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Abstract: Mining of minerals such as gold, copper, and platinum has been one of several activities
sustaining the economy of South Africa. However, the mining sector has contributed significantly
to environmental contamination through the improper disposal of mine tailings which covers vast
areas of land. Therefore, this study utilised a vitrification process to manufacture glass from gold
mine tailings. X-ray fluorescence was used to determine the chemical composition of the tailings
while X-ray diffraction was adopted for the mineralogy. The tailings were of granitic composition
enriched in potentially toxic elements such as copper, cadmium, zinc, lead, arsenic, and chromium.
A representative sample of gold mine wastes of sandy grain size was used in making the glass.
Based on composition, the glass was formulated by adding an average 10.0 mass% of CaCO3 and
5.0 mass% of Na2CO3 to 35.0 mass% of SiO2, which resulted in the production of a green-coloured glass.
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1. Introduction

Serious environmental risk are associated with mining wastes in a form of liquid and solid waste,
which contain potentially toxic elements such as cadmium (Cd), copper (Cu), zinc (Zn), lead (Pb),
chromium (Cr), arsenic (As), and vanadium (V) [1–3]. Among these environmental concerns are the
solubilization of sulphides from pyritic mine tailings, which often results in acid mine drainages [4,5].

The Gauteng province of South Africa is characterized by numerous mine tailing dumps which
are a result of previously active mining activities. Several decades of mining activities in the Gauteng
Province of South Africa has had and continues to have a negative impact on ecosystems through the
pollution of soils and water with high levels of potentially toxic metals such as As, Pb, and Al, as is the
case with the old gold mine tailings in Blesbokspruit, Ekurhuleni South Africa [6–9]. Previous studies
have reported cases of health-related complications among dwellers who reside nearer to these mine
tailing sites as a result of the contamination of agricultural soils, water sources, and atmospheric air by
these mine tailings and effluents [10–16].

Most gold mine tailings are composed mainly of industrial sand (i.e., silica) and silica sand is
best described as a granular material that is composed of majorly quartz and trace amounts of coal,
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clay and other minerals [17]. In some instances, it is referred to as either quartz or industrial sand
and is widely applied in many engineering applications. When silica sand is present in metallic
materials, it could serve as a source of crevice corrosion on such metals. Silica sand is mechanically
and chemically purified quartz sand, from which various products are made using processes such as
hydro classification and thermal treatments [17]. The industrial application of silica sand is largely
dependent on parameters such as the grain size, refractories, texture, and shape of the sample to be
used [18]. Over the years, silica sand has remained a vital component in various engineering projects
and applications including building product and abrasive, glass making and hydraulic fracturing of oil
wells [17,18]. The essential Silicon Dioxide (SiO2) required for glass formulation is provided by silica
sand, which makes silica the basic component in all forms of glass. Although the production of glass
requires a variety of different materials, silica represents over 75% of the final product [19]. Silica is
hard, chemically inert and has a high melting point, which could be linked to the strength of the bonds
between the atoms. These are prized qualities in applications like foundries and filtration systems.
Quartz is the most common silica crystal; it may be transparent to translucent and has a vitreous luster,
hence it is used in glassmaking and ceramics.

In 2003, South Africa based on silica as a mineral was reported to have 20 producers, 3 dormant
mines, 2 decommissioned mines and 5 fume silica producers with most of the mining operations being
in an opencast form [20]. The extracted silica sands are mostly from pegmatites, quartz massifs, veins or
quartzites which are in the Western Cape, Mpumalanga and Gauteng regions [21]. The United States of
America recorded an increase in silica sand production between 1996 and 1997 from 2.5 to 28.5 metric
tons of which 37% was used in the manufacture of glass, 23% as foundry sand, 6% for hydraulic
fracturing, and 5% as abrasives [22]. Continued usage of different forms of glass by individuals
and organizations has necessitated an increasing global demand for the number of glass plants and
industries [23–26].

As a waste disposal mechanism, the process of vitrification which involves the immobilization
and encapsulation of radioactive and other types of hazardous materials at high temperatures (between
1100–1600 ◦C) result in such materials melting into a liquid which, on cooling, transforms to an
amorphous, glass-like solid [27]. This process could be employed if the obtained glass is recycled
in high-value applications [28]. A herald of materials such as industrial wastes [29], fly ashes [30],
sewage sludge [31] and pyrolized shales [32] are involved in some of these applications. The usage of
the aforementioned materials is advantageous in that they have undergone diverse industrial processes
that leave them with good homogeneity and finer particle size.

The production of glass using gold mine tailings as a major raw material could help decrease
the volume of waste exposed to atmospheric processes thus averting ecological pollution while at the
same time, contributing to economic earnings. Reports from previous studies on the physicochemical
composition of mine tailings generated during the extraction of gold show close features with
those frequently used raw materials in glassmaking processes [33,34]. The various environmental
issues resulting from gold mine tailings had called for several scientific investigations to resolve the
environmental burden that emanates from mine tailings. Some tailings dams have been partially or
completely reclaimed leaving contaminated footprints. Some studies evaluated the potential to reuse
mine tailings to produce bricks or ceramics [35,36]. In a recent study on gold tailings dam, it was found
that the topsoil was highly acidified and only a minor portion of contaminants was bioavailable with
the potential harm of phytotoxic contaminants such as Co, Ni, and Zn complicating rehabilitation
measures as they limit the soil function [37]. In addition, soil samples from this study area in a recent
investigation revealed trace element concentrations, which often exceeded background concentrations
in soils [38]. Therefore, in a bid to extract value from gold mine tailings, this study was aimed at
the quantification and qualification of gold mine tailings as a potential cheap silica source for the
manufacture of glass.
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2. Materials and Methods

2.1. Site Description and Sample Collection

The study area (Figure 1) was situated in the eastern region of the East Rand Basin within the
Blesbokspruit catchment (26◦10′12”S, 28◦27′52”E) in the Gauteng province of South Africa.

The materials used in this study included gold mine tailings (MT) that were logically collected
from four different spots at an interval of 100 m for a fair representation of the area. Each sample was
separately and carefully collected using a disinfected auger to drill vertically downwards to a depth of
20 cm. This process was repeated at the different spots before transferring approximately 10 kg of each
tailings material in labelled polyethylene bags designated MT1–MT4 for the purposes of identification.
The tagged tailings samples were transported to the laboratory for preparation and further analysis.
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2.2. Sieve Analysis (Granulometric Distribution)

Analysis of the grain-size of the silica sand from MT samples was determined using an electric
sieving machine model (Filtra Vibracion SL–FTL 0200) operated under conditions of 230 V (50/60 Hz)
2 A–400 W with a standard set of sieves. This was done to provide information on the percentage ideal
fraction of the sample. 250 g of MT were weighed from each sample bag and thoroughly mixed in a
pan for homogeneity to make a combined weight of 1000 g. The set of sieves utilised was in the range
of (10–150 Mesh), which is equivalent to 2000–105 microns. 1000 g of as received gold tailings material
was properly dried in an oven at 100 ◦C for 30 min to ensure easy separation. Arrangement of the set
of sieves was in ascending order of Mesh number with the pan at the bottom for the collection of the
finest particles. The dried sample was poured onto the sieve at the top (10 Mesh), covered with a lid,
and carefully fixed onto the electric sieve shaker, and subsequently agitated for 15 min. Each sieve
beginning from the top was removed and the retained grain size was poured on a clean white paper.
A brush was used to ensure all sand particles retained in each sieve were removed onto the paper.
The weight of each collected grain size was determined using a Top pan balance model (Sartorius).
The percentage retention of grain size was subsequently calculated [39,40].

2.3. Determination of Moisture Content and pH

Using a clean crucible, 24.95 g of a composite MT was poured and weighed (W1) using an
analytical balance. With the aid of an oven operated at 105 ◦C, the crucible containing the sample was
heated for 1 h after which the new weight (W2) was checked. The difference between both weights
was determined and expressed as a percentage.
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Moisture content =
W1−W2

W1
× 100 (1)

The aim of measuring and controlling the moisture content of the samples is to ensure minimal
casting defects that are associated with too much or too little organic materials within silica materials.

The pH of the samples was electronically determined using a Crison multimeter (model MM 41)
of ± 0.1 percent sensitivity that was calibrated using a buffer solution [41]. A representative sample
of the tailings sediments was air-dried at room temperature for 6 h. Afterward, using a chemical
balance, 25 g of the dried sediments were weighed and poured into a clean beaker. This was done in
triplicate. Subsequently, 40 mL of distilled water was added to each beaker using a volumetric cylinder.
The solution was stirred with a glass rod and allowed to sit for 30 min. While waiting, the pH meter
was calibrated according to the manufacturer’s instructions using two buffer solutions (pH 4.0 and
pH 7.0). Before taking the pH readings of the sample, the mixtures were stirred again immediately.
Precaution was taken not to place the electrode(s) directly in the sediment layer at the bottom of the
beaker. Hence, the electrode(s) were positioned in the solution just above the sediment layer. After the
initial reading (use), the electrode(s) were properly triple rinsed with distilled water before testing
mixtures in beakers 2 and 3, respectively. The pH readings for the three mixtures were recorded to the
nearest 0.1 pH unit and the average reported.

2.4. Determination of Clay Content

2.465 kg of composite MT were introduced into a clean head pan containing water and the mixture
thoroughly rubbed using bear hands. Decantation of the brown water from the mixture was done and
repeated several times until a clear water colouration was observed in the mixture. The water was
then decanted leaving behind wet sand, which was air blown in a pressurized vacuum. The cake-like
structure obtained was oven-dried at a temperature of 100 ◦C for 3 h [22]. The dried sample was
reweighed and expressed as a percentage.

Percentage clay content =
m1−m2

m1
× 100 (2)

2.5. Grain Morphology Test

The shape of silica sand is an important factor in the manufacture of glass products. Using an
electronic microscope model (Olympus BX41), the shape of a composite MT was revealed to ascertain
their suitability for glass production.

2.6. Specific Gravity Test

With the aid of a specific gravity tester (model DH-300L), the specific gravity of a composite MT
was directly obtained by introducing a very small sample into the equipment, which automatically
conducted the test and displayed the values digitally on a visual display unit.

2.7. Determination of Metal Oxides Concentration

X-ray fluorescence (XRF) using a Sequential X-ray Spectrophotometer (XRF; Rigaku ZSX PrismusII)
was used to determine the chemical compositions of each MT. The spectrometer was calibrated by a set
of more than 60 international standards. 10 g of each of the four collected pulverised MT samples was
mixed with a selected binder (PVC dissolved in toluene) before being pelletized using a mould at very
high pressure. The pellets were oven-dried at 50 ◦C for 1 h and subsequently placed in the sample
compartment (Analyzer) of the spectrophotometer equipped with an end window 4 KW Rh-anode
X-ray tube-powered at a voltage and current of 40 KV and 60 mA for heavy elements while the light
elements were at 30 KV and 100 mA, respectively.
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2.8. Determination of Mineralogy

Using approximately 5 g of the oven-dried pulverized combination of the four collected
representative MT samples, the XRD patterns were determined using a powder X-ray Diffractometer
Model Rigaku Ultima IV with CuKα radiation (40 kV and 40 mA) having a scanning range of 4–100◦

with a 0.017◦ 2θ step scan and a 50 s measuring time. The XRD aided the determination of the
mineralogical composition of the material components and qualitative and quantitative phase analysis
of multiphase mixtures. Individual reflection, as displayed by the X-ray diffraction, corresponded to a
mineral. With peaks distinctly separated from each other, their heights were used to determine the
orientation of identified minerals in the mixture. Mineral analysis of the gold tailings samples by X-ray
diffraction was based on the identification of various peaks and by comparison of their relative heights.
Respective phase levels were identified as semi-quantitative estimates based on their relative peak
heights using a PAN analytical X’Pert High Score software. A wavelength of 1.5406 was employed in
the calculation of the diffraction angles.

2.9. Removal of Metals through Leaching

For the best outcomes, two acids were utilised, nitric (HNO3) and sulphuric (H2SO4) [42,43].
In the first instance, 40 g of composite MT was weighed and poured into a 250 mL flask which was
followed by the introduction of 100 mL of 1M nitric acid. The mixture was agitated at 850 rpm using
a magnetic stirrer on a hot plate at a temperature of 80 ◦C for 60 min. Evaporation was prevented
during the process by placing a watch glass over the flask. The samples were filtered using a Whatman
filter paper and the residue thoroughly washed using a solution of 10% (2.5M) Sodium hydroxide
(NaOH). The leaching process described above was done in duplicate. This was to further remove
potential residual impurities from the silica sand surface. A subsequent filtration of the mixture was
done followed by drying of the residue in an oven for 3 h [44,45]. A similar process was repeated using
100 mL of 1M sulphuric acid and the percentage concentrations of metal oxides in each sample were
evaluated using the procedure described in Section 2.7.

2.10. Qualification Analysis as Glass Sand

The qualification of extracted silica sand as potential glass sand was examined by the making
of actual glass using silica from composite MT. Glass products were made from extracted silica sand
from composite raw MT, water treated MT obtained from Section 2.4, and aid-treated samples from
Section 2.9 using CaCO3 and Na2CO3 as fluxing agents. The mixtures were then heated in a muffle
furnace at a temperature range of 1500–1600 ◦C for 2 h. Four batches utilising each category of silica
sand with a total mixture of 50 g in the ratio of 3:2:1 for silica, calcium carbonate, and sodium carbonate
were used for the glass production. The mixtures were poured in four crucibles and carefully placed in
the muffle furnace [46]. The role of the soda is to reduce the melting point of the silica sand, which in the
long run will minimize energy consumption during manufacture. Unfortunately, industrial practices
have discovered a drawback to the use of soda as it produces a kind of glass that would dissolve
in water. However, the addition of limestone will mitigate the negative effect of soda [47]. Table 1
describes the batch compositions for glass production.

Table 1. Batch composition for glass production.

Sample Code Description Silica (g) CaCO3 (g) Na2CO3 (g) Temp. (◦C)

RT Raw tailings 35.00 10.00 5.00 1520
WT Water treated tailings 35.00 10.00 5.00 1520

THNO3 Nitric acid treated tailings 35.00 10.00 5.00 1520
TH2SO4 Sulphuric acid treated tailings 35.00 10.00 5.00 1520
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3. Results and Discussion

3.1. Physical Analysis

Table 2 presents a summary of some of the physical characteristic features of the MT. The percentage
weight moisture content, which is a combined loss of volatile matter such as structural water (H2O)
and carbon dioxide was observed to be 0.4%. This moisture content value is an indication that the MT
are suitable for use as silica for glass making due to the presence of moderate organic materials, hence
the holding of little or no water within the silica system. This prevents the creation of gas defects in the
final glass product [22].

A percentage of the clay content of 14.25% was obtained after washing and drying the raw MT
(Figure 2). This is an indication that the grains are free of binders and will contain little or no water,
which could cause bubbles and defects.

The water-soluble level of alkalinity or acidity of the silica sand from the MT is revealed by the
pH. A higher or lower pH indicates the presence of either acidic or basic oxides in each silica sand
specimen, which in this case was found to be 4.28. This value is close to neutral (7.00) and could be
used for glass making [48].

The specific gravity value of 2.50 obtained in the analysis is an indication that the silica sand from
MT is suitable for glassmaking since values above 2.65 are considered not suitable [49].

Table 2. Physical analysis of silica sand from mine tailings (MT).

Property Silica Sand (MT)

Moisture content (%) at 105 ◦C 0.40
Clay content (%) 14.25

pH 4.28
Grain shape Subangular

Specific gravity 2.50
Appearance (colour) Grey to light brown colouration.
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3.2. Granulometric Analysis

Table 3 illustrates the grain size distribution of the MT materials. The result revealed that the
highest percentage retention fraction of the silica sand from the MT samples was within mesh number
53–100 (96%). Large grain particles partially mix with other grains in a batch while air bubbles are
created in the final glass product by fine grain. The size analysis conducted thus far indicated that the
silica sand met the prescribed standard range of over 90% of particle size within the 15–100 mesh (BS
sieve number) [50].
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Table 3. Grain size distribution analysis of MT samples.

Mesh No. Serial Number Weight of Particle (g) % Composition

10 223257 11.72 1.17
53 701184 951.61 95.16
75 700749 9.34 0.93

106 700774 7.65 0.77
150 701185 3.99 0.40
Pan Nil 8.90 0.89

3.3. Concentrations of Metal Oxides

The percentage of chemical compositions of the MT is presented in Table 4. The result revealed
SiO2 as having the highest percentage composition in the sample with a value of (88.72%) followed by
Al2O3 (4.44%), K2O (1.55%), Fe2O3 (1.42%), TiO2 (0.42%), MgO (0.27%), CaO (0.22%), and a smaller
amount of other oxides such as Na2O, NiO, ZnO, BaO, CuO, MnO, and PbO. The high percentage
of SiO2 in the tailings material is an indication of the presence of silica sand, which is similar to the
findings from previous studies [51–54]. Upon comparison of the observed percentage compositions
of the gold tailings from this study with the international minimum standard of silica sand used for
glass making (Table 5), it was evident that the concentration of SiO2 (88.72%) fell below the required
threshold, which could be attributed to some mechanical and geological factors; CaO + MgO fell within
the minimum standard while those of Al2O3, Fe2O3, and TiO2 were above the stipulated standard.
The concentration of Fe2O3 in any silica sand used for glass production determines the colour of
such glass as a slight increase could result in a green, yellow or red colouration. In certain situations,
the colouration is neutralized by the introduction of manganese resulting in a faint shade of purple
colour [55]. Edem et al. (2014) while using silica sand deposits from a riverbed observed that a lower
concentration of Fe2O3 resulted in the formation of tableware and lead crystal glass [22]. In contrast
with de Melo et al. (2012), a homogeneous shiny dark brown-coloured glass composed of 40.0 wt.% of
sandy tailing and 60 wt.% of steelwork slag was observed [56].

The high percentage of iron oxide is an indication that the silica sand is suitable for coloured and
insulated glass as the iron content is above 1%. The high alumina also supports the tensile strength
and stability of the glass. The MT require beneficiation to reduce the level of iron, titanium, and
aluminium as a way of increasing the number of areas for its utilization in the glass industry. The
high concentration of K2O could be beneficial in increasing the refractive index of potential glass
products [57].

Table 4. Result of chemical analysis of four representative MT samples.

Sample SiO2
(wt.%)

TiO2
(wt.%)

Al2O3
(wt.%)

Fe2O3
(wt.%)

MnO
(wt.%)

MgO
(wt.%)

CaO
(wt.%)

Na2O
(wt.%)

K2O
(wt.%)

P2O5
(wt.%)

Pb
(mg/kg)

Zn
(mg/kg)

Cu
(mg/kg)

MT1 89.03 0.44 4.43 1.42 0.04 0.26 0.21 0.17 1.53 0.06 300 500 100
MT2 88.87 0.41 4.33 1.37 0.03 0.28 0.21 0.14 1.57 0.07 200 700 200
MT3 88.35 0.43 4.48 1.41 0.03 0.25 0.20 0.14 1.54 0.05 300 400 200
MT4 88.63 0.40 4.52 1.48 0.02 0.29 0.26 0.16 1.56 0.05 400 700 300

MTAVE. 88.72 0.42 4.44 1.42 0.03 0.27 0.22 0.15 1.55 0.05 300 500 200

Table 5. General specification of the chemical composition of silica sand for glassmaking [50,58].

Glass Type Grade SiO2% Fe2O3% Al2O3% CaO +MgO% TiO2%

Optical and ophthalmic glass A 99.800 0.013 0.200 0.100 0.000
Tableware and lead crystal glass B 99.600 0.050 0.500 0.200 0.012

Borosilicate glass C 98.500 0.150 0.500 0.500 0.100
Colourless container (“flint”) D 95.000 0.200 4.000 0.500 0.100

Clear flat glass E 95.000 0.300 0.500 0.500 0.100
Coloured container glass F 95.000 1.000 4.000 0.500 0.100

Insulating fibres G 94.500 1.000 4.000 0.500 0.100
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3.4. Mineralogy

Table 6 and Figure 3 each illustrate the principal minerals present in the silica sand from MT
samples. The result reveals various principal minerals such as Quartz, Magnesioferrite, Marcasite,
Magnetite, Kyanite, and Gupeite as present in the MT. Quartz in the form of silica (SiO2) was the
predominant mineral in the tailings, which based on its abundance, crystalline nature, high thermal,
and chemical properties, could be utilised in many large-scale applications. With quartz as the
dominating mineral, the silica sand from the MT could be considered for manufacture of container
glass, flat plate glass, specialty glass, and fiberglass on account of its luster, colour, and diaphaneity.

Table 6. Principal minerals in silica sand from MT.

Mineral Present Chemical Composition

Quartz SiO2
Magnesioferrite MgO.O6FeO94

Marcasite FeS2
Magnetite Fe3O4

Kyanite Al2(SiO4)O
Gupeite Fe3Si
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3.5. Beneficiation of Silica Sand from MT 
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3.5. Beneficiation of Silica Sand from MT

After a physical separation technique using water and acid leaching of the materials as described
in Section 2.4, Section 2.7, and Section 2.9 respectively, there was an appreciable increase in the silica
content with a corresponding reduction in impurities such as iron oxide, alumina, titanium oxide,
and potassium oxide respectively. A summary of the chemical composition of the treated silica sand is
described in Table 7.

Table 7. Summary of the chemical composition of the extracted treated silica sand.

Sample SiO2
(wt.%)

TiO2
(wt.%)

Al2O3
(wt.%)

Fe2O3
(wt.%)

MnO
(wt.%)

MgO
(wt.%)

CaO
(wt.%)

Na2O
(wt.%)

K2O
(wt.%)

P2O5
(wt.%)

Pb
(mg/kg)

Zn
(mg/kg)

Cu
(mg/kg)

A 88.72 0.42 4.44 1.42 0.03 0.27 0.22 0.15 1.55 0.05 300 500 200
B 88.81 0.40 4.41 1.38 0.01 0.25 0.20 0.13 1.48 0.04 260 400 150
C 89.53 0.33 2.31 1.31 0.01 0.18 0.18 0.10 1.17 0.02 200 300 -
D 89.82 0.31 2.19 1.27 0.01 0.15 0.15 0.09 1.03 0.01 200 100 -

NB: A = Raw Tailings, B = Water treated, C = HNO3 treated tailings, D = H2SO4 treated tailings.
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3.6. Qualification Analysis

The production of low melting glass was observed at a temperature of 1520 ◦C after 2 h.
The mixtures resulted in various glassy phase samples. The glassy material was not fully liquidised at
this temperature and time, and hence could not be poured onto a mould. Upon cooling, the crucibles
were carefully broken using a hammer to expose the final products as shown in Figure 4. Glassy phase
formations from batch compositions (B) and (D) had noticeable green colouration, which could be
linked to the iron content of the silica sand used. With batch compositions (A) and (C), there were
whitish structures that could be due to the refining process. The materials from batch (D) demonstrated
the highest quality of glass, which supports the industrial requirements as described in Table 5 and the
study of Afonso et al. [59]. Batch (D) just like in a commercial glass plant, will have to be subjected
to further processing by including waste glass (from recycling collections), and heated in a furnace.
The green colour provided by iron oxide, could be neutralized by adding other metal oxides such as
Zinc oxide to the molten glass to produce a white product [60].
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4. Conclusions

For the first time, this study investigated MT as a source of silica in glassmaking to mitigate the
negative environmental burden that these tailings possess. Based on the high percentage of silica in
these mine tailings, which is a major constituent and other physical attributes such as grain size and
morphology that met the requirements for glassmaking, the MT from this study could be a cheap
and readily available source of silica sand for the glass manufacturing industry. Raw, water-treated,
nitric acid-treated, and sulfuric acid-treated MT were tested to ascertain the quality of the glass material
produced. Based on the observed qualification tests, the sulfuric acid-treated tailings produced a
satisfactory green glass quality, while raw, water-treated and nitric acid-treated tailings showed white
residues that reduced the quality of the glass. It is recommended that further beneficiation towards
reducing the iron oxide on sulphuric acid-treated gold tailings be carried out to widen the application
to other forms of glass and not limited to green-coloured and amber glass production.
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