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The increasing demand for silicate-based inorganic materials, depleting mineral resources and
a growing desertification phenomenon force us to expedite the industrial application of desert sand
for environmentally sustainable development. In the present study, the mineralogy, microstructure,
phase composition, and thermogravimetric characteristics of Algerian Sahara sand were deeply
examined using X-ray diffraction (XRD), Fourier transforms infrared (FTIR), X-ray fluorescence
(XRF), Scanning electronic microscope (SEM/EDX) and Thermal analysis (ATG/DTA). The
XRD results show that sand samples are very rich in a-quartz with a low content of calcite (CaCOs)
and Albite (NaAlSi;Os), and the quartz crystallite size was in the range of 136-227 nm with high
crystallinity. Furthermore, the FTIR, EDX, and XRF analysis demonstrate the dominance of
silicon dioxide (90-95 % SiO;), besides a low ratio of calcium oxide (0.93-3.48 % CaO), and other
oxides such as Al,O;, and Fe,Os;. As well as Sahara sand particles were not uniform, which
exhibited a variety of morphology and microstructure. ATG/DTA analysis confirms these findings
and indicates that this sand was stable at high temperatures. These properties are beneficial in
understanding the process and controlling the synthesis and characteristics of the Sahara-sand

materials.

1. INTRODUCTION

Silicate compounds are used extensively in
avariety of industry applications, including glass,
ceramics, road paving, thermal energy storage,
building, bridges, and metallurgy. This resulting in
massive utilization of minerals including quartz, clay,
and aggregates, as well as serious long-term issues of
mineral and natural resource consumption in addition
to pollution (Shi, 2022; Karnati et al., 2020; Fattouh et
al., 2023; Kogak et al., 2020). This emphasizes the
need for alternative inactive raw resources such as
the river and beach sand, as well as industrial wastes
and exhausted quartz sand (Skhvitaridze et al., 2018;
Ter et al., 2019; Lopez et al., 2017), whereas the
complex nature of their chemical composition causes
major challenges in processing stability and product
quality. However, sand is a plentiful raw resource in
the desert, which covers a wide area of the planet, and
their industrial application contributes to both the
conservation of nonrenewable natural resources and
the prevention of environmental risks. Sand is a loose
granular material formed from the disintegration of
stones and other materials on the earth's surface
(Meftah et al., 2021). Desert sand contains grains

ranging in size from 0.0625 to 2 mm with a typical
chemical composition of SiO; (<90 wit%),
Al;,03(<16 wt%), and CaO (<20 wt%), Fe.0s, MgO,
TiOz, K20, and Na 0. Furthermore, desert sand is one
of the most promising materials for producing highly
pure quartz (silicon dioxide), amorphous silica, as well
as Silicon (Meftah and Hani, 2022; Meftah et al.,
2023). Radwan et al. (2021) showed that Arabian
desert sands have the potential to be used as a thermal
energy storage medium and solar absorber material.
Liu et al. (2020) demonstrate that mortar combined
with desert sand can be utilized in engineering projects
while meeting mortar strength and uniformity criteria
and being cost effective. According to another study,
coating desert sand with novel hydrophobic and
superhydrophobic coatings can be employed for desert
water transportation and storage (Atta et al., 2019).
Also, EI-Mir et al. (2022) investigate the impact of mix
design factors on the fresh and hardened
characteristics of geopolymer mortar manufactured
from desert dune fines and blast furnace slag.
Therefore, Desert sand has outstanding physical and
chemical characteristics that differ from pure quartz,
clay, and silicate aggregate. When preparing ceramics
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with desert sand, the phase transformation and
densification take place at low temperatures, while
over-sintering is more readily obtained than when
using pure quartz and clay. However, desert sand is
easier to process into fine powders for ceramic raw
materials than pure quartz sand (Shi, 2022). Thus, the
physicochemical characteristics of sand are strongly
linked to its microstructure, phase composition, phase
transition, chemical composition, and particle size.
Several investigations have been conducted to assess
the physicochemical characterizations of sands to
appreciate their potential applications across the
world. Amri et al. (2022) investigated the geotechnical
and mineralogical features of dune sand-treated clayey
soil. They revealed that the treatment significantly
improves the mechanical characteristics, particularly
for the 30 % dune sand mixture. Hani et al. (2023) and
Lazaar et al. (2022) studied the mineralogical and
physicochemical properties of Algerian and Tunisian
sands respectively, and they successfully extracted an
amorphous silica nanoparticle for pollutant dye
removal from wastewater. Furthermore, the
mineralogical and micromorphological features of
Oued Righ region soils from the northeastern Algerian
Sahara have been studied by Samia et al. (2023).
While, Alawah et al. (2023) researched the
physicochemical characterization and genesis of
aeolian sand dunes in southern Qatar and the obtained
results of Qatari sand dunes were compared to
previously published data from Arabian deserts
located around the Mediterranean Sea. As well as
Pastore et al. (2021) provided a comprehensive
provenance study of Sahara Desert sand utilizing
a mix of various provenance proxies and state-of-the-
art statistical analysis. Zhang et al. (2022) present
acritical review of the use of desert sand in the
development of sustainable cement-based products.
They emphasized the relevance of using desert sand to
benefit the economy as well as the environment. Also,
Wang et al. (2023) examined the crystallization
behavior and characteristics of quartz glass ceramics
synthesized from desert sand, in order to synthesizing
green and ecologically friendly glass-ceramic
materials from abundant sand raw materials. Thus,
deeper comprehension of the physicochemical
properties of desert (Sahara) sand leads to novel
suggestions for wusing desert sand in various
applications.

The Algerian Sahara contains one of the world's
largest eolian sand deposits (approximately
2.4.108 km?). It is crossed by ergs (sand dunes), regs
(stony terrain), Ouasis as well as volcanic massifs in
the far south. We assume that a good knowledge of the
physicochemical properties of these sands and its
components can contribute to exploiting this natural
resource, in particular for the sustainable applications.
Therefore, this research focuses extensive effort on
elucidating the microstructure, mineralogy, chemical,
and thermogravimetric of two kinks of Algerian
Sahara sand (OQuasis sands and dune sands), as
standard desert sand and has not been deeply

characterized up to now. The purpose of this research
is to evaluate the physicochemical and thermal
characterizations of Ouasis sands and dune sands in
order to assess their applications in various industries
as a highly abundant natural source in Algeria.

2. MATERIALS AND METHODS
2.1. SAMPLES PREPARATION

Two distinct locations in the Algerian Sahara
were selected to gathered the sand samples. The T1
samples were collected from the dune sands of the
Taibet region, a broad region of uninterrupted dunes.
However, the T2 samples were collected from the
Ouasis sands of the Tendla region. Tendla region is
a combination of sandy dunes with scarce vegetation,
scattered oases, and salt lakes (Benhaddya et al.,
2020). The location and the geographical coordinates
of each region are displayed in Figure 1. We gathered
around 50 sand samples from various dunes in each
location (T1 and T2). The samples were collected from
the three sides of each dune, from the top to the
bottom, and at different depths for each site.
According to Meftah et al. (2021), to get homogeneous
samples for each region, we combined the collected
samples in equal quantities to generate a final sample
that precisely represents the features of each region's
sand. To dry the samples and prepare them for
analysis, we exposed them to sunlight for three days
and ground them before performing a variety of
characterization techniques. The sand samples were
ground for 15 min using a Retsch Emax grinder
machine with a frequency of 800 Hz.

2.2. CHARACTERIZATION METHODS

The particle size distribution of studied sand
samples was analyzed using a laser grain size analyzer
(LA-960 HORIBA). XRD patterns were obtained
using a Bruker model D8 Endeavor Diffractometer
that operated at 45 kV and 40mA, Acuk1 =1 .5406A, and
a scanning step of 0.02° between 10 and 90°.
X'Pert High Score program was used to identify the
crystalline phases of our sands. A thermo Scientific
Nicolet 380 FT-IR spectrometer operating from 400 to
4000 cm? was used to identify the characteristic
vibrations of chemical bonds found in sand samples.
To prepare the samples for this analysis, 2 mg of the
powder sand was mixed with 198 mg of dry potassium
bromide (KBr), then crushed and pressed with
a pressure of 6.10*N/cm? for approximately 5 minutes.
Scanning electron microscopy with an energy-
dispersive X-ray (SEM/ EDX) type Zeiss EVO was
used to analyze the morphology and elemental
compositions of the sand samples. The chemical
composition was examined using an X-ray
Fluorescence spectrometer type BRUKER S2 PUMA.
To support the previous interpretations, TG/DTA was
performed in TA Instruments® equipment, type SDT-
Q600 V 20.9 Build 20 for thermal analysis in an inert
atmosphere and a temperature reached 1200 °C.
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Fig.2  Particle size distribution of the T1 and T2 sand samples.

3. RESULTS AND DISCUSSION
3.1. GRAIN-SIZE DISTRIBUTION

Particle size distribution can disclose details
about the transportation, sorting, and deposition
processes of the exanimated sand (Azidane et al.,
2021). Figure 2 displays the granulometry distribution
of T1 and T2 sand samples. However, the mean grain
size (Mz) of T1 and T2 sand was 284 um and 267 um,
respectively, indicating medium sand grade sands. The
sorting (cl) (standard deviation) for T1 and T2 sand
samples was 1.473 and 1.432 pm, respectively,
indicating moderately well-sorted medium sand.
Consequently, these findings demonstrated a good
ranking of these sands in the analyzed career and
suggested that the sands are deposited in a calm
environment with a regular transport agent (Nasri et
al., 2021).

However, the Skewness (Ski) was 0.047 pm
(positive skewness) for T1 and T2 sand samples,
which demonstrates that the sands have a strong
symmetry towards the tiny sizes.

3.2. X-RAY DIFFRACTION (XRD) ANALYSIS

The X-ray diffraction spectra may be used to
precisely identify the microstructure of T1 and T2
sand samples (Fig. 3). The strong peaks of the
diffraction pattern demonstrate that both sand samples
have a high crystalline nature. According to the
standard pattern JCPDS (N° 46-1045), the diffraction
peaks were identified in both sand samples at 26° =
20.92, 26.73, 36.61, 42.54, 45.9, 50.26, 54.92, 60.01,
68.39, and 75.74° fit to the a-quartz phase (Meftah et
al., 2020).
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Fig.3  XRD spectra of T1 and T2 sand samples.

Furthermore, according to the JCPDS
(N° 47-1743), the peaks observed at 29.47° and
47.59° for the T1 and T2 sand samples were generated
by calcite (Meftah et al.,, 2021). Whereas the
diffraction peak appears at 27.51° for the T1 sand
sample matching Albite mineral (N° 00-041-1480)
(Oglesbee et al., 2020). Therefore, the X-ray
diffraction results revealed that the T1 dune sand
comprises mainly three crystalline phases: a-quartz
(Si0y), Albite (NaAlSizOg), and calcite (CaCOsg)
mineral and the T2 natural sand sample is constituted
of two crystalline phases: a-quartz (SiO2), and Calcite
mineral (CaCOs).

The crystallite sizes (D) of quartz in the
examined sand were determined from the strong peaks
using Scherrer's equation:

0.96 1
D(nm) - B cosf (1)

where D is the quartz crystallite size, A (=1.54 A) is
the used X-rays wavelength, g is the width full of the
half maximum (FWHM) in radian of the most intense
diffraction peak, and 0 is the angle of the most intense
peak.

The crystallite sizes of the T1 sand sample was
227 nm, while the crystallite sizes of the T2 sand
sample was 136nm; these values are relatively higher
than those obtained by Meftah et al. (2020) but remain
in the nanometer range, making it of substantial
importance to the nanometric industries and

nanotechnologies. These findings show that the
chemical composition and microstructure vary
somewhat depending on the T1 and T2 sand sample
location.

3.3. FOURIER-TRANSFORM INFRARED ANALYSIS

This spectroscopy method has the potential to be
applied to characterize the fundamental functional
groups of its chemical structure units. Figure 4
displays the structure of the main functional groups of
the two sand samples (T1 and T2). However, Table 1
summarizes the major functional groups observed in
both sands. The functional group distributions of the
two types of sand are relatively comparable, while the
strongest absorption peaks can be found at 1429, 1083,
792, and 461 cm™™,

The absorption peak at 3444 cm™ observed in T2
sand corresponds to the strong stretching band of the
O-H group. While the absorption band identified at
1616 cm? corresponds to the weak O-H bending
mode of adsorbed water which could have been
attached to the silica surface (Nasri et al., 2021).

The major peaks were seen in both sand samples
at 876 cm, 1083 cm™, and 1879cm* corroborate the
Si—0O-Si symmetric bending and stretching vibration,
respectively. However, the absorption band appears in
T1 and T2 samples at 461cm™ indicating Si-O-Si
asymmetrical bending vibration (Chandrasekaran et
al., 2021). The common absorption band at 694, 777,
and 793 cm? present Si-O symmetrical bending and
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Fig.4 FTIR spectra of T1 and T2 sand samples.

Table 1 The main absorption bands and associated minerals for T1 and T2 sand samples.

Band (cm™) Bond (vibration mode) Compound
T1 sample T2 sample
461 461 Si—O-Si asymmetrical bending vibration Quartz
508 508 Si—O-Al asymmetrical bending vibration Quartz
694 694 Si—O symmetrical bending Quartz
777 77 Si—0O symmetrical stretching Quartz
793 793 Si—0O symmetrical stretching Quartz
876 876 Si—0O-Si symmetrical bending Quartz
1083 1083 Si—0O-Si symmetrical stretching Quartz
1429 1429 (COs3)? asymmetrical and symmetrical stretching Calcite
- 1616 H-OH bending Water
) 1792 (CO3)'2_ plane be_ndipg and symmetrical Calcite
stretching combination mode
- 1879 Si—0-Si Stretching vibration Quartz
) 2509 (COg)’z_ asymmet_rical and symmetrical Calcite
stretching vibration

2853 2853 C—H stretching vibration Organic
carbon

2923 2923 C-H stretching vibration Organic
carbon
- 3408 H—-O—H stretching vibration Water

stretching respectively. Whereas, the IR absorption
band at 508 cm* indicates a Si—-O-Al asymmetrical
bending vibration. These characteristic FTIR peaks
confirm the existence of quartz as a main component
in T1 and T2 sand samples. The existence of double
absorption peaks at 792 and 777 cm™ indicates the
presence of quartz in a-phase in both samples (Beddiaf
et al., 2015). The FTIR spectrum of the T2 sand
sample showed a weak peak at 1792 and 2509 cm*

which may be attributed to the (CO3)? plane bending
and the symmetrical stretching combination mode of
CaCOs. Furthermore, an absorption peak observed at
1429 cmt in T1 and T2 samples could correspond to
(CO3)2 asymmetrical and symmetrical stretching
vibration in calcite minerals. The absorption peaks
found at around 2853 and 2923 cm™ were related to
the C—H stretching vibration which may correspond to
organic matter subsisting in the sand samples.
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Table 2 The chemical compositions of T1 and T2 sand samples.

SiO2 Al203 Fe203 CaO MgO K20 Na20 SOs PAF
Tlsand 95.34 0.79 0.41 0.93 0.12 0.49 0.04 0.06 2.50
T2sand  90.09 0.67 0.33 3.48 0.16 0.43 0.03 0.65 4.23

Table 3 The geochemistry results of the T1 and T2 sand sample

Sample CMmI Fe203 + MgO  AlOs3/SiO2  AlO3z + Na2O + K:O  CIA Ciw
(=SiO2/Al20s) (%) (%)

T1 120.68 0.53 0.0083 1.32 35.11  44.89

T2 134.46 0.49 0.0074 1.13 1453  16.03

Therefore, the FT-IR spectrum demonstrates that the
T1 and T2 sand samples are mainly composed of
a- quartz (SiO>) and lower content of calcite (CaCOs3)
mineral, nevertheless T1 sand contains a trace quantity
of calcite. The FTIR study results are in good
agreement with the XRD analysis.

The crystallinity index of quartz (CIQ) in the

studied samples is calculated following the

equation (2) (Hlavay et al., 1978):

CIQ = 2res 2
A779

where A, is the absorbance at wavenumber o, and this
was determined as follows:
Aq = log (22) (3)
where T, is the transmittance value at wavenumber o.
The degree of crystallinity of quartz (ICQ) was
determined to be 0.65 for the T1 sample and 0.85 for
the T2 sample. Because the crystallinity index is
inversely related to material crystallinity (Suresh etal.,
2011), the computed ratio suggests that T1 sand quartz
has higher crystallinity than T2 sand quartz.

3.4. CHEMICAL ANALYSIS

The chemical compositions of the T1 and T2
sand sample determined by XRF analyses are
summarized in Table 2. Silica (SiO;) is the most
abundant oxide in both sand samples, accounting for
95 % in the T1 and 90 % in the T2 samples.
Furthermore, the T2 sand sample has more calcium
oxide (CaO) amounts than the T1 sand sample, with
3.4 % in the T2 sample and 0.93 % in the T1 sand
sample. In addition, very low ratios of other oxides
like Aluminum oxide, Iron oxide, Magnesium oxide,
Potassium oxide, Sodium oxide, and Sulphur oxides
have been identified in both samples. Therefore, the
high silica concentration of both sand samples ensures
their siliceous origin and represents the studied sand's
quartz-rich character. However, the very low
concentrations of these oxides in the T1 sand sample
suggest the higher purity of quartz in this sample.

Based on XRF findings, the geochemistry
analysis of T1 and T2 are determined and summarized
in the Table 3. The geochemistry study can reveal

information about the provenance of the samples, as
well as weathering conditions. The chemical maturity
index (CMI) defined as the ratio between SiO; and
Al;Os. Also, the chemical index of alteration (CIA)
was computed as [Al.03x100/(Al203 + Na,O+ CaO +
K20)] and the chemical index of weathering (CIW) is
computed as [AlO3 x 100/(Al.03 + CaO + Naz0)]
(Meftah et al., 2021).

These parameters are widely used indexes for
determining the degree and duration of weathering in
deposits. According to Table 3, the chemical maturity
index (CMI) of T1 sand is around 121 and 134 for T2
sand samples, indicating the high chemical maturity of
the examined samples.

Furthermore, based on the binary variation
diagram of SiO; versus Al,03+K,0+Naz0O, the
examined sand samples developed under semi-humid
circumstances. In addition, T1 and T2 sand samples
involve Fe;Os+ MgO<0.8 % and Al;03/Si02<0.3,
indicating that they are associated with passive
continental margins, according to the Bhatia's (1983)
tectonic model (Bhatia, 1983). Moreover, the CAl and
CIW ratios of the T1 and T2 sand samples indicate
alow degree of chemical weathering and
environmental conditions (Fedo et al., 1995).

3.5. MORPHOLOGICAL AND ELEMENTAL

COMPOSITIONS ANALYSIS

The morphology of granular materials, such as
sands, is important because grain shape influences
their physical, mechanical, and hydraulic properties.
Backscattered electron (BSE) micrographs and EDX
results of the examined sand samples acquired by
scanning electron microscopy are shown in Figure 5.
T1 and T2 sand grains have rounded, sub-rounded, flat
elongated, angular, and subangular shapes, while T1
sand has also some smooth rounded grains.

This feature can be caused by long-distance
water transportation, which allows for more
interactions and collisions between grains, resulting in
higher abrasion and smoother surfaces (Wolfe et al.,
2023). Continuous tumbling and rolling during
transportation smooth down inconsistencies and sharp
edges. Moreover, T2 sand grains are larger in size than
the T1 sand grains.
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Fig.5 SEM/EDX analysis of T1 and T2 sand.

Figure 5 shows that EDX analysis revealed that
Si and O are the most abundant elements in both T1
and T2 samples. The Si peak, on the other hand, was
more intense in the T1 sand sample, indicating that
quartz was more abundant in this sand sample.
Furthermore, the EDX spectra show the presence of
contaminants in both samples at varying rates, such as
Al, Mg, Ca, Fe, K, and Co.

3.6. THERMAL ANALYSIS

Thermogravimetric and differential thermal
analysis ((TGA/DTA) of T1 sand and T2 sand were
illustrated in Figure 6. The TG plot for the T1 sand
sample shows a first weight loss (around 1.15 %)
between 25 and 548 °C, followed by a second mass
loss (about 0.83 %) from 548 °C to 679 °C. While the
T2 sand sample exhibits three stages of weight loss:
the first (roughly 0.64 %) occurs between room
temperature and 540 °C, the second (around 2.73 %)
occurs between 540 °C and 732 °C, and the final
(about 0.64 %) occurs between 997 °C and 1160 °C.
Thus, the overall mass loss was 1.98 % against 4.01 %
for the T2 sand sample (Fig. 5). The mass loss seen
between ambient and 500 °C reflects the elimination
of physically and chemically bonded water (Alshaaer
et al., 2021). Additionally, oxidation of potential
organic materials may occur between 200 and 400 °C
(Mikhailova et al., 2022). The weight loss noticed
between 530 and 740 °C was strongly linked to the

calcium carbonate concentration (Meftah et al., 2023),
which exceeded 0.8 % for the T1 sand sample and
2.7 % for the T2 sample. The DTA spectrum of both
sand samples shows three endothermic peaks at 105,
574, and 700 °C, as well as one exothermic peak at
886 °C for T2 sand and 1014 °C appear for T1 sand.
The endothermic peak positioned at 68.9 °C was
attributed to the loss of water absorbed on the sand
surface. Further, the endothermal peaks at 572 °C and
700 °C were assigned to transformations of a-quartz
to B-quartz and B-quartz to B-tridymite, respectively
(Shi et al., 2023). At 886 and 1014 °C, we can see an
exothermic peak generated by the crystallization (Luo
et al., 2023).

The thermogravimetric and differential thermal
analysis confirm the XRD and FTIR findings and
prove that calcite is most abundant in T2 sand and
consequently, T1 quartz has higher purity than the T2
sample.

3.7. POTENTIALITIES OF USE

According to the international standards, the
potential applications of the investigated sand samples
mainly depend on three major selection criteria
including grain size distribution, chemical
compositions, and mineralogical criteria (Meftah et
al., 2021; Osseni et al., 2018 and Platias et al., 2014).
The  comparison of the  physicochemical
characteristics of Tendla and Taibet sands with criteria
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for the use of sands revealed their possible utilization
in various civil engineering applications such as
foundry, Bricks, fillers, aggregate in ceramic,
concrete, and mortar. However, the examined sand
grains are promising candidates for solar energy
storage, particularly as solar distillers (Meftah et al.,
2021). Whereas, the potential use of Tendla and Taibet
sands for glass industry and photovoltaic applications
needs additional treatment to remove harmful
impurities.

4. CONCLUSION

The growing exploitation of silicate inorganic
materials and decreasing mineral  resources
necessitates the use of dune sand as a raw resource for
silicate materials. This study conducted an intensive
investigation of the physicochemical characteristics of
Algerian Sahara-sand-based materials in order to
accomplish the objective of sustainable development.
The particle size, microstructure, chemical
composition, and the phase composition of Sahara
sands were little affected by the sample location in the
Sahara. The granulometric distribution indicated that
the studied sand is moderately well-sorted medium
sand. The XRD examination reveals that alpha-quartz
dominates the Sahara sand, with only low amounts of
calcite and Albite. The crystallite size of sand quartz
ranged from 136-227 nm, demonstrating the
nanometric aspect of desert sand quartz. Furthermore,
the chemical analysis confirms that the desert sands
mainly consist of about 90-97.63 % of SiO,, minor
CaO mineral (about 0.93-3.48 %), as well as minimal
amounts of other oxides (Al;Os, Fe;03, Na,O, MgO).
The quartz crystallinity has been determined to be
0.65-0.85, confirming the high crystalline structure of
quartz. As well as Sahara sand grains presented
avariety of shape and microstructure. These

physicochemical properties demonstrated that these
sands may be exploited in a wide range of engineering
applications, including construction, foundry, ceramic
industry, solar energy storage, and glass production.
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