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Abstract: This study focuses on the purification and evaluation of the high-purity quartz (HPQ)
potential of vein quartz ore from Pakistan. Vein quartz is grayish-white and translucent, with its
mineral composition mainly comprising quartz crystal. Processed quartz sand is obtained from
quartz raw ore through purifying technologies, including crushing, ultrasonic desliming, flotation,
high-temperature calcination, water quenching, hot pressure acid leaching, and chlorination roasting.
The microscopic characteristics show that the vein quartz raw ore has a medium-coarse granular
metacrystalline structure, high quartz content, with only a small quantity of fine-grained K-feldspar.
The inclusions primarily consist of large-sized primary inclusions and secondary fluid inclusions
developed along the micro-fractures, and the content of inclusions in most areas of the crystal is very
low or even nonexistent. The quartz ore with such inclusion characteristics is considered a relatively
good raw material for quartz. Component analysis shows that the main impurity elements in the
quartz ore are Al, K, Ca, Na, Ti, Fe, and Li, with a total impurity element content of 128.86 µg·g−1.
After purification, only lattice impurity elements Al, Ti, and Li remain in the processed quartz sand,
resulting in a total impurity element content of 24.23 µg·g−1, an impurity removal rate of 81.20%,
and the purity of SiO2 reaching 99.998 wt.%. It is suggested that when the quartz raw ore contains
high content of lattice impurity elements, such as Al, Li, and Ti, it is difficult to remove them by the
current purification method. In industrial production, considering the economic cost, if quartz sand
still contains high content of lattice impurity elements Al, Ti, and Li after flotation, it cannot be used
as a raw material for high-end HPQ.

Keywords: vein quartz; purification; impurity elements; high-purity quartz

1. Introduction

Quartz is a type of mineral resource with stable physical and chemical properties [1].
The 21st century has heralded the future of silicon-based materials, with the rapid develop-
ment of high-tech industries such as semiconductors, photovoltaics, electronic information,
optical communications, and electric light sources. Consequently, the demand for high-
purity quartz (HPQ) as a raw material has increased significantly [2–6]. HPQ is processed
from naturally occurring crystals, granite pegmatite quartz, and vein quartz as raw material
ores [7,8], which are mainly used to make high-quality optical devices, optical fibers, quartz
glass, synthetic quartz wafers, crucibles for the production of solar-grade silicon, quartz
cotton, and electronic fibers [9–12]. During the crystallization process of quartz crystals,
various imperfections such as point defects, dislocations, planar defects, melts/fluids,
and mineral micro-inclusions can enter the quartz crystal due to alteration, irradiation,
diagenesis, or metamorphism at different P-T conditions [13]. As a result, quartz crystals
contain various inclusions and lattice impurities [14]. To obtain HPQ sand, these impurities
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must be removed through subsequent processes including crushing, calcination, water
quenching, screening, magnetic separation, color separation, flotation, acid leaching, chlo-
rination, and other purification methods [15–23]. The SiO2 content of HPQ sand is usu-
ally more than 99.9%, and that of ultra-HPQ is more than 99.999% (with Al < 8 µg·g−1,
Fe < 0.05 µg·g−1, Ti < 1.3 µg·g−1, etc.). Taking Unimin Corporation of the United States as
an example, its IOTA standard has been internationally recognized, and the purity of its
HPQ products reaches 99.9994% [24].

With the gradual depletion of crystal resources, the process of separating HPQ (es-
pecially ultra-HPQ) from natural quartz ores with relatively abundant reserves and wide
distribution, such as granite pegmatite rocks and vein quartz, has become a current and
future research hotspot [25]. Due to its coarse grain size, easy dissociation, and high SiO2
content, vein quartz crystallized in hydrothermal veins is an ideal raw material ore for
processing HPQ as a substitute for natural crystal [8,26]. In the past few decades, several
research works on vein quartz as a raw material ore for HPQ have been conducted. Müller
et al. (2012) [27] found that the lattice trace elements Al (15.0–20.0 µg·g−1), Ti (2.0 µg·g−1),
Ge (1.0 µg·g−1), and Li (5 µg·g−1) were low in Nesodden and Kvalvik vein quartz from
Norway. Therefore, Nesodden and Kvalvik vein quartz are excellent raw material ores
for the preparation of HPQ. Zhong et al. (2022) [28] used the quartz vein ore in Dabie
Mountain, Anhui Province as raw material, and obtained HPQ sand with a content of SiO2
higher than 99.997% by purification. Among them, the concentration of K and Na impu-
rities is 1.0 µg·g−1, and that of Al impurities is about 12 µg·g−1. Wang et al. (2022) [29]
carried out an experimental study on the purification of quartz samples from the Fuji-
ashan Mountains in southeastern Hubei Province. The total impurities content of the pro-
cessed quartz sand is 48.7 µg·g−1 with Al (28.2 µg·g−1), Ti (4.5 µg·g−1), Fe (0.7 µg·g−1), Li
(3.7 µg·g−1), and B (0.4 µg·g−1), and K, Na, and Ca are all below the upper content limits
of HPQ designated by Müller et al. (2012) [27].

In this study, the mineralogical characteristics of vein quartz samples from KPk
Province, Pakistan were studied using optical microscopy, Raman spectroscopy, and scan-
ning electron microscopy (SEM). The quality of quartz ore after purification was evaluated
by crushing, flotation, calcination, water quenching, acid leaching, and chlorination. Fur-
thermore, based on the changes in impurity element contents before and after purification,
the occurrence state and distribution of impurity elements in quartz were analyzed. This
analysis provides a certain guiding significance for the selection of HPQ raw materials and
the improvement of purification technology in the future.

2. Hand Specimen of Sample

One of the methods to evaluate the quality of HPQ raw materials is by observing
the structure, grain size, color, transparency, cracks, and impurity components of ore
hand specimens visible to the naked eye. Combining theory with experience, the mineral
composition of quartz raw ore is mainly quartz, without a large number of different
associated minerals visible to the naked eye, with high transparency and uniform grain
size, which are the basic characteristics of HPQ raw materials [30].

The hand specimen of B6-1 quartz sample exhibits a block structure, dense and hard,
with uniform grain size. It is translucent grayish-white, brittle, and has an oil luster, shell-
like fracture, along with a small number of surface cracks, and no cleavage surface. The
mineral composition is mainly quartz crystal, with light yellowish-brown rust visible on the
naked eye (Figure 1a,b). From the hand specimen, B6-1 quartz has the basic characteristics
of HPQ raw materials.
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Figure 1. Hand specimen of B6-1 vein quartz. (a) Translucent grayish-white. (b) Light yellowish-
brown rust. 

3. Purification Process 
3.1. Experiment Reagents 

The reagents used in purification process are as follows: dodecylamine (CHN, AR), 
sodium dodecyl benzene sulfonate (CHNaO3S, AR), hydrochloric acid (HCl, GR), nitric 
acid (HNO3, GR), hydrofluoric acid (HF, GR), sulfuric acid (H2SO4, AR), sodium hydrox-
ide (NaOH, AR), and manganese dioxide (MnO2, AR), all of which were purchased from 
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. Ultrapure deionized water with 
a resistivity of 18.25 MΩ·cm was used in all experiments. 

3.2. Experimental Procedures 
Quartz purification techniques involve several steps: pre-treatment, physical separa-

tion methods, chemical treatments, and advanced treatments. Pre-treatment includes 
crushing, scrubbing, desliming, screening, and grinding [31,32]. Physical separation meth-
ods include radiometric sorting, dense media separation, gravity separation, magnetic-
electric separation, and flotation [15–17]. Chemical treatments involve high-temperature 
calcination–water quenching, and acid leaching [18,23]. Advanced treatments include 
chlorination, roasting, and vacuum refining [20]. Each method corresponds to the charac-
teristics of different impurities, and the characteristics of quartz ore impurities are often 
used to adopt the corresponding purification methods; combining different methods log-
ically is good strategy for achieving the purpose of purification [33]. 

The purity of vein quartz is usually high, and the main impurities in the raw ore are 
in the form of a small number of gangue minerals, inclusions, and lattice impurity ele-
ments. Therefore, this experiment intends to separate gangue minerals through processes 
such as grinding, screening, ultrasonic cleaning, and flotation. Additionally, it seeks to 
break down inclusions and remove impurities by means of calcination–water quenching, 
hot pressing, acid leaching, and high-temperature chlorination [15–23]. The specific ex-
perimental flow chart is shown in Figure 2. 

Figure 1. Hand specimen of B6-1 vein quartz. (a) Translucent grayish-white. (b) Light yellowish-
brown rust.

3. Purification Process
3.1. Experiment Reagents

The reagents used in purification process are as follows: dodecylamine (CHN, AR),
sodium dodecyl benzene sulfonate (CHNaO3S, AR), hydrochloric acid (HCl, GR), nitric
acid (HNO3, GR), hydrofluoric acid (HF, GR), sulfuric acid (H2SO4, AR), sodium hydroxide
(NaOH, AR), and manganese dioxide (MnO2, AR), all of which were purchased from
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. Ultrapure deionized water with
a resistivity of 18.25 MΩ·cm was used in all experiments.

3.2. Experimental Procedures

Quartz purification techniques involve several steps: pre-treatment, physical sepa-
ration methods, chemical treatments, and advanced treatments. Pre-treatment includes
crushing, scrubbing, desliming, screening, and grinding [31,32]. Physical separation meth-
ods include radiometric sorting, dense media separation, gravity separation, magnetic-
electric separation, and flotation [15–17]. Chemical treatments involve high-temperature
calcination–water quenching, and acid leaching [18,23]. Advanced treatments include
chlorination, roasting, and vacuum refining [20]. Each method corresponds to the character-
istics of different impurities, and the characteristics of quartz ore impurities are often used
to adopt the corresponding purification methods; combining different methods logically is
good strategy for achieving the purpose of purification [33].

The purity of vein quartz is usually high, and the main impurities in the raw ore are in
the form of a small number of gangue minerals, inclusions, and lattice impurity elements.
Therefore, this experiment intends to separate gangue minerals through processes such as
grinding, screening, ultrasonic cleaning, and flotation. Additionally, it seeks to break down
inclusions and remove impurities by means of calcination–water quenching, hot pressing,
acid leaching, and high-temperature chlorination [15–23]. The specific experimental flow
chart is shown in Figure 2.

Crushing and screening: 1 kg of quartz raw ore was separated into decimeter-scale
pieces with a hammer. Subsequently, all quartz fragments were washed and brushed
in water to remove any surface contamination, especially clay minerals and iron oxide
coatings. Then, the small block of quartz was crushed into quartz sand using a jaw crusher
(PE−F100 × 125). Standard nylon sieves were used to divide quartz sands into differ-
ent fractions, with particle sizes of −0.425 +0.074 mm (40–200 mesh) collected for next
experiments. Because the quartz sand crushed by the crusher contains more mechanical
entrained iron, and considering the limited laboratory conditions, strong magnets were
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used to identify the appropriately sized quartz sand particles for magnetic absorption and
remove the mechanical iron content. This approach can yield better experimental results
when using a strong magnetic separator.
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Figure 2. Flow chart of purification experiment.

Ultrasonic scrubbing–desliming: the prepared −0.425 +0.074 mm qualified quartz
sand underwent ultrasonic scrubbing–desliming: Fixed scrub slurry concentration at 50%,
and each scrubbing session lasted for 30 min. The water was replaced every 10 min,
and ultrasonic scrubbing is carried out three times, followed by two washes to obtain
ultrasonically scrubbed quartz sand.
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Flotation: The flotation experiment was carried out using an XFD-12 (0.5 L) flotation
machine, with a stirring rate of 1500 rpm. In this work, a 100 g quartz sand sample was
dispersed in a flotation cell filled with ultrapure deionized water. The flotation temperature
was maintained between 50 and 60 ◦C, and the pH value was adjusted to 2.5 using hydrofluoric
acid. After stirring for 2 min, 2 mL dodecylamine (DDA) collector and 2 mL sodium dodecyl
benzene sulfonate (SDBS) foaming agent were sequentially added to the cell, air flow rate was
0.25 m3/h, and the first flotation process lasted for about 10 min. Similar to the first flotation,
the second flotation experiment was performed with half amount of the DDA and SDBS,
and some ultrapure water was also added to maintain the slurry level during the flotation
experiment. The pH of the slurry during the whole flotation procedure was adjusted to a
fixed value of 2.5. The sink quartz sand was collected and dried.

Calcination–water quenching: The flotation quartz sand was calcined at 1050 ◦C for
1 h with calcination heating rate of 10 ◦C/min in a muffle furnace (KSl-1200X, KEJING, HeFei,
China). The calcined quartz sand was rapidly poured in ultrapure water (18.2 MΩ·CM),
cleaned three times using ultrasonic and then dried for further acid leaching experiment.

Acid leaching: 10.0 g of quenched quartz sand was accurately weighed and placed
in a polytetrafluoroethylene hydrothermal reactor cleaned with ultrapure water. In the
HCl-HF-HNO3 mixed acid system (with a mass ratio of 3:1:1), the liquid/solid ratio was
1:1, the reaction temperature was 80 ◦C, and the reaction time was 24 h. After the acid
leaching process, the quartz sand was ultrasonically cleaned with ultrapure water until
reaching a neutral pH and then dried.

Chlorination roasting: Figure 3 illustrates the experimental setup used for chlorination
roasting. A 25 g quantity of MnO2 was precisely measured and placed in a round-bottomed
flask. Subsequently, 250 mL of HCL was added to a long-neck funnel and the reaction
temperature was carefully controlled at 80 ◦C. One bubble was generated every second in a
H2SO4 drying flask. To begin the process, 8.0 g of acid-leached quartz sand was weighed
accurately and heated to a high temperature of 1050 ◦C in a Cl2 atmosphere for 2 h. After
completion of the experiment, argon gas was injected to purge any excess Cl2, which was
then absorbed by a NaOH solution.
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4. Analytical Method
4.1. Optical Microscopy Observation

Double-polished thin sections were prepared for microscopic scrutiny from the B6-
1 vein quartz ore sample. A transmitted polarizing microscope (TPM, Nikon DS-RI2,
Tokyo, Japan) was used to characterize the petrological features of the quartz raw ore
and the processed quartz sand, including granular size, fluid and mineral micro-inclusion
assemblage, and microstructure.
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4.2. Scanning Electron Microscope

Backscattered electron (BSE) imaging of the quartz raw ore and the processed quartz
sand, and identification of unknown minerals were conducted using TESCAN MIRA3
scanning electron microscope (SEM) equipped with EDAX GENESIS APEX Apollo System
energy-dispersive spectrometer (EDS) at CAS Key Laboratory of Crust–Mantle Materials
and Environments at the University of Science and Technology of China (USTC), Hefei,
with working conditions of 15 kV and 15 nA for BSE imaging and EDS analysis.

4.3. Raman Spectrometry Measurement

Fluid and mineral micro-inclusions in the quartz raw ore and the processed quartz
sand were identified by a JY HORIBA LabRam HR Evolution confocal Raman micro-
spectrometer (HORIBA, Tokyo, Japan) equipped with a confocal optics, an air-cooled
CCD detector, and 532 nm Ar laser excitation with 500 mW power, at CAS Key Lab-
oratory of Crust–Mantle Materials and Environments in USTC, Hefei. The analytical
conditions included a 1 µm beam diameter, 200 µm slit width, 100 µm confocal aperture,
600 grooves/mm gratings, 100× objective, 2× accumulations, and 3 s acquisition time.
The polycrystalline and monocrystalline silicon were analyzed at the start and end of each
analytical session of the samples to check the stability of the instrument and ensure the
reliability of the data (520.7 cm−1 for a silicon metal standard).

4.4. Bulk Chemical Composition Analysis by ICP-MS

The impurity contents in quartz were measured at the CAS Key laboratory of Crust–
Mantle Materials and Environments, University of Science and Technology of China,
using an Agilent 7700e quadrupole ICP-MS. Approximately 50 mg of quartz samples
and GBW07837 quartz reference material were dissolved with purified HNO3 and HF.
The sample solution was analyzed using ICP-MS with an RF power of 1350 W and a
nebulized gas flow rate of 1.0 L/min. In order to eliminate the interferences of polyatomic
ion impurities, 3.5 mL/min of helium was introduced as the collision gas during the
analysis. The standard correction curve solution for calculating the sample solution contents
was prepared by 13 elements mixing standard solution NCS181036 from NCS Testing
Technology Co. Ltd. (Beijing, China).

5. Results and Discussion
5.1. Characteristics of Vein Quartz
5.1.1. Microstructure Characteristics

The B6-1 raw ore was prepared into thickened probe sheets (100 µm) for studying
the structure, associated mineral species, and inclusions of the quartz ore. Figure 3 shows
the microscopic morphology of B6-1 vein quartz observed under single polarization, or-
thogonal polarization, and SEM. Under single polarized light, quartz is colorless and
transparent, with complete grains and good crystallinity, as well as large grains, and more
internal microcracks (Figure 4a). Under orthogonal polarization, the interference color
of quartz in the normal probe piece is gray–gray-white, while the interference color of
the probe piece thickness is green, red, and blue. Quartz is xenomorphic granular, some
grains exhibit uneven undulatory extinction, with a medium-coarse granular metacrys-
talline structure. The grain size is 0.2–5 mm, and the grain boundary is relatively clear,
mostly linear and jagged (Figure 4b,c). SEM microscopic observation shows that B6-1 vein
quartz is associated with a small amount of fine-grained K-feldspar with a grain size of
0.03–0.20 mm (Figure 4d–f). We speculate that the quartz content is as high as 98%. K-
feldspar may be the main source of impurity elements such as Al and K.
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5.1.2. Inclusion Characteristics

Mineral and fluid inclusions are the main impurities in natural quartz. The quantity,
size, distribution, composition, and morphological characteristics of these inclusions are
important factors affecting the quality of vein quartz raw materials [34]. Because inclusions
are encapsulated within quartz crystals, and they are challenging to remove through
beneficiation processes. High-quality vein quartz raw materials contain almost no mineral
inclusions, while fluid inclusions are more common. These inclusions can be categorized
into three types based on their origin: primary inclusions, secondary inclusions, and
pseudosecondary inclusions. More than 90% of the liquid inclusions in vein quartz are
secondary inclusions [35]. Primary fluid inclusions are inherently trapped during crystal
growth, whereas secondary fluid inclusions can be trapped at any time after the growth of
the host crystal. Fluid inclusions in microcracks formed during crystal growth are referred
to as ‘pseudosecondary’. These fluid inclusions are generally small in quantity, large in
volume, and small in distribution range, making them easy to burst and crush under high
temperature and pressure, which is conducive to purification [27]. However, for HPQ,
inclusions significantly restrict the purification potential of vein quartz raw materials.

According to optical microscope observation, B6-1 vein quartz contains almost no
mineral inclusions except for a small amount of K-feldspar (Figure 4d–f). There are a certain
number of isolated or clustered primary fluid inclusions and secondary fluid inclusions
developed along the microcracks in the quartz crystal, mainly secondary fluid inclusions.
The primary inclusions are mostly gas–liquid two-phase inclusions and pure liquid inclu-
sions, which are mostly elliptical or irregular in shape. The gas–liquid components consist
of H2O and CO2, as determined by Raman spectroscopy (Figure 5a–e). The secondary
inclusions are distributed in bands or clusters along the fractures, typically measuring less
than 5 µm. They are characterized by small volume, large number, and wide distribution
(Figure 5g–l). Due to their small size, it is difficult to distinguish the types of inclusions. In
the process of making HPQ, the secondary inclusions in quartz are easy to mechanically
burst due to the development along the crystal micro-fractures, but the primary inclusions
are relatively difficult to burst. Among them, inclusions larger than 10 µm can be burst by
high-temperature calcination–water quenching. The burst inclusions can release the gases,
water, and a certain quantity of salt solution-containing elements such as Na, Mg, and Ca,
which can be removed by subsequent acid leaching. If there are many primary inclusions
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smaller than 10 µm in the quartz ore, because the size of such inclusions is significantly
smaller than that of quartz sand, they are easy to wrap with quartz sand in the process of
sand making, and not easy to burst at high temperature. Therefore, they are not easy to
remove by later purification processes [7,13,20,27]. The presence of a large number of tiny
inclusions containing CO, CO2, and other gases can cause defects in subsequent melting
products [36] and cannot be used as HPQ raw materials. The primary inclusions in B6-1
vein quartz are relatively large in size and low in content. These inclusions are mainly
secondary and are developed along the micro-fractures of the crystal. In most areas of the
crystal, the content of inclusions is very low or even nonexistent (Figure 5f). Therefore,
from the perspective of inclusion characteristics, B6-1 vein quartz is considered a relatively
good raw material ore.

Minerals 2024, 14, x FOR PEER REVIEW 8 of 19 
 

 

inclusions is significantly smaller than that of quartz sand, they are easy to wrap with 
quartz sand in the process of sand making, and not easy to burst at high temperature. 
Therefore, they are not easy to remove by later purification processes [7,13,20,27]. The 
presence of a large number of tiny inclusions containing CO, CO2, and other gases can 
cause defects in subsequent melting products [36] and cannot be used as HPQ raw mate-
rials. The primary inclusions in B6-1 vein quartz are relatively large in size and low in 
content. These inclusions are mainly secondary and are developed along the micro-frac-
tures of the crystal. In most areas of the crystal, the content of inclusions is very low or 
even nonexistent (Figure 5f). Therefore, from the perspective of inclusion characteristics, 
B6-1 vein quartz is considered a relatively good raw material ore. 

 
Figure 5. Microphotographs (TPM) of fluid inclusions in the B6-1 raw vein quartz. (a–f) TPM of 2.5×, 
10× and 20× of primary inclusions. A certain number of isolated or clustered primary fluid inclu-
sions, mainly H2O and CO2. (g–l) TPM of 2.5×, 10×, and 20× of secondary inclusions. A large number 
of small secondary inclusions distributed in bands or clusters along the fractures. 

5.1.3. Chemical Composition 
The contents of SiO2 and impurities in the raw ore affect the quality and purification 

potential of quartz, which in turn determines the economic value and application field of 
quartz raw material ore in the later period. The contents of main metallic elements in the 
quartz ore determined by solution ICP-MS analysis are summarized in Table 1. As shown 
in Table 1 and Figure 6, the content of SiO2 in raw ore is 99.987%, with main metallic ele-
ments including Al (54.05 µg·g−1), K (34.66 µg·g−1), Ca (22.55 µg·g−1), Na (6.65 µg·g−1), Ti 
(5.06 µg·g−1), Fe (2.82 µg·g−1), and Li (2.38 µg·g−1), with the total sum of impurities being 
128.86 µg·g−1. The results of the chemical composition analysis show that although the raw 

Figure 5. Microphotographs (TPM) of fluid inclusions in the B6-1 raw vein quartz. (a–f) TPM of
2.5×, 10× and 20× of primary inclusions. A certain number of isolated or clustered primary fluid
inclusions, mainly H2O and CO2. (g–l) TPM of 2.5×, 10×, and 20× of secondary inclusions. A large
number of small secondary inclusions distributed in bands or clusters along the fractures.



Minerals 2024, 14, 727 9 of 19

5.1.3. Chemical Composition

The contents of SiO2 and impurities in the raw ore affect the quality and purification
potential of quartz, which in turn determines the economic value and application field of
quartz raw material ore in the later period. The contents of main metallic elements in the
quartz ore determined by solution ICP-MS analysis are summarized in Table 1. As shown in
Table 1 and Figure 6, the content of SiO2 in raw ore is 99.987%, with main metallic elements
including Al (54.05 µg·g−1), K (34.66 µg·g−1), Ca (22.55 µg·g−1), Na (6.65 µg·g−1), Ti
(5.06 µg·g−1), Fe (2.82 µg·g−1), and Li (2.38 µg·g−1), with the total sum of impurities being
128.86 µg·g−1. The results of the chemical composition analysis show that although the raw
ore looks relatively pure to the naked eye, the content of impurity elements is still higher
than the quality requirements of HPQ. Therefore, it is necessary to clearly understand the
types of impurity minerals and the occurrence state of impurity elements based on the
relevant purification process to effectively improve the purity of SiO2 in the ore. Based on a
combination of TPM and SEM analysis, impurity elements such as Al and K mainly occur
in the associated mineral K-feldspar. Those of Fe and Ti may be present in undetected iron
oxides and rutile inclusions, or alternatively, as lattice-bound Fe and Ti. Na and Ca contents
are also relatively high, which could be referred to fluid inclusions and/or undetected solid
inclusions, such as albite and so on.

Table 1. The contents (µg·g−1) of main metallic elements in the quartz ore and processed quartz sand
determined by solution ICP-MS analysis.

Element Raw Ore Flotation Sand Acid Leaching
Sand

Chlorinated
Sand IOTA-STD

Li 2.38 2.44 2.26 2.37 0.90
B bdl 0.19 0.48 0.55 0.08

Na 6.65 6.47 5.09 0.72 0.90
Mg 0.50 1.11 0.20 0.30 <0.05
Al 54.05 34.85 13.08 13.50 16.20
K 34.66 16.32 1.22 0.35 0.60
Ca 22.55 6.09 0.95 0.78 0.50
Ti 5.06 5.13 5.22 5.23 1.10
Cr bdl 0.52 0.02 0.01 <0.05
Mn 0.02 0.10 0.06 0.06 <0.05
Fe 2.82 4.06 0.30 0.24 0.23
Ni 0.02 0.17 0.15 0.10 <0.05
Cu 0.16 bdl 0.03 0.02 <0.05

Σ 128.86 (Σ0) 77.42 (Σ1) 29.06 (Σ2) 24.23(Σ3) <19.66
Removal rate - 39.92% 77.45% 81.20% -
SiO2 (wt%) 99.987 99.992 99.997 99.998 >99.998

IOTA-STD is the main product of United States Unimin Corporation. bdl: below the detection line; removal rate =
(Σi− Σ0)/Σ0; SiO2 (wt%) = (1 − Σi /1,000,000) * 100.
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5.2. Processing of Quartz Sand
5.2.1. Crushing to Make Quartz Sand

The purpose of crushing is to achieve monomer dissociation of quartz and associated
minerals in the ore, while also fully exposing the impurities wrapped in the quartz [37]. The
desired particle size for HPQ sand is −0.425 +0.074 mm (−40 mesh +200 mesh). As shown in
Table 2, the qualified particle size of quartz sand is about 52.0%, while the yield of +0.425 mm
is about 40.0%, and the yield of −0.074 mm is about 8.0%. Among them, the coarse particles
of +0.425 mm can be sieved after rod or ball grinding to improve the quartz sand yield.

Table 2. The results of particle size sieve analysis.

Size Range (mm) Yield (g) Productive Rate/%

+0.425 400 40.0
−0.425 +0.074 520 52.0

−0.074 80 8.0

5.2.2. Ultrasonic Scrubbing–Desliming

The grade of SiO2 in quartz sand decreases with the granularity of quartz sand, while
the grade of impurity minerals containing Fe and Al elements exhibit the opposite trend.
This phenomenon is particularly evident in quartz sand that contains a large number of
clayey minerals [38]. Although B6-1 vein quartz ore is relatively pure, a certain amount
of clay minerals rich in Fe and Al elements are still attached to its surface during mining.
Therefore, it is necessary to wash and use ultrasonic desliming to remove the film of iron,
adhesive, and muddy impurity minerals from the surface of the quartz sand. Zhao et al.
(2004) [39] demonstrated that iron impurities adhering to the surface of quartz particles
easily detach and enter the liquid phase under the influence of ultrasonic waves. Compared
to other mechanical scrubbing methods, this method not only removes impurities on the
surface of the mineral, but also removes the impurities at the grain cleavage gap, making it
more effective in removing iron. It can be seen from Figure 7a that the surface of quartz
sand is clean after three rounds of ultrasonic cleaning, and the light yellow-brown rust and
clayey minerals attached to the surface of the raw ore were basically removed.
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5.2.3. Flotation

Based on the differences in hydrophobicity and hydrophilicity of different minerals,
flotation is a common separation and purification method in the mineral processing indus-
try [40–42]. The properties of silicate minerals such as feldspar and mica are similar to those
of quartz, but their crystal structure and surface properties are different. According to the
surface properties of mineral particles, especially the differences in surface hydrophobicity,
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flotation can efficiently separate quartz from silicate minerals such as feldspar and mica.
Among these methods, froth flotation is the most important for impurity removal in the
HPQ deep impurity removal process [43–45]. Through the interaction between mineral
particles and collectors, depressants, activators, and pH regulators, the hydrophobicity
difference among the surfaces of different particles can be effectively increased, and this
realizes the separation of minerals [46–49]. Optical microscope observation indicates that
B6-1 vein quartz contains only a small amount of K-feldspar, meaning that the flotation
experiment is mainly focused on separating quartz and K-feldspar. Traditional flotation
methods to separate quartz and feldspar generally include acid flotation, alkaline flotation,
and neutral flotation. In acid flotation and neutral flotation, the hydrophobic feldspar
particles adhere to bubbles and rise to the top of the flotation cell, while hydrophilic quartz
particles remain at the bottom of the flotation cell; conversely, alkaline-flotation yields the
opposite result [43,50–56]. In order to obtain quartz sand as pure as possible, this experi-
ment adopts the efficient and convenient flotation method involving fluorine acid. Feldspar
is separated from the quartz using HF as the activator and the alkyl amine surfactants as
the cationic collectors at pH 2–3 [57–59].

SEM observation shows that the surface of the flotation quartz sand is generally smooth,
with some surfaces showing an uneven or irregular shape. There are no cracks or impurity
minerals attached to the surface (Figure 7b). TPM observation shows that quartz particles can
be divided into pure and impure particles; the pure particles are transparent and have almost
no inclusions inside (Figure 8a). The fluid inclusions are unevenly distributed in the impure
particles, mainly in clusters and with a linear distribution, with an irregular shape and small
size, most of them are less than 10 µm, consisting of gas–liquid two-phase and pure liquid
inclusions (Figure 8b,c). The composition analysis of flotation quartz sand showed that the
impurity elements such as Al, K, and Ca decreased significantly after flotation treatment. This
indicates that the flotation process effectively removed a certain quantity of the main gangue
minerals such as k-feldspar and calcium feldspar; the removal rate of impurities was 39.92%,
resulting in flotation quartz sand with total impurity element content of 77.42 µg·g−1 and a
SiO2 purity of 99.992% (Table 1 and Figure 6). However, flotation quartz sand still contains
high levels of impurity elements such as Al, Li, Na, Ca, k, and Fe, which need to be further
removed through chemical purification.
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leaching. Chlorinated quartz sand: flotation + acid leaching + chlorination roasting.
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5.2.4. High Temperature Calcination–Water Quenching

High-temperature calcination–water quenching is an important process in the pu-
rification of HPQ. After the high-temperature calcination of quartz, its crystal structure
and the occurrence of impurity elements change according to the calcination temperature,
holding time, and the purity of quartz itself. Usually, α quartz is transformed into β quartz
at 573 ◦C, and given sufficient time at 870 ◦C, the transformation of β quartz to cristobalite
can occur. During this process, quartz is accompanied by crystal type transformation,
volume change, and inclusion expansion and bursting, all of which lead to a large number
of microcracks in quartz. After being calcined at high temperatures, the quartz is then
quenched and cooled, which promotes the formation and deepening of microcracks due
to the high thermal stress gradient during rapid quenching [35,60]. Once the quartz ore is
broken into sand, the particles become finer, and the specific surface area is larger. This
allows for impurities to escape more easily during calcination and increases the cooling
rate and thermal stress during quenching. As a result, minerals and fluid inclusions that
were previously wrapped in quartz are exposed to a greater extent, and the process of
high-temperature phase transformation enriches elements such as Al, Li, Na, and K on the
quartz surface, so as to better remove these impurities [61].

Figure 7c,d show the micromorphology of the quartz sand after calcination. It can be
seen that the surface of quartz sand after calcination–water quenching is rough and has
decrepitation pits, and there is a large number of microcracks arranged in parallel or nearly
parallel. The formation of these decrepitation pits on the quartz surface mainly caused by
the decrepitation of fluid inclusions within the quartz crystal. Additionally, the presence
of inorganic salts rich in elements, such as Ca, Mg, K, and Na, among others, dissolved in
the fluid is subsequently removed during the acid leaching process [62]. The microcracks
observed on the quartz surface are predominantly located at the grain boundaries of quartz
grains. These grain boundaries are interconnected by van der Waals forces, with impurity
inclusions mostly located within these parts. The grain boundaries between the crystals are
mostly parallel. Therefore, these microcracks form approximately parallel fractures along
the crystal growth direction during the high-temperature calcination and water quenching
process (Figure 7d). These microcracks continue to extend into the quartz, which is highly
beneficial to the penetration of acid solution in the subsequent acid leaching treatment, and
the acid solution can penetrate into the interior of the particles along the cracks—causing
the cracks to deepen and expand—and accelerates the dissolution of impurity inside the
particles by the acid solution [35,59–62].

5.2.5. Hot Pressing and Acid Leaching

Quartz is insoluble in most acids, except for hydrofluoric acid (HF). However, other
impurities can be dissolved in acid. Acid leaching is an effective method for removing
various metal impurities present on the surface layer, cracks, or lattice of the quartz ore, as
well as a small quantity of residual silicate minerals such as feldspar and mica, resulting
in a higher level of purification. The acids commonly used in acid leaching processes
include H2SO4 [63], HCL [64], oxalic acid (H2C2O4) [65,66], HF, etc. Among them, HF can
quickly dissolve the residual mica, feldspar, and other silicate minerals, and it is also highly
corrosive. Moderate dissolution of the quartz surface can expose some of the inclusions
contained in the quartz. In addition, it is easy to diffuse into the quartz lattice, so that
the leaching solution reacts with the metal atoms filled in the quartz lattice and dissolves.
Therefore, the addition of a certain amount of HF is beneficial to the purification effect
of acid leaching [67,68]. However, the amount of HF should be appropriate to avoid
dissolving more quartz. Zhong (2015) [35] conducted a study on the atmospheric pressure
acid leaching of quartz sand and found that a single inorganic acid demonstrated a certain
level of purification for quartz raw ore. Among the inorganic acids tested, H2SO4 showed
the most effective removal of impurities, followed by HF and HCl, whereas HNO3 was
the least effective. Among the impurity elements, Fe and Mn had the best removal, Al
and K had moderate removal, while Ca and Na had the least removal, and the overall



Minerals 2024, 14, 727 13 of 19

impurity content remained high. Further studies have demonstrated that a combination of
mixed acids can produce a synergistic effect, resulting in more efficient impurity removal
when using HCl-HF-HNO3 with a mass ratio of 3:1:1. Furthermore, more efficient hot
pressing–acid leaching was used for deep purification of quartz sand [28,69]. The mixed
acid leaching reaction equation containing HF is as follows in Equations (1)–(4) [61,70,71]:

2NaAlSi3O8 + 28HF + 4H+ → 2Na+ + 2AlF2
+ + 6SiF4↑ + 16H2O (1)

2KAlSi3O8 + 28HF + 4H+ → 2K+ + 2AlF2
+ + 6SiF4↑ + 16H2O (2)

KAl3Si3O10(OH)2 + 18HF + 4H+ → K+ + 3AlF2
+ + 3SiF4↑ + 12H2O (3)

4SiO2 + 18HF → 3H2SiF6 + H2SiO3 +5H2O (4)

SEM observations revealed the presence of numerous corrosion pits and cracks on the
surface of acid-leached quartz sand particles. The cracks were observed to be deepened
and approximately parallel (Figure 7e,f). During the hot pressure leaching process, the
increase in reaction temperature and pressure intensifies the movement of mixed acid,
accelerating decomposition reaction of quartz and impurity minerals [36]. The active HF
and H+ in the leaching solution are rapidly adsorbed at the active sites of the microcracks,
and a chemical reaction occurred, which aggravated the corrosion in the decrepitation
pits and widened the microcracks. This corrosion extended to the inside of the crystal,
providing more activation interfaces for the lattice impurities. As a result, impurities
that are wrapped in the quartz lattice and present at the grain boundaries between the
crystals are decomposed and dissolved, enabling the removal of metal impurity ions [72].
The TPM observation showed that the quartz particles were still divided into pure and
impure particles (Figure 8d), and there was still a certain number of fluid inclusions in
the impure quartz particles, most of which were below 10 µm. However, the content
was significantly lower than that of the flotation sand (Figure 8a,d–f). The composition
analysis of acid-leached quartz sand showed that the total impurity elements were further
reduced from 77.42 to 29.06 µg·g−1 after chemical leaching of flotation sand. Compared
with the impurities in the raw ore, the removal rate reached 77.45%, and the purity of SiO2
of acid-leached quartz sand was as high as 99.997%. The impurity elements Al decreased
from 54.05 µg·g−1 to 13.08 µg·g−1, K decreased from 16.32 µg·g−1 to 1.22 µg·g−1, and the
leaching effects of Mg, Ca, and Fe were also better, all of which decreased to less than
1.0 µg·g−1 (Table 1 and Figure 6). It can be seen that after the physical and chemical
purification of quartz raw sand, associated minerals such as K-feldspar and a certain
number of fluid inclusions are removed; however, lattice impurity elements such as Li, Al,
and Ti cannot be removed by conventional purification processes. The impurity element Na
can be used as a charge compensation element and can be deposited in tiny fluid inclusions,
but the purification effect is not significant.

5.2.6. Chlorination Roasting

After the raw ore was purified through crushing, ultrasonic desliming, flotation, high-
temperature calcination, water quenching, hot pressing, and acid leaching, the purity
of SiO2 reached 99.997%. However, there was still a certain amount of lattice impurity
elements and tiny gas–liquid inclusions in the processed quartz sand, which do not meet
the standard of ultra-HPQ sand. In order to further remove these impurities, a chlorination
experiment was carried out on the acid-leached quartz sand. Under certain temperature
and atmospheric conditions, the chlorination process causes the metal oxides in quartz
sand to become metal chlorides and dissolve or volatilize through the introduction of
chlorinating agents. This process achieves the separation of metal elements, creating
a chemical gradient between the surface and the interior of the quartz. This gradient
facilitates the discharge of inclusions and impurities within the quartz through diffusion
to achieve a deeper purification effect [73–75]. Commonly used chlorinating agents are
C12, HCl, NaCl, NH4Cl, etc. [73–77]. Taking Cl2 as an example, it exhibits strong oxidation
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at high temperature, because the oxidation of Cl2 is greater than that of O2, so it can
remove metal impurities by chlorination reaction with metal oxides such as Al2O3, Fe2O3,
Na2O, etc. However, TiO2 is more stable than TiCl4, and Ti is difficult to remove through
chlorination roasting [61]. The reaction equations between some metal elements and Cl2
are as follows [74,75]:

2Al2O3 + 6Cl2 → 4AlCl3↑ + 3O2↑ (5)

2FeO + 2Cl2 → 2FeCl2↑ + O2↑ (6)

2FeCl2 + Cl2 → 2FeCl3↑ (7)

2CaO + 2Cl2 → 2CaCl2↑ + O2↑ (8)

2MgO + 2Cl2 → 2MgCl2↑ + O2↑ (9)

2Na2O + 2Cl2 → 4NaCl↑ + O2↑ (10)

2K2O + 2Cl2 → 4KCl↑ + O2↑ (11)

The TPM observation showed that most of the quartz particles were pure and almost
free of inclusions, and only a small number of gas–liquid inclusions were observed inside a
few particles, and the content of inclusions was much lower compared to the quartz sand
prepared from common vein quartz (Figure 8g–i). The composition analysis of chlorinated
quartz fine sand showed that the total impurity elements decreased to 24.23 µg·g−1 after
chlorination. Compared with the impurities in the original ore, the removal rate reached
81.20%, and the final purity of SiO2 of quartz sand was 99.998%. The lattice impurities
Li, Al, and Ti were not removed, but the impurity elements Na and K were reduced from
5.09 µg·g−1 to 0.72 µg·g−1 and from 1.22 µg·g−1 to 0.35 µg·g−1, respectively, indicating
a significant purification effect (Table 1 and Figure 6). According to the comprehensive
analysis and research of the relevant standard data of crucibles prepared by previous
enterprises, the six key impurity elements affecting the application performance of HPQ are
Al, Ti, Ca, K, Na, and Li, and their content requirements are Al < 14 µg·g−1, Ti < 4 µg·g−1,
Ca < 2 µg·g−1, K < 1 µg·g−1, Na < 1 µg·g−1, and Li < 1 µg·g−1 [78]. Although the SiO2
purity of the quartz sand produced by B6-1 vein quartz is the same as that of IOTA-STD
quartz products produced by Unimin, both reach 99.998% (4N8, Table 1) [79], the content
of lattice impurity elements Li and Ti in the processed quartz sand is much higher than
that of Unimin’s IOTA-STD products, which cannot be removed by purification process
and limit its application as a crucial semiconductor material.

The quality of quartz ore depends on the impurities in the quartz. There are three kinds
of impurities according to the difficulty of purification: associated minerals, inclusions, and
lattice impurities. Generally, quartz common associated minerals such as hematite, magnetite,
feldspar, mica, etc., can be removed by crushing, magnetic separation, and flotation, and most
inclusions greater than 10 µm can also be removed by high-temperature calcination and acid
leaching. For impurities inside quartz, such as lattice impurity elements and inclusions less
than 10 µm, it is difficult to completely remove them by existing purification processes. Quartz
lattice impurity elements are introduced by point defects in quartz crystals. As shown in
Figure 9, the elements (Al3+, B3+, Fe3+, Ge4+, Ti4+, and P5+) will substitute for part of Si4+ in the
quartz lattice and form lattice impurities. Furthermore, the impurity ions (H+, Li+, Na+, K+,
and Fe2+) enter the interstitial to maintain the charge balance. In the study of Kyanite quartzite
and Melkfjell quartzite in different regions of Norway, Müller et al. (2007) [26] found that
when Al, Ti, and Li existed in quartz crystals in the form of lattice impurity elements, it was
difficult to remove them in the purification process of quartz raw ore. After crushing, magnetic
separation, cleaning, flotation, and acid leaching, the associated mineral K-feldspar and a large
number of secondary inclusions in B6-1 vein quartz were removed. Chlorination roasting
further removed the impurity elements, Na and K, and the residual lattice impurity elements
Li, Al, and Ti could not be removed by traditional purification experiments. At present, the
deep purification processes for the removal of lattice impurity elements, especially inclusions
less than 10 µm, mainly include chlorination roasting, vacuum calcination, and microwave
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calcination, and these purification processes can be combined in the future to maximize the
removal of lattice impurity elements in quartz. In industrial production, the removal of
high lattice impurity content elements by chemical cleaning leads to high production cost.
Therefore, the content of lattice impurity elements Al, Ti, and Li in quartz are the main factor
restricting the purity and application direction of quartz. If quartz sand still contains high
content of lattice impurity elements Al, Ti, and Li after flotation, it cannot be used as a raw
material for HPQ.
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6. Summary and Conclusions

A combined purification process consisting of crushing, ultrasonic desliming, flotation,
high-temperature calcination, water quenching, hot pressure acid leaching, and chlorination
was developed to obtained processed quartz sand from Pakistani vein quartz. The effects
of this processing procedure on the raw quartz material were discussed. The types and
contents of impurities in quartz raw ore and processed quartz sand were systematically
analyzed using a combination of optical microscopy, scanning electron microscopy, and
bulk solution ICP-MS. The characteristics, limitations, and application value of quartz raw
material ore were evaluated. The conclusions are drawn as follows:

(1) The raw ore of Pakistani vein quartz has a high content of quartz, with only a small
amount of fine-grained K-feldspar, and the inclusions are mainly primary inclusions
with large size, along with secondary fluid inclusions developed along micro-fractures.
The majority of the grain areas have a very low inclusion percentage.
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(2) The processed quartz sand has a smooth surface, low gas–liquid inclusion content,
with only a small quantity of impurity elements such as Ti and Li remaining; the total
impurity elements are 24.23 µg·g−1, the impurity removal rate is 81.20%, and the
purity of SiO2 reaches 99.998% (4N8).

(3) The size of the primary inclusions in the raw quartz ore is relatively large, with low
content, mainly containing secondary inclusions developed along the crystal micro-
fractures, and the content of inclusions in most areas of the crystal is very low or
even nonexistent. The quartz ore with such inclusion characteristics is considered a
relatively good raw material for quartz.

(4) The content of lattice impurity elements Al, Ti, and Li in quartz is the main factor
restricting the purity and application direction of quartz. In industrial production,
considering the economic cost, if quartz sand still contains high content of lattice
impurity elements Al, Ti and Li after flotation, it cannot be used as a raw material for
high-end HPQ.
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