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Finding new sources of high purity silica is becoming increasingly important for
solar panel manufacturing. Behind quartz, sandstone can be one of the most
important sources of silica for advanced technological applications. Despite its
abundance in the Earth’s crust, the widespread use of sandstone is limited by
the presence of undesirable oxide. This is the case for the studied sandstone
rocks, where impurities, particularly iron and aluminum oxide, restrict the
suitability of this silica for producing advanced materials. This work presents an
optimized multistage purification protocol specifically engineered for quartzose
sandstone. We systematically characterize quartzose sandstone from northern
Algeria, an abundant yet underexploited sedimentary resource, demonstrating
an initial rich silica content but with problematic levels of Fe,O; and Al,O4
impurities. The core scientific contribution is the establishment of a tailored
sequence: granulometric sieving to isolate the optimal 250-400 pm fraction
(89.15% SiO,), dry high intensity magnetic separation, and optimized acid
leaching using 4 M HCl at 90 °C for 2 h that show leaching efficiency plateaus.
Mechanical analysis reveals the 250-400 pm fractions as a liberation sweet spot
where quartz grains are maximally freed from the detrital matrix. The results are
encouraging, demonstrating that the applied process successfully increased the
silica content from an average of 89.15%—-99.28%. Furthermore, it significantly
reduced the impurity levels, lowering the iron oxide content from 0.27% to 0.02%
and the alumina content from 2.46% to 0.02%. By demonstrating the viability of
sandstone as a photovoltaic grade feedstock precursor for metallurgical grade
silicon (MG-Si) production, which is the essential first step in manufacturing solar
grade silicon (SoG-Si) for photovoltaics., this work provides a scalable pathway
for diversifying the solar industry’s silica supply chain.
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1 Introduction

High purity quartz (HPQ), defined as SiO, content exceeding
99.9% with stringent limits on deleterious elements like Fe, Al,
and Ti, it is a critical raw material for advanced technological
applications, most notably the production of solar grade
silicon (SoG-Si) for photovoltaics (PV) (Vatalis et al, 2015)
(Table 1). Global demand for PV is projected to grow
exponentially, intensifying pressure on high purity quartz
supply chains, which are currently dominated by a limited
number of geological deposits. This concentration reveals
strategic and economic risks, driving the urgent need to
identify and wvalidate alternative, abundant silica sources
(Yu et al., 2025).

Quartzose sandstone represents one of the most voluminous
and geographically widespread silica rich sedimentary rocks
(BRGM, 2019; Vatalis et al., 2015). Countries with significant
sandstone deposits, such as Algeria with its extensive Numidian
facies, possess a potential resource for high purity silica
production (ASGA, 2015; Chkotov, 1979; Gouski and Ourak, 1986;
Hadjem, 2010). However, the industrial utilization of sandstone
has been historically limited. Its silica is locked within a detrital
structure cemented by various impurity phases predominantly
iron oxide, aluminum clays which preclude its direct use in
high tech applications (Xie et al., 2023). These impurities,
even at trace levels, can severely degrade the performance
and efficiency of high grade silica (Braga et al, 2008;
Chen et al., 2019).

The established industrial purification of quartz is a multistage
process that sequentially combines physical pretreatment, thermal,
and chemical methods (Pan et al, 2022; Zhang et al, 2025;
Wang et al.,, 2025), their systematic application and optimization
for consolidated sandstone matrices remain unexplored at both
pilot and industrial scales. Recent reviews of silica extraction
technologies underscore this significant gap: extensive research
focuses on quartz veins, sands, and industrial by products, while
consolidated sedimentary rocks are consistently overlooked despite
their sheer abundance (Pan et al., 2022). Quartz purification
often employs aggressive reagents like hydrofluoric acid (HF) to
achieve sub 100 ppm Fe levels for SoG-Si, but these methods
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entail severe environmental, safety, and waste management
challenges (Wang et al, 2018; Xie et al., 2023). Alternative
acids like H,SO, or H;PO, show variable efficiency and can
introduce secondary precipitation issues (Zhang et al., 2012). More
critically, these protocols are designed for granular quartz and fail
to address the fundamental challenge in sandstone processing,
the requirement for effective mechanical liberation of quartz
grains from a cemented, impurity rich matrix prior to chemical
purification (Bouabdallah et al., 2015).

This study directly addresses this gap by initiating a
comprehensive investigation into the adaptation and optimization
of a sequential mechanical and chemical purification process
specifically for quartzose sandstone. Our objectives are: (1)
to conduct an in depth characterization of the sandstone
feedstock, (2) to establish sandstone purification process
(sieving, magnetic separation, acid leaching), and (3) to
critically evaluate the technical feasibility and purity of the
final silica concentrate against international standards for PV
applications.

2 Materials and methods
2.1 Geological samples

The raw materials for this study are quartzose sandstone from
the Numidian flysch facies in the Kabylian region (Tizi-Ouzou,
northern Algeria). This formation is estimated to hold substantial
reserves of approximately 16.6 million tons, with favorable mining
conditions (Beloussov and Ismailov, 1987). For this work, about
ten samples were collected from massive sandstone addressing
the worst case compositional scenario to ensure the robustness
of the purification process across the natural variability of the
sandstone. Petrographic analysis was conducted on thin sections
using a ZEISS Axio optical microscope at the Ecole Normale
Supérieure (ENS), Kouba, Algeria and the morphology of grains
was examined using an OPTECH binocular magnifier at the
national school of marine sciences and coastal management,
Algeria (ENSSMAL).

TABLE 1 Minimum SiO, content requirements for each grade of quartz products (Richard Flook).

Type of application SiO,% (Minimum) Other elements (Maximum %)
Clear glass grade sand 99.5 0.5
Semiconductors, optical glass, and LCDs 99.8 0.2
Low-grade, high-purity quartz 99.95 0.05
Medium-grade, high-purity quartz 99.99 0.01
High-grade, high-purity quartz 99.997 0.003

Specific requirements may be limited by other applications. For example, Fe,O; < 100 ppm for float glass and Fe,O; < 40 ppm for low-iron float glass.

Typically, “high purity” quartz has Fe,O5 < 15 ppm, Al,O; < 300 ppm, and alkaline earth and alkaline earth oxides< 150 ppm.

In some practices, Al,O; can replace some SiO,, such as up to 1.5% Al,O5 in float glass.

Threshold limits may vary depending on the composition of the other raw materials used in the application.

LCD: Liquid crystal display.

“High-grade” high-purity quartz, impurities < 30 ppm, standard high-purity material from Unimin (Tota).
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TABLE 2 Results of the granulometric analysis, showing the distribution of particle sizes in the sandstone samples after grinding.

Fraction N° Grain-size distribution (um) Weight (g) Weight (%)
E, +800 um 83.41 11,66
E, 630-800 um 7.03 0,98
E, 400-630 um 57.05 7,98
E, 250-400 pum 162.11 22,67
Es 160-250 um 220.19 30,79
Eq 140-160 pm 20.98 2,93
E, 100-140 pm 129.76 18,14
Eq ~100 ym 34.99 4,89

Total Mass = 715.22 g.

2.2 Grinding and granulometric separation

For the sandstone enrichment, the initial step involved crushing,
grinding, and granulometric sieving of the rock. This protocol was
adapted from the method established by Huang et al. (2013) for
quartz minerals.

For initial bulk chemical characterization, a 50 g split was
pulverized to a fine powder (<100 pm) in an agate mortar. For the
granulometric study, the sandstone samples was ground using a
planetary ball mill (Pulverisette mono, Fritsch) equipped with an
agate grinding jar and balls, milling was conducted at 200 rpm for
20 min. The resulting product (715.22 g) was sieved for 15 min using
a mechanical shaker (Retsch AS 200) and a stack of standard ASTM
sieves with apertures of 800, 630, 400, 250, 160, 140, and 100 pm.

The granulometric sieving of the sandstone quartz grains
yielded size fractions ranging from +800 pm to —100 pum, with the
following classes: +800 um, 630-800 pm, 400-630 um, 250-400 pm,
160-250 pm, 140-160 pm, 100-140 um, and —100 um (Table 2).
Subsequently, each separated grain size fraction underwent chemical
testing by XRF to evaluate its composition. The objective of this
analysis was to determine whether the different particle size groups
contained similar concentrations of silica.

2.3 Chemical and mineralogical
characterization

Bulk chemical composition of each granulometric fraction was
determined using a Rigaku wavelength dispersive XRF spectrometer
at the research center of physico-chemical analysis (CRAPC),
Bousmail, Algeria. Analytical accuracy for major oxide (SiO,,
AL, O;, Fe,0;) is £0.5% (relative), with typical detection limits of
0.01% (100 ppm).

High resolution microanalysis were performed at CRTSE
research center, Algeria, using a JEOL JXA-8230 SuperProbe
Electron Probe Micro-Analyzer (EPMA) equipped with five
(WDS),

wavelength-dispersive  spectrometers

15kV and 20 nA.

operating  at
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Mineral phase identification was performed using X-ray
Diffraction of a PANalytical X'Pert Pro diffractometer at the research
center for studies and technical services for the construction
materials industry (CETIM), Boumerdes, Algeria. Measurements
were taken with Cu-Ka radiation (A = 1.5406 A) over a 20 range of
5°-70°.

2.4 Mechanical treatment: magnetic
separation and washing

Based on XRF results, the 250-400 pum fraction (162.11 g),
which exhibited the highest natural SiO, content, was selected for
purification by magnetic separation, this fraction was processed
using a CARPCO laboratory scale induced roll magnetic separator
in National office of geological and mining research, ORGM,
Boumerdes. Key operating parameters were: magnetic flux density =
1.6 T, applied current = 10 A, feed rate = controlled via vibrating
feeder, roll rotation speed = 60 rpm.

The magnetically treated sand (100 g) was then subjected to an
attrition washing step. The material was placed in 500 mL of distilled
water, stirred vigorously for 10 min to dislodge loosely adhered fines
and clays, and subsequently passed over an 80 pm sieve. The retained
solids were rinsed thoroughly with distilled water and dried in an
oven at 70 °C for 2 h.

2.5 Chemical leaching: experimental
design and procedure

The dissolution of impurity oxides (Fe,O5, Al,O3) using HCI
lixiviant is governed by a surface reaction mechanism, where
protons attack the metal oxygen bonds. For iron oxide, the
reaction Fe,0,(s) + 6H"(aq) > 2Fe**(aq) + 3H,O is facilitated
by the formation of soluble chloro-complexes, which shift the
equilibrium toward dissolution (Dvoretskii et al., 2002; Nouioua and
Barkat, 2017). Aluminum oxide dissolves via a similar protonation
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FIGURE 1
Macroscopic view of the studied quartzose sandstone sample.

pathway, though their kinetics is often slower due to a more stable
passivation layer.

Acid leaching was optimized using hydrochloric acid (HCI,
37% analytical grade). A full factorial design tested four HCI
concentrations: 2M, 3M, 4M, and 5M. Each experimental
condition was performed to ensure reliability. For a single leaching
experiment, the following protocol was strictly adhered to:

o Solid charge: Precisely 25.00 g (+£0.05g) of the pretreated
(magnetically separated and washed) sandstone.

« Leaching solution: 200 mL of the specified HCI concentration,
giving a constant solid to liquid (S/L) ratio of 1:8 (w/v).
Leaching was conducted in a 500 mL Erlenmeyer flask placed
on a temperature controlled hotplate with magnetic stirring
(800 rpm). A reflux condenser was attached to prevent solvent
evaporation. The slurry was heated to and maintained at 90 °C
+2°Cfor2h.

Post treatment: The slurry was immediately vacuum filtered.
The solid residue was washed with 500 mL of distilled water
to neutral pH and dried at 70 °C for 2 h. The mass of the final
product was recorded. The spent acid leachate was collected

and neutralized to pH 7.0 using a 10% NaOH solution
prior to disposal, following standard laboratory safety and
environmental protocols. The final leached products from all
conditions were characterized by XRE.

3 Result

3.1 Quartzose sandstone characterization
before treatment (raw materials)

3.1.1 Macroscopic study

A macroscopic study of the siliceous sandstone reveals a massive,
very hard rock with a grayish hue (Figure 1). The rock’s constituent
grains are small and visible to the naked eye, being primarily
composed of vitreous quartz alongside occasional reddish colored
iron oxide minerals (Chaa et al., 2025).
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The studied sandstone possesses favorable physical properties
for processing: bulk density of 2.4 g/cm?, porosity 7.34%-14.06%,
and considerable mechanical strength (dry compressive strength of
1050 kg/cm?) (Abed and Hakem, 2017).

3.1.2 Microscopic study

Microscopic observation of the sandstone thin sections
confirmed that quartz is the primary mineral constituent,
dominating the overall composition. The analysis also revealed
notable inclusions, such as oxidized biotite (Figure 2a) and iron
oxide (Figure 2b), which are occasionally present within the
quartz grains themselves. Accessory minerals, including muscovite,
pyrite and zircon, were also identified in minor quantities; the
presence of minerals impurities necessitates a refinement process
(Kheloufi et al., 2013; Kefaifi et al., 2020).

3.1.3 Chemical and mineralogical
characterization

The X-ray diffraction (XRD) pattern of the analyzed siliceous
sandstone showed distinct diffraction peaks at characteristic 26
positions, including 20.9°, 26.6° 36.5°, 39.4°, 42.5°, 50.1° and
59.9° (Figure 3). These peaks correspond to the crystallographic
planes of quartz, confirming its high crystallinity. This high
crystallinity underscores the material’s potential for solar industrial
applications (Désindes, 2005). The intensity of these peaks,
particularly the prominent one at 26.6° indicates a significant
abundance of quartz.

To characterize the raw sandstone material used in this
study and confirm its suitability for the silicon metallurgy
industry, Electron Probe Micro-Analyzer (EPMA) was utilized
for high resolution, spatially resolved quantification of elemental
distributions, ensuring the detection of trace impurities critical for
solar energy sector (Gotze and Mockel, 2012).

The EPMA analyses confirmed that the sandstone is
predominantly rich in silica, elemental mapping clearly shows that
Al is more diffusely distributed, corresponding to the clay rich
cement (Figure 4), with minor impurities including Fe, Ca, K, as
illustrated in the EPMA profiles (Figure 5), Critically, no boron (B)
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FIGURE 2

Microscopic observation (a) Sandstone with micas (biotite), (b) sandstone with oxide.
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FIGURE 3
X-ray diffraction (XRD) pattern of the raw quartzose sandstone.
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was detected above the EPMA detection limit (0.3%), a favorable
characteristic for PV feedstock (Chen et al., 2019).

3.2 Sandstone’s treatment and their
characterization

3.2.1 Granulometric analysis

The analysis revealed that the 250-400 pm fraction possessed
the highest silica content of 89.15%, along with the lowest levels
of impurities, notably 0.27% Fe,O; and 2.46% Al,O5. Other minor
impurities are listed in Table 3. Consequently, the 250-400 um
fraction was selected for further enrichment through magnetic
separation, washing, and acid leaching.
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The superior purity observed in the 250-400 um fraction can
be explained by the mineral liberation characteristics and impurity
distribution within the sandstone matrix. Quartz grains which are
inherently harder and more resistant to fracture tend to cleave along
crystallographic planes, producing particles in this intermediate size
range with minimal attached impurities. In contrast, finer fractions
(<100 um) contain a higher proportion of liberated clay minerals,
micas, and iron oxide fines, which are preferentially generated from
the softer, more friable cementing phases.

Microscopic examination (Figures 2a,b) confirms that iron
oxide and aluminosilicate are predominantly located at grain
boundaries and within microfractures. The 250-400 um size range
appears to represent an optimal liberation window where quartz
grains are sufficiently freed from the cement matrix.
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FIGURE 4

Electron Probe Micro-Analyzer (EPMA) elemental mapping of the untreated sandstone sample showing the distribution of (a) silicon (Si, wt%) and (b)

aluminum (AL, wt%) within quartz grains (c).

Furthermore, morphological observation using a binocular
magnifier on 250-400 um samples confirms distinct grain
characteristics:

Intact quartz grains: These grains displayed a distinct
morphology with defined facets and sharp edges, resulting in a
vitreous luster. A fine layer of silica powder was often observed
adhering to their surfaces (Figure 6a).

Iron oxide: Particles of iron oxide were identified, either adhering
to the surfaces of quartz grains or dispersed within the sample.

3.2.2 Magnetic separation

The 250-400 um fraction was processed using a high intensity,
dry magnetic separator to remove the iron inclusions previously
identified by microscopic observation and confirmed by XRF
analysis. In this process, the sandstone powder was fed via a
hopper and a vibrating feeder. The dry magnetic separation of the
250-400 um sample step attained a 0.14% reduction in Fe,O; (from
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0.27% to 0.13%) and a 0.12% reduction in TiO, (from 0.36% to
0.24%). This efficiency is attributed to the removal of ferromagnetic
and paramagnetic particles. However, the limited removal of non-
magnetic iron oxide of hematite and finely disseminated rutile
within quartz grains (Figure 5) explains the incomplete purification
at this stage.

3.2.3 Washing

The washing step was performed to remove sticky mud, dust,
and any remaining ferruginous or clayey incrustations from the
quartz grains. A further objective was to evaluate the potential for
reducing alumina and other impurities without resorting to acid
treatment.

Washing the magnetically separated fraction (250-400 pum)
reduced Al,O; content by 0.28% (from 0.87% to 0.59%) and Fe,O5
by 0.03% (from 0.13% to 0.10%), alongside an increase in the SiO,
content by 1% (Table 4).
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FIGURE 5
EPMA concentration profiles of major elements in the untreated quartzose sandstone showing Al, K, Ca, and Ti disseminated within quartz grains.

TABLE 3 Results of X-ray fluorescence chemical analyses of the particle size fractions of quartzose sandstone.

Fractions size (um) +800 | 630-800 400-630 | 250-400 | 160-250 | 140-160 100-140
%
Sio, 85.97 79.26 84.81 89.15 86.12 86.12 85.06 85.20
AlLO; 3.29 4.25 291 2.46 431 4.31 3.63 3.86
Fe, 05 0.41 0.56 0.27 0.27 0.54 0.54 0.51 0.51
CaO 0.03 0.08 0.07 0.03 0.08 0.08 0.04 0.06
MgO 0.18 0.15 0.12 0.04 0.13 0.13 0.17 0.14
SO; 0.02 0.06 0.02 0.02 0.02 0.02 0.01 0.01
K,0 0.48 0.65 0.35 0.30 0.60 0.60 0.59 0.40
Na,O 0.07 0.06 0.03 0.02 0.03 0.03 0.05 0.29
P,04 0.02 0.03 0.02 0.01 0.02 0.02 0.00 0.03
TiO, 1.00 0.68 0.37 0.36 0.98 0.98 0.97 1.03
Cr,05 0.08 0.08 0.05 0.04 0.09 0.09 — 0.13
ZnO — 0.01 0.00 0.02 0.09 0.09 0.04 0.07
ZrO, 0.08 0.17 0.06 0.05 0.17 0.17 0.13 0.28
CO, 9.29 13.83 10.83 7.12 6.72 6.72 8.69 7.88
Frontiers in Materials 07 frontiersin.org
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250-400pum fraction of sieving sandstone | HCl Leaching of (250- 400um) siliceous

before leaching. sandstones.
FIGURE 6
Morphological observation of sandstone. (a) 250-400 um fraction of sieving sandstone before leaching. (b) HCl Leaching of (250-400 pm) siliceous
sandstones.

TABLE 4 Results of X-ray fluorescence chemical analyses of quartzose sandstone after enrichment.

Oxide After After washing 2M HCl + 3M 4M 5M
elements magnetic washing HClL + HCl + HCl +
separation washing washing washing
SiO, 95.82 96.00 96.85 96.93 99.28 99.13
AL O, 0.87 0.59 0.02 0.45 0.02 0.04
Fe,0, 0.13 0.10 0.04 0.11 0.02 0.11
Ca0 112 113 0.11 1.09 0.11 0.14
MgO 0.25 0.23 0.00 023 0.00 0.00
SO, 0.01 0.01 0.08 0.01 0.08 0.08
K,0 0.12 0.07 0.01 0.04 0.01 0.02
Na,O 0.04 0.03 0.00 0.05 0.00 0.00
P,0; 0.04 0.04 0.02 0.03 0.02 0.02
TiO, 0.24 0.19 0.05 0.15 0.05 0.05
ZnO 0.03 0.02 0.00 0.02 0.00 0.00
Mn, 0, 0.07 0.07 0.01 0.08 0.01 0.02
SrO 0.08 0.08 0.01 0.07 0.01 0.01

However, the results confirm that washing alone is insufficient ~ 3.2.4 Acid leaching
to achieve the desired silica purity level. This is attributed to the The 250-400 um fraction was leached following the
persistent presence of oxides that are tightly adhered or percolated  protocol in Section 2.5, using HCI concentrations of 2, 3, 4, and 5 M.
onto the quartz grains, a phenomenon previously observed during The results confirmed that acid leaching with HCI significantly
microscopic examination (Figure 2b). These intergrown impurities ~ reduces impurities in a concentration dependent manner. A marked
require chemical dissolution for complete removal. decrease in metallic components, primarily iron, was observed

Frontiers in Materials 08 frontiersin.org
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TABLE 5 Chemical comparison of raw materials and process product composition.

Oxide elements Raw materials (%) Processed product (%) Ratio (%)
Si0, 89.15 99.28 +10.13%
AL O, 2.46 0.02 ~2.44%
Fe,0, 027 0.02 -0.25%
TiO, 0.36 0.05 ~0.31%
Na,O 0.02 0.00 ~0.02%
MgO 0.04 0.00 ~0.04%

with increasing HCI concentration. At 2 mol/L, a slight decrease of
0.04% in Fe,O; and 0.02% in Al,O; was achieved. The optimum
removal efficiency was observed at 4 mol/L (Figure 6b), achieving
a final content of 0.02% for both Fe,O; and Al,O5. No significant
improvement was observed at a higher concentration of 5 mol/L,
which resulted in a slower removal rate.

Consequently, the most effective treatment was identified as 4M
HCIL. This optimal condition successfully increased the final silica
content to 99.28%, while reducing impurity levels to 0.02% Fe,O;,
0.02% Al, O3, and 0.05% TiO, (Table 4).

4 Discussion

Based on the comprehensive dataset, the developed sequential
purification protocol of granulometric sieving, magnetic separation,
washing, and acid leaching successfully upgrades the quartzose
sandstone from 89.15% to 99.28% SiO,, while reducing Fe,O;
and AlL,O; to 0.02% each (Table 5). The data reveal that the
250-400 um fraction represents a critical liberation window,
yielding the highest innate purity and optimal response to
subsequent treatments, an intermediate particle sizes often
represent the optimal balance between mineral liberation and
overgrinding (Wills and Finch, 2015). Magnetic separation
preferentially removed discrete ferromagnetic impurities but
limited removal of non-magnetic iron oxide of hematite and
finely disseminated rutile within quartz grains, washing effectively
eliminated clay bound alumina. The poor iron reduction during
washing further indicates that residual iron and titanium oxide are
either occluded within quartz grains. However, 4M HCI leaching
dissolved the occluded and chemically bound oxide inaccessible
to physical methods. The leaching kinetics indicates a process
controlled by surface reaction up to 4M HCI, beyond which diffusion
limitations and potential reprecipitation effects explain the observed
efficiency plateau.

The selection of hydrochloric acid (HCIl) as the leaching
agent was based on a comparative analysis of efficiency, cost,
and environmental manageability. While hydrofluoric acid (HF)
achieves superior iron removal, its use requires 40%-60% higher
stoichiometric consumption per unit of dissolved Fe,O; and
generates hazardous calcium fluoride sludge (CaF,), introducing
significant waste management burdens (Wang et al, 2018;

Frontiers in Materials

Xie et al., 2023). Sulfuric acid (H,SO,), on the other hand, often
promotes secondary precipitation of metal sulfates that can readsorb
onto silica surfaces, impairing final purity (Zhang et al., 2012). In
our optimized protocol using the 250-400 um fraction of pretreated
sandstone, leaching with 4 M HCl at 90 °C for 2 h (solid/liquid ratio
of 1/8) increased the SiO, content from 96.00% to 99.28% (+3.28%),
while reducing Al,O; from 0.59% to 0.02% and Fe,O; from 0.10% to
0.02%. The corresponding consumption of concentrated HCI (37%)
was approximately 2.4 L per kilogram of treated sand to prepare the
required 4 M leaching solution.

The concentrate (99.28% SiO,, 0.02% Fe,0;, 0.02% Al,O3,
0.05% TiO,) exceeds the standard chemical specifications for a
feed material in the production of Metallurgical Grade Silicon
(MG-Si), which typically requires > 98.5% SiO, (Schei, Tuset,
and Tveit, 1998) and tolerates Fe and Al levels up to 0.1% and
0.2%, respectively. This position can make the studied material
as a chemically alternative to conventional quartz feedstocks
for the carbothermic reduction process. Therefore, the process
successfully transforms local sandstone into a high value feedstock
for MG-Si production, which is the essential first step in the
silicon value chain for photovoltaics. The principal challenge for
industrial adoption is no longer chemical purity for this stage,
but the physical form (fine sand requiring agglomeration). Recent
advances in fine silica agglomeration using organic binders show
promising results, with pellets maintaining integrity at furnace
temperatures (Manu et al., 2023). Future work should therefore
focus on process integration and intensification, such as testing
organic acids or closed loop acid regeneration to reduce chemical
consumption, and conducting pilot scale trials to validate efficiency
and cost parameters under continuous operation.

5 Conclusion

By providing a purified feedstock that meets MG-Si production
requirements, this work addresses the foundational step in the
multistage PV silicon value chain. The process transforms an
abundant, low value sedimentary rock into a strategic industrial
material, reducing dependence on imported high purity quartz,
and enhancing supply chain resilience for the growing solar
energy sector. This study successfully establishes the adaptation
and refinement purification techniques for a complex detrital
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matrix transforming quartzose sandstone into high purity silica
concentrate.

Scientific ~ significance: The study provides the first
comprehensive dataset on sandstone beneficiation, delivering key
insights into impurity liberation behavior, quantifying the efficiency
of each process stage, and offering a mechanistic interpretation of
the acid leaching optimization. It establishes that the 250-400 pm
fraction and 4 M HCl at 90 °C for 2 h are the optimal parameters for
this feedstock.

Industrial significance: The protocol demonstrates a clear
technical pathway to convert a low value, locally abundant raw
material (Algerian Numidian sandstone) into a high value industrial
product (99.28% SiO,, 0.02% Fe,0;, 0.02% Al,O;) suitable for
metallurgical grade silicon production and as a superior feed for
further solar grade refining. This contributes directly to supply
chain diversification, import substitution, and regional economic
development within the growing solar energy sector.
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