. The predominant features of the
samples are indicated with labeled arrows

3.3.1 LeachinginH,0

Baseline leaching experiments were initially conducted in H,O to assess and compare the leaching behavior of
untreated Plg-c and treated Plg-c,.; and Plg-c;s.

Plg-c: Leaching of Plg-c in H,O was minimal. This was indicated by the near-neutral pH of the filtrate (7.8), the low EC
(72 +4 pS cm™'; Table 4) and the low elemental extraction efficiencies (<8%) obtained for all the elements, except for Na
(18%) (Fig. 6A). The latter explained the slight increase in EC from ca. 19 uS cm™' for H,O to ca. 72 uS cm™ for the filtrate.

Plg-c,.;; and Plg-c,s: The filtrates obtained from Plg-c,., and Plg-c, s were characterized by an acidic pH of 3.3-3.5 and
higher EC values (285-359 uS cm™'; Table 4), which provided the first indication of higher elemental extraction from Plg-
Cit than from Plg-c. This was supported by ICP, which confirmed higher elemental extraction of Fe (2-4%), Al (7-8%), Ca
(13-17%), and Mg (33-41%); in contrast, very little extraction of Si was observed (<1%, Fig. 6A). These higher extraction
efficiencies were attributed to the dissolution, either in full or in part, of sulfate species such as CaSO, and (Al, Fe),(SO,)s,
which had formed during thermochemical treatment (Table 3). No difference was observed in the extraction efficiencies
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Table 4 Solution pH and
electrical conductivity (EC)
after leaching of untreated
Plg-c vs. thermochemically
treated Plg-C,; and Plg-C,.s
in distilled water (1 g/500 ml,
95°C, 850 rpm, 6 h; n=2)

Fig.6 Elemental extraction
efficiencies following leach-
ing of Plg-c and Plg-c, in (A)
distilled water, (B) direct acid
leaching of untreated Plg-c
in 0.63 M HNO; (1 /500 mL,
95°C, 850 rpm, 6 h and 24 h;
n=2) and leaching of Plg-c
and Plg-c,; in €0.63 M HNO,
(1 9/500 mL, 95 °C, 850 rpm,
6h;n=2)

Discover Materials (2024) 4:49 | https://doi.org/10.1007/543939-024-00125-2
pH EC (uScm™)
Distilled water 8.0+0 19+2
Plg-c 7.8+0.3 72+4
PIg-Cietr 35+0.1 285440
PIg-Cyeys 330 359435
. B Plg-c
100 -
OPlg-cien
90 -
OPlg-c s

@ N ®
S o o
L L L

Extraction efficiency (%)
£ %1
o o
|

=

N ® v 2

S © & o S
L I I |

S
I

Extraction efficiency (%)
o

SR NS B )
S
L

=N
o o
L L

o
I

Al c

& DO\ N

o

Si

7 Direct acid leaching - 6 hrs

M Direct acid leaching - 24 hrs

+ DN

Si

%
Fe g
Plg-c
O Plg-ctet1
BPlg-ces
Fe Mg

of Na when leached in H,0 or for the different cycles of thermochemical treatment. The elemental extraction efficien-
cies for Al, Na, Si and Fe from Plg-c,.,s remained similar to those from Plg-c,;, whereas those of Ca and Mg decreased
from 17 to 13% and 41 to 33%, respectively. The increase in elemental extraction efficiencies following thermochemical
treatment, particularly for Ca, Fe, and Mg, suggested some degree of reactivity of the plagioclase and perhaps enstatite
mineral phases during thermochemical treatment with (NH,),SO,, although the extent could not be confirmed. Further
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investigation is also required to ascertain whether the decrease in the solution pH to 3.3-3.5 due to the dissolution of
sulfate species had any effect on the extraction efficiencies of some of the elements.

3.3.2 Leaching in HNO;

Plg-c: Direct acid leaching of Plg-c in HNO; was performed to assess the extent of breakdown of the silicate network
of plagioclase that can be achieved via direct acid leaching. Compared with H,0, direct acid leaching improved the
extent of elemental extraction for all elements (Fig. 6B). The elements contained in Plg-c could be categorized into
three groups based on their susceptibility to acid extraction following the 6 h direct leaching process. Group 1 included
the highly reactive main elements of the plagioclase phase (Al, Ca and Na with extraction efficiencies of ca. 95%, 89%
and 81%, respectively) but excluded Si, whose extraction efficiency was limited to ca. 25%. Group 2 included elements
that were predominantly present in the enstatite minerals (Mg and Fe with extraction efficiencies of ca. 41% and 55%,
respectively). Group 3 was composed of slowly extractable Si, which was contained in both the plagioclase phase and
the enstatite phase, but the structural silicate network in plagioclase was likely more acid soluble than that in enstatite.
These differences in solubility were expected owing to differences in their structural make-ups. The plagioclase mineral
structure consists of a 3-D framework of AlO, and SiO, tetrahedra, which are linked via Al-O-Si and Si-O-Si bonds [51].
The rate and mechanism of plagioclase dissolution are dependent on the composition and pH. In particular, the rate of
dissolution increases with increasing anorthite content under acidic conditions [3, 7, 17, 19, 39, 51]. The dissolution of
plagioclase proceeds with the initial removal of Na, Ca and Al atoms and the occurrence of a thin altered hydrous silicon
dioxide surface layer [42], followed by the release of the surrounding isolated Si atoms. Less energy is required to break
the AlI-O-Si bonds relative to the Si—-O-Si bonds [51]. In comparison, enstatite belongs to the inosilicate mineral class and
comprises a single tetrahedral chain structure held together by magnesium octahedra. Oelkers and Schott [40] reported
that the dissolution of enstatite occurs in two stages: (1) the breaking of Mg-O bonds and (2) the detachment of silica from
tetrahedral chains. The breaking of the Mg-O bonds occurs rapidly and does not destroy the mineral structure,however,
it allows for the release of the silica tetrahedral chains. This accounts for the preferential and faster release of Mg over Si
from the enstatite mineral phase [27].

The duration of direct acid leaching of untreated Plg-c in HNO; increased from 6 to 24 h in an effort to improve the
elemental extraction efficiency, particularly to specifically assess the susceptibility of the silicate networks formed by
plagioclase and enstatite to extended acid extraction (Fig. 6B). The elemental (metallurgical) balance for the best Plg-c
leaching in HNO; (i.e., 24 h) with 100 g of plagioclase concentrate is shown in Table 5. Increasing the duration of direct
acid leaching from 6 to 24 h had no effect on the extraction of the group 1 elements (i.e., Al, Ca, and Na), whereas the
extraction of Mg and Fe (Group 2) increased from ca. 41 to 60% and 55 to 68%, respectively. The extraction efficiency
of Si (Group 3) tripled from ca. 25% to ca. 77%, which provided direct evidence of the progressive breakdown of one
of the silicate networks contained in Plg-c when increasing the duration of direct acid leaching in HNO; from 6 to 24 h.

Plg-c,.; and Plg-c,.s: The dissolution of Plg-c,; in acid achieved greater elemental extraction for all the tested
elements than did the leaching of Plg-c,.; in H,0O (Fig. 6A vs. Figure 6C). The elemental extraction efficiencies
increased between 14 and 77%, except for that of Mg, for which no significant differences were found when leached
in either H,0 or acid. These results indicated that the Mg sulfate species readily dissolved in both H,0 and acid,
whereas other metal sulfate species were more soluble in acid than in H,0. The addition of a single-cycle ther-
mochemical treatment step using (NH,),SO, achieved lower extraction efficiencies for Al (84%), Ca (81%), and Si
(149%) when leaching was performed in HNO; compared to direct acid leaching (Fig. 6C). The extraction efficiencies
of Al, Ca, and Na (Group 1) showed a minor decrease between 9 and 6% compared to those of Si (Group 3), which
decreased by 11%. The extraction efficiencies for Group 2 elements, Fe and Mg, increased slightly between 1 and

Table 5 Metallurgical balance
based on the leaching of

100 g of untreated Plg-c in
0.63 M HNO; (1 g/500 mL, Si Al Ca Na Mg Fe
95°C, 850 rpm, 24 h; n=2)

Elemental composition (g/100 g plagioclase
concentrate)

Elemental composition of plagioclase concentrate (feed) 25.7 11.7 7.5 2.4 2.1 1.9
Elemental composition of leachate 200 104 6.8 1.7 1.3 1.3
Elemental composition of residue (calculated) 5.7 1.4 0.7 0.6 0.8 0.6
Recovery (%) 77.7 884 90.2 73.1 603 67.6
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5%, respectively. The five cycles of thermochemical treatment prior to acid leaching exhibited a similar trend and
resulted in lower extraction efficiencies for Al (61%) and Ca (63%) but an increase in Si (31%) extraction efficiency.
The extent of Fe extraction was the highest after five cycles of thermochemical treatment, while no significant
differences in the extraction efficiencies for Na and Mg were found with respect to acid dissolution and different
cycles of thermochemical treatment. Given that plagioclase is the predominant mineral phase in Plg-c, these results
suggested that the dissolution of the plagioclase phase most likely contributed to Al, Ca, Na and Si coextraction
into solution during acidic leaching.

The decrease in extraction efficiencies in HNO; following thermochemical treatment may be due to the lower solubility
of metal sulfate species such as CaSO,, which is known to be soluble in acids; however, it is only slightly soluble in water
and decreases with increasing temperature [21]. Alternatively, the temperature applied during the five-cycle thermo-
chemical treatment may have resulted in the formation of (intermediate) metal sulfate species, which are less soluble
in acids [11, 45]. Studies have also shown that the presence of epitaxial crystal growth or the formation of a passivating
layer on mineral surfaces due to the precipitation of secondary minerals may limit transport properties and affect the
mineral dissolution rate [5, 20, 46]. This phenomenon may explain the decrease in extraction efficiency obtained after
the various cycles of thermochemical treatment. However, this could not be ascertained.

3.4 Characterization of residues

XRD and sulfur content analyses of the Plg-c,. following the leaching of Plg-c, Plg-c,.; and Plg-c,.s in distilled H,O and
HNO; were conducted to assess whether mineralogical changes had occurred following leaching with and without
thermochemical treatment. For clarity, the XRD data are presented in two separate ways to take into consideration mass
losses following leaching when comparing datasets. Figure 7A displays the XRD diffractograms, whereas Fig. 7B shows
the normalized phase proportions (expressed in wt%) obtained from XRD in relation to the solid masses of the starting
material (Plg-c) and the residues (Plg-c,.., Plg-c;,., and Plg-c,.). For instance, the broad bar with the white background
reported for Plg-c has a height of 1.0 along the y-axis, which indicates a starting mass of 100%. In comparison, the bar
reported for the residue Plg-c,., (6 h) has a height of approximately 0.6, which indicates a mass loss of 40% compared to
the starting mass of Plg-c. The adoption of this approach to represent and interpret these datasets was important since
it highlighted that the mineralogical composition of the starting material and the residue was similar, although the mass
of material recovered after leaching was 40% lower.

These data, when combined with the extraction data, helped to better understand the reactivities of plagioclase and
enstatite under the experimental conditions investigated.

3.4.1 Residues from H,0 leaching

The mineralogical compositions of the residues generated by H,0O leaching and the approximate proportions between
crystalline phases were similar, if not identical, to those of untreated Plg-c, regardless of whether Plg-c underwent ther-
mochemical treatment before H,O leaching. Although XRD was able to confirm the dissolution of most, if not all, of the
metal sulfate species formed during thermochemical treatment by H,O leaching, the technique was unable to identify
changes in the structural silicate networks of plagioclase and enstatite, even though ICP demonstrated some degree of
metal extraction (e.g., 7-8% Al; 13-17% Ca; 33-41% Mg; Fig. 6A). The results highlighted the usefulness and limitations
of XRD when investigating the early stages of elemental metal extraction from silicate networks.

Figure 7B shows mass losses ranging between ca. 38% and 46% when H,O leaching was applied to the samples with
and without thermochemical treatment. However, mass losses within this range are likely caused by experimental artifacts
(i.e., unavoidable cumulative material loss throughout the experimental steps) due to the very small amount of starting
material used in the experiments. Despite this possible limitation in the usefulness of mass measurements due to a lack
of sensitivity, the test is simple and inexpensive and can generate useful data, such as those obtained in the case of acid
leaching of Plg-c for 24 h, where a mass loss of 86% was consistently obtained (Fig. 7B).

3.4.2 Residues from direct acid leaching of Plg-c
Section 3.3.2. reported high (>81%) extraction of Group 1 elements (Al, Ca, and Na associated with the plagioclase phase)

and intermediate (41-65%) extraction of Group 2 elements (Mg and Fe associated with the enstatite phase) following
direct acid leaching for 6-24 h, which indicated that plagioclase was more reactive than enstatite when suspended in
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acid. The extraction data also demonstrated a substantial increase in Si extraction from ca. 21 to ca. 80% when leaching
had been extended from 6 to 24 h, which strongly suggested the destruction of one of the silicate networks contained
in Plg-c. The latter was confirmed by XRD (Fig. 7), which revealed a considerable decrease in the plagioclase-to-quartz
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ratio from 6.0 in untreated Plg-c to 0.8 and 0.04 in the residues after 6 h and 24 h of leaching, respectively. In contrast, the
enstatite-to-quartz ratio was also reduced from 0.7 in untreated Plg-c to a constant value of ca. 0.4 in the residues after
6 h and 24 h of leaching, although to a much lesser extent than the plagioclase-to-quartz ratio. These results provided
strong evidence that most of the Si extracted between 6 and 24 h originated from plagioclase rather than from enstatite.
The dissolution of a large proportion of plagioclase, the main component of Plg-c, was further supported by the 86%
mass loss recorded after 24 h of leaching.

3.4.3 Acid-leached residues of thermochemically treated Plg-c

XRD confirmed the dissolution of most, if not all, of the metal sulfate species formed during the thermochemical treat-
ment by acid leaching (Fig. 7). This process did not improve the reactivity of plagioclase during the acid leaching step,
as indicated by the similar plagioclase-to-quartz ratio of 0.8 for the residue after 6 h of direct acid leaching, compared to
the ratio of 0.9-1.2 for Plg-c,,., and Plg-cs,., (Fig. 7). The enstatite-to-quartz ratio remained fairly constant at 0.4-0.5 for
the residues after 6 h of direct acid leaching as well as for PIg-c;,., and PIg-Cs.

3.5 Quantification of plagioclase extraction

The theoretical chemical formula of plagioclase was calculated to quantify the contributions of Al, Ca, Na and Si from the
plagioclase phase to the chemical composition of the filtrates. To complete the quantification, two assumptions were
made: (1) all elemental Na and Ca measured in Plg-c by XRF are contained in the plagioclase phase, and (2) there is no
elemental substitution for Ca and Na by impurities or other elements such as Ti, Fe, Mn, Mg, Ba and Sr. The theoretical
chemical formula was calculated using the basic principles of mineral formula calculations based on Pauling’s rules [23],
ensuring charge balance and chemical variation in mineral compositions. Based on the ideal chemical formula for plagio-
clase ((Na, Ca)Al,_,Si;_,0g), the theoretical formula of plagioclase in Plg-c was calculated to be (Nay 35Cag 45)Al; ¢55i5 3505) Of
AngsAbs. Plagioclase in Plg-c is classified as labradorite based on the mole percentages of Na and Ca (Fig. 1). The molar
mass of plagioclase was calculated based on the theoretical chemical formula of plagioclase present in Plg-c according
to Eq. (1), where M, refers to the molar mass and n refers to the number of moles:

M,,of plagioclase = Z (M,,of element X n of element in theoretical formula) )

The number of moles of plagioclase in solution was calculated according to Eq. (2):

mass of starting material x % plagioclase in starting material
M, ,of plagioclase

n of plagioclase in solution =

(2)

The theoretical elemental concentration leached into solution from the plagioclase phase in Plg-c, assuming 100%
dissolution of the plagioclase phase, was calculated according to Eq. (3):

n of element

elemental concentration(mol/L) = n plagioclase in1 L solution X ———————
1 mol plagioclase

3)

The theoretical contributions of the elements dissolved in solution from the plagioclase phase present in Plg-c after
6 h and 24 h of direct acid leaching were compared to the values obtained experimentally (Fig. 8). These correlations
suggested that these elements were progressively extracted from Plg-c after 6 h and 24 h of acid leaching. This trend
follows the progressive depolymerization dissolution mechanism, favoring the preferential hydrolysis of Al-O-Si bonds
over the Si-rich surface layer [3] and accounting for the rapid dissolution of interstitial cations, Ca and Na, from the surface
of the mineral [51]. The deviation in Si extraction indicates nonstoichiometric dissolution, particularly after 6 h, which
indicates slower dissolution kinetics of Si from the silicate network, whereas stoichiometric dissolution between Ca, Al
and Si was reached after 24 h.

The preferential dissolution of Al, Ca, and Na over Si in the first 6 h of leaching resulted in a Si-rich structure whose
Si—0O-Si bonds broke down at a slower rate during the 24 h period [3, 5, 71. This explains the high proportion of anorthite
identified in Plg-c,,, after 6 h of leaching despite high elemental extraction efficiencies for Al, Ca, and Na compared to 24 h
of leaching. The Si extraction efficiency after 24 h of leaching (400 mg/L; i.e., 14 mmol/L) deviated very slightly from the
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calculated value of 379 mg/L (i.e., 13 mmol/L) (Fig. 8), but this deviation was too low to suggest Si extraction from phases
other than plagioclase. Furthermore, these experiments confirmed that 6 h is not sufficient to fully dissolve plagioclase
under the tested temperature and acidic conditions.

The Ca:Al and Si:Al mole ratios of the leachates were compared to better understand the leaching behavior of the
plagioclase phase. The Ca:Al mole ratio in solution deviated only slightly from the calculated theoretical value (Ca:Al=0.4).
This suggested that Al and Ca dissolved stoichiometrically over the 6 h (Ca:Al=0.4) and 24 h (Ca:Al=0.4) leaching dura-
tions. In comparison, the Si:Al mole ratios varied significantly according to the calculated theoretical formula (Si:Al=1.4).
The Si:Al mole ratio in solution after 6 h of dissolution (Si:Al=0.5) compared to 24 h (Si:Al=1.8) confirmed a slower dissolu-
tion rate for Si than for Al, which was slightly greater than the calculated stoichiometric mole ratio of 1.4. This confirmed
the preferential leaching of Al, Ca and Na from the plagioclase structure and the lower Si extraction rate into solution.

Several cautions with respect to the interpretation of the above data were noted. This included (1) the assumptions
used to calculate the theoretical formula of the plagioclase present in Plg-c; (2) the calculated values provided a qualita-
tive view of the contribution of Al, Ca, Na, and Si dissolved in solution from the plagioclase phase present in Plg-c; (3)
no direct information was obtained from the surface of the particles remaining in the residue; and (4) the limitations of
the accuracy of the calculated values. The latter may include systematic errors arising from, e.g., instrumental errors or
method errors proportional to the sample size [43].

3.6 Recommended selection criteria for industrial validation

Although it is premature to extrapolate the results of the direct acid leaching process developed on the plagioclase
concentrate to plagioclase-bearing mine waste residues, a preliminary set of key performance indicators (KPIs) was
suggested (Table 6) to help identify the critical metrics that would assist with evaluating the efficiency, effectiveness,
and environmental impact of the leaching process for further development and validation. Specific targets on each KPI
would have to be established via a techno-economic study performed on a case-by-case basis before upscaling.

4 Conclusions

This study investigated the reactivity of a plagioclase concentrate in acidic solution versus thermochemical processing
with (NH,4),SO,. Plagioclase was found to have limited reactivity with (NH,),SO, when subjected to thermochemical
treatment. Direct acid leaching allowed for the complete dissolution of plagioclase under the experimental conditions
tested. However, longer durations are required to achieve stoichiometric dissolution of elements and to break the Si-O-Si
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Table 6 Preliminary set of key performance indicators for the evaluation of the efficiency, effectiveness, and environmental impact of the
leaching process for further development and validation

KPI category KPI Measurement unit Data collection method
Leaching efficiency Percentage of target substances leached % Ca, Al, Si Laboratory analysis

(Ca, Al Si)
Leaching efficiency Process yield % Ca, Al Si Mass balance calculations
Leaching efficiency Leaching rate of Ca, Al and Si mg element/L per hour Continuous monitoring
Leaching efficiency Mass of contaminants (e.g. Fe) Total mg element/L Laboratory analysis
Chemical consumption Amount of leaching agent used kgorL Inventory tracking
Process optimization Processing duration Hours or days Process logs
Process optimization Energy consumption kWh Energy meter
Economic metrics Cost per unit of leached Si $/kg Financial records
Economic metrics Overall cost of the leaching process $ Financial records
Environmental impact Waste generation L or kg of waste per kg of solid Waste audits

residue processed

covalent bonds to release Si into the solution. The direct acid extraction process offers the significant advantage of
recovering major elements (Al, Ca, and Si) from the plagioclase component of tailings in a readily available soluble form
using a single processing step. Such leachates may represent suitable precursors for the preparation of value-added
products, such as silica nanoparticles via a sol-gel route and calcium aluminate nanoparticles via solution combustion.
Silica nanoparticles find industrial applications in a wide variety of fields including biomedicine, agriculture, environ-
mental remediation, water purification and fruit preservation [22], whereas calcium aluminate nanoparticles are used in
a wide range of applications such as the construction industry, ceramics, binders in refractory castable for steel industry,
detectors, biomaterials and optical devices [1].
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