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Abstract. Our work focused to prepare diatomite-silica that can be reduced to
silicon, Algerian diatomite was synthesized through a chemical method. This research
aimed to study the influence of acid treatment and grinding on diatomite’s impurity
level. An analysis of the X-ray photoelectron spectroscopy (XPS) showed a decrease
in the concentration of impurities in the diatomite.

A hydrochloric acid (HCI) concentration that’s 4 mol/L resulted into a soft
leaching of most organics such as carbon, but still retained impurities. The X-ray
diffraction (XRD) analysis also confirmed that the chemical configuration of SiO2
was barely altered. In comparison, grinding led to an invasion of diatomite by impurities
and to structural disorders. These findings are relevant for encouraging work on
purification steps which facilitate the extraction of non-pertaining silica while producing
solar silicon for solar cells.
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1. INTRODUCTION

Silicon (Si), a relatively common element on the Earth’s crust [1], occurs in
nature mainly as silicon dioxide at silica [2]. It is an important component in the
electronics industries, particularly in photovoltaic cells and semiconductor devices
[3] that is abundant and exhibits interesting electrical characteristics [4]. In order to
achieve the desired performance requirements, it is necessary to use high-purity
silicon [5], which can be obtained, from the quarries with natural silica like, quartz,
sand or diatomite [6].
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However, silica is starting substance of the formation of many classes of
materials such as polymers, ceramics and semiconductors [7, 8]; it is also used in
many domains as pharmacy application for example therapeutic, biochemistry and
biomedicine [9, 10].

The first stage of the silica purification process involves the crushing and
washing processes [11], which are aimed at removing coarse impurities and
preparing the silica for subsequent chemical purification, when metal and nonmetal
impurities are eliminated at the molecular level [12]. A significant amount of time
and energy is spent on this purification procedure in order to obtain pure silicon by
the reduction of silica [13]. Recently, new approaches to silica reduction have been
proposed including novel electrochemical methods termed carbothermic reduction
[14, 15] as well as many others. The latter process involves the heating of silica
(SiO2) along with carbon which is a reducing agent in a high-temperature about
(1700-2000°C) [16] electric furnace. The reaction leads to the production of
metallurgical silicon and carbon monoxide (CO) gas which is quite harmful [17].

However, the silicon obtain contains metallic impurities likes, iron, aluminum,
calcium and carbon residues [18], making the purity insufficient for some applications.
In addition, this process is expensive and requires a large amount of electrical
energy [19].

To overcome these limitations, an alternative is to produce silicon by
purifying silica from diatomaceous earth by chemical attack. This study explores
the effect of hydrochloric acid (HCI) treatment on diatomaceous earth, which could
constitute a stable and alternative source of silica for the photovoltaic industry
[20], in particular thanks to the simplicity of the proposed purification process.

2. EXPERIMENTAL

A diatom from north of Algeria (Fig. 1) suffered in the first mechanically
crushed using a grinder, for 30 minutes in order to refine the particle size. Following
this; A solution with 20 g of diatomaceous powder was prepared by mixer 4 mol/L
hydrochloric acid (HCI); which was then heat to 150°C for 2 hours. After that, an
acid leaching performed, rinse with distilled water use a centrifuge until found neutral
pH (pH = 7). This process is described by the following chemical reaction [21]:

Si0, + 4HCI — SiCly + 2H,0. 1)

In this reaction, silicon dioxide (SiO:) reacts with hydrochloric acid (HCI) to
form water (H20) and silicon tetrachloride (SiCls). Initially, an H* ions from
hydrochloric acid reacts with silicon dioxide, resulting in hydrated silicon dioxide
[20, 21]. This intermediate compound is unstable and converts into silicon tetrachloride
(SiCls) and water. Therefore, silicon tetrachloride (SiCla) is the primary product of
this reaction.
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Fig. 1 — Diatomaceous earth presentation.

X-ray photoemission spectroscopy and X-ray diffraction was resorted to
establish the purity and quality of the silica before and after chemical refinement.

X-ray photoelectron spectroscopy XPS was carried out using a monochromatic
aluminum K alpha (1486.6 eV) micro-focus with variable spot sizes ranging from
30-400 um. Hemispheric analyzer and multi-channel detectors were utilized for
the study, this process was made at ultra-high vacuum chambers of about 10~ mbar
by utilizing turbo molecular and ion pumps linked to a computer with diagnostic
software. The data result presents the intensity plotted against binding energy. The
number of peaks in the spectrum corresponds to the number of atomic orbitals of
chemical elements lying on the surface of the specimen out to specific electrons
and the allowable area of each peak is a coefficient of concentration of the element.
This method makes it possible to study the state of the surface of silica, including
the state after pulverization as well as without it.

The X-ray diffraction XRD characterization was done with a Shimadzu LabX
XRD-6000 diffractometer using copper K(alpha) radiation (A = 1.54059 A). The
diffraction patterns were obtained within the 20 range 20° —80° at a step size of
0.05° and a rate of scanning of 4 deg/minute.

3. RESULTS AND DISCUSSION

The X-ray diffraction XRD patterns were studied using X'Pert High Score
program with a 2016 database (Fig. 2).

Figure 2 illustrates peaks designated with Miller indices such as (011), (110),
(111), (012), and (202) which indicate various orientations of the crystal structures
in the material. In the sample without HCL (raw sample) treatment, the most
intense peaks show up at 9°, 21° and 26°, approximately. There are features of iron
and silicon at peaks roughly 260 = 28°, 47° and 56° and another pic of aluminum-
silicon between 40° and 60°.
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In the raw sample, the peak intensities are fairly low, the principal peak
(011), associated with silicon, reached a maximum of only about 1000 units near
26 = 26.6°. This peak is invariably found in both the treated and untreated samples
confirming quartz to be present in both types of diatomite.

The peaks at 9°, 21°, 26°and 28° gradually become visible after the sample
was treated with HCI acid along with an additional peak at 20 = 47° that due to
silicate phase which is formed because of the acid treatment. In this treated sample
the peak intensities are very much higher with the principal peak (011) attaining
over 2000 units. This increase in intensity indicates that the acid treatment has in
fact resulted in the removal of iron oxides and aluminum oxides impurities which
have covered parts of the crystalline structure.
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Fig. 2 — XRD analyze of diatomite from north of Algeria.

X-ray Photoelectron Spectroscopy (XPS) analysis patterns studied for both
raw diatomite and acid-treated diatomite present in Fig. 3 and Fig. 4.

Figures 3 present the spectra named respectively Wide Spectrum to identify
the surface elements of the sample and their chemical states during X-ray
photoelectron spectroscopy (XPS) analysis. Spectrum (a) is used for the first
analysis of raw diatomite, while Spectrum (b) analyzes diatomite after the
sputtering process, where the sample was prepared by removing a surface layer
through ion bombardment to clean the surface and analyze the composition of the
subsurface layers. Both spectra show peaks at binding energies specific to electrons
in given sample atoms.

These binding energies are provided for elements in various orbitals, with
their intensity measured in arbitrary units (a.u). This means that the intensity
measures the quantity of electrons observed for each binding energy. The elements
in the material are identified by four differents peaks corresponding to the following
elements: Silicon (Si 2p), Oxygen (O 1s), Carbon (C 1s), and Nitrogen (N 1s).
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Fig. 3 — Spectrum of raw diatomite before (a) and after (b) the sputtering process.

In the case of Spectrum (a), we identify, Carbon Peaks between 286 eV and
290 eV, typically associated with C-C or C-H. has energy of 286 eV C-C or C-H
bond peak. Peaks between 288.2 eV and 289.5 eV correspond to drinks and the
carbon Indicator of oxygen C = O. These peaks indicate organic residues, probably
biological material or contaminants. Oxygen peaks (O 1s) are observed around
530-540 eV with a binding energy of 529.5-530.5 eV, typically associated with
oxygen in metal oxides, between 531-532 eV oxygen is bonded to carbon (C=0).

The peaks between 532.5, 536.8 eV include different possible states of the O
hydroxyl followed by the peaks between 537.3 and 539.8 eV seem related to less
common states. Finally, between 540.1 eV and 543.0 eV, these peaks could
indicate adsorbed oxygen or contaminants on the surface, thus indicating a SiO:
majority of the surface.

Then we notice peaks between 100-105 eV of silicon (Si 2p). The peak at
102.5 eV, we can then say that this is in agreement with the silicon in SiO: other
peaks between 103.0 eV and 103.2 eV then link well to the binding energies of the
silicon in the oxide of silicon SiO.. This confirms the presence of SiO:, typical of
diatom frustules in the analyzed sample, and lastly, we find for Energy around
395-405 eV a nitrogen peak (N 1s) corresponding to the bond (N-C or N-O) which
indicate residues of proteins or other biomolecules.

The second spectrum (b) presents peaks as follows, one of them is KLL peak
with 982 eV energy corresponding to oxygen which confirms its presence in the
sample by a KLL Auger transition, another one is for oxygen O 1s at 533 eV, the
oxidizing compounds such as SiO, and also there is a peak of O 2s which typically
shows some more amount of oxygen.

In addition, other peaks include carbon, C 1s at 284 eV that generally arise
from surface impurities but could also be attributed to residual organics. Finally,
the silicon states are well described by Si 2s and Si 2p peaks at approximately 157
and 105 eV respectively.
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Clearly defined significant peaks for oxygen (O KLL, O 1s, O 2s) and silicon
(Si 2s, Si 2p) suggest that the sample mostly consists of SiO,. Low levels of carbon
(C1) can be an indication of slight contamination usually resulting from environmental
hydrocarbons or process residues.

3.1. CALCULATION OF ATOMIC CONCENTRATION

From these spectra, the atomic concentration of each element can be determined
by normalizing the areas under the peaks, corrected by the atomic sensitivity
factors (ASF) specific to each element. The atomic concentration proportional to
the area under the curve of the different peaks, is recorded in Tables 1 and 2.

Table 1

The atomic concentration of each element in diatomite without sputtering

Element Area (eV)  Corrected Area (eV) ASF Atomic Concentration (%)
O1s 30983.6 68339.1 0.71 37.20
Cl1ls 29788.3 23718.4 1.00 29.70
Si2p 4964.1 7482.2 0.81 5.40
N 1s 141121 29631.2 0.47 27.60
Table 2

The atomic concentration of each element in diatomite after sputtering

Element Area (eV) Corrected Area (eV) ASF Atomic Concentration (%)
O1s 48652.3 68456.1 0.71 38.80
Cls 22052.8 22052.8 1.00 24.80
Si2p 9267.7 10654.0 0.81 9.70
N 1s 14001.4 29373.2 0.47 26.60

Quantitative analysis for a raw sample before and after sputtering is presented
in Tables 1 and 2 from data on different parameters, it seen that oxygen concentration
relatively maintains its stability upon sputtering with minimal boost from 37.20%
to 38.20%. There was also noted a drop in carbon content following sputter coating
which has led to decrease of their percentage from 29.70% to 24.80%. The decline
observed might suggest a possible removal of carbon-based contaminations present
on the surface of the sample material.

Moreover, after sputtering silicon concentration increases, the percentage
rises from 5.40% to 9.70%. In the end, nitrogen concentration remains relatively
constant with a minor decrease from 27.60% to 26.60%.
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Comparison of results from both tables reveals that carbon concentration was
mostly affected by sputtering as it was intended for cleaning sample surface and
hence eliminating impurities on it. Furthermore, the presence of higher levels of
silicon also shows that layers beneath contained more silicon in them. Oxygen and
nitrogen concentrations remain stable there by indicating homogeneity in these
elements’ distribution in the near surface and sub-surface layers of the sample.

The results of diatoms chemically treated with hydrochloric acid (HCI),
as observed in the XPS data, are represented by spectra (a) and (b) (Fig. 4). The first step
in the analysis of treated diatoms chemically with HCI corresponds to spectrum (a).
Subsequently, spectrum (b) reveals further analyzes of diatoms chemically treated
with hydrochloric acid (HCI) and having undergone a sputtering process.
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Fig. 4 — Spectrum of diatoms chemically treated with hydrochloric acid before (a)
and after (b) the sputtering process.

2000

According to the analysis of the first spectrum (a), we could identify several
peaks. The carbon peaks (C 1s) generally appear around 284.8 eV for C-C and C-H
bonds, while the C-O bond has an energy of 286 eV and 288.5 eV for C=0 bonds.
The presence of these peaks suggests damage to the surface, likely caused by
organic residues resulting from biological matter or other contaminating substances.
Particularly strong peaks of oxygen (O 1s) are observed around the value of 532 eV
which is for silicon oxide and 533 eV for hydroxyl groups (OH) and adsorbed
water (H20). The peaks corresponding to silicon (Si 2p and Si 2s) appear around
103.3 eV and 154.0 eV. These peaks reveal a moderate intensity indicating the
presence of SiO2, which is characteristic of diatom frustules. Finally, the presence
of chlorides (Cl 2p) is indicated by the peak observed at 198 and 202 eV, which
results from the treatment of diatoms with HCI.

In the XPS spectrum of the sputtering SiO- present in (b), it is possible to
distinguish several energy peaks ranging from 0 eV to 1000 eV including: Oxygen
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peak (O 1s) around 532 eV and an intensity very high, which confirms the majority
composition in SiO; and shows a significant quantity of oxygen. Peak (O 2s) at
23 eV and of a relatively low intensity, indicating the presence of oxygen in another
type of bond, which generally corresponds to the state bound to a metal, such as
silicon. Carbon C 1s peak around 285 eV less intense. This peak is probably due to
contamination of the sample surface by organic residues present in the environment
or in the samples. The peaks Si 2p, Si 2s at 103 eV and 154 eV respectively with
moderate intensity confirming the presence of silicon in the oxidized state.

The XPS spectra of HCI treated SiO, before and after the sputtering show
similar compositions in terms of major observed peaks. This suggests that sputtering
did not significantly change the oxygen and silicon content at the surface of the
sample. The carbon contamination is however depicted in both spectra, yet an
additional oxygen peak after deposition indicates another metal bound oxygen
configuration which can be due to the spraying process.

Our findings show a distinct decrease in C 1s peaks indicating a notable
reduction in organic impurities situated on the surface of diatoms. Such
information is vital for enhancing their utilization in various scientific and
industrial applications. On the other hand, insignificant changes in Si 2p peaks
before and after treatment indicate that HCI does not significantly affect the
chemical structure of SiO:. The presence of hydroxyl groups coupled with overall
stability demonstrates that diatoms retain their hydrophilic and structural attributes
which are essential for biomimetic and environmental purposes.

The results of diatoms before and after HCI treatment of our experiment align
with observations from related research, a study by Hiroshi Okada and Masatoshi
Shinohara [21] on HCl-treated GaN surfaces also revealed a significant reduction
in surface oxides, indicating HCI's effectiveness in cleaning surfaces without
altering the core chemical structure. Similarly, research by Matthew Nooney and
Vladimir Liberman [22] on GaAs surface treatments showed that HCI could
remove oxides and enhance electrical properties while preserving the underlying
structure. In contrast, a study by Wulan and Ulwani [23] on HCI-treated carbon
nanotubes found that although HCI treatment improves nanotube dispersion, it may
introduce structural irregularities and impurities, like to those seen in our sputtered
samples. This consistency across studies reinforces our findings and highlights a
broader trend in this area of research.

4. CONCLUSION

A deep and nuanced understanding of the chemical composition and surface
modifications of diatoms before and after HCI treatment is revealed in XPS and
XRD analysis results. Based on our experimental data, it can be concluded that the
treatment with HCI has a significant effect on the surface properties of the studied
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diatoms, improvements in purity, crystallinity and increases in the volume fraction
of quartz of the diatomite. This is evidenced by increased intensity of the peaks,
decreased width of the peaks, and better structural stability of silica. The structural
improvements will contribute towards making the sample cleaner, and may allow
for better industrial or scientific applications that depend on silica of high quality.
Comparing XPS spectra before and after sputtering, it can be seen clearly
that contaminants have reduced significantly peaks are more pronounced while
background noise is reduced. Peaks for Si and O elements in interest are more
distinct and well defined after sputtering, the sputtered samples are purer than those
unsputtered for SiO: indicating the efficiency of chemical purification process.
This is supported by the decrease in the peaks associated with carbon impurity.
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