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Abstract: In order to extend their use, controlled SiOH SiO, surfaces were fabricated and investigated.
A study of the effect of heat treatment on the structural and surface changes of a natural flint SiO,
aggregate subjected to chemical treatment was carried out. The obtained samples were subjected
to thermal treatment at three different temperatures: 500, 700, and 1000 °C. The samples were
investigated using different techniques. X-ray diffractions (XRD) were used to follow the structure’s
evolution with the heat treatment. The decrease in the FWHM of the S5iO,-(101) peak showed
that the crystalline quality improved upon heating. This result was confirmed by Fourier transform
infrared spectroscopy (FTIR). The morphology of the SiO, samples was characterized using a Variable
Pressure scanning electron microscope (VP-SEM), revealing the presence of disordered needles of
nanometric sizes (~500 nm) on the surface of the grains, which could be eliminated by heating at
higher temperatures. Furthermore, FTIR spectroscopy also confirmed that heating caused a reduction
in OH groups on the surface. Thermogravimetry (TG) was used as the reference method to determine
the hydroxyl group content. The OH groups found on the surface of the sample without and with
heat treatment at 500, 700, and 1000 °C were 0.83, 0.44, 0.28, and 0.2 mmol/g, respectively. This study
allowed us to obtain a controlled SiO; surface and provides new insights into the use of SiO flint
surfaces for new applications as a functional filler in polymers/asphalts composites.

Keywords: SiO; natural aggregate; valorization; thermal treatment; microstructure; surface silica;
silanol SiOH; circular economy

1. Introduction

The valorization of natural resources is more and more requested. This demand is
greater when the resources do not have a negative impact on the environment compared
to nanoparticles that are used as fillers in composites and have harmful consequences for
the recycling of these materials. Natural silica aggregates are one of the best options. In
addition, some valorizations of solid waste use advanced thermo-chemical processes [1].
In this case, their recycling after use is even facilitated and leads to the development of
new circular economy models [2-10] if the surface changes are controlled. The many
matrix composites with fillers are finding increasingly widespread applications in the
industrial and academic research sectors. In fact, silica fillers are widely used in industries
as fillers, catalysts, adsorbents, chromatographic, and so on [11-18]. The adsorption,
adhesion, chemical, and catalytic properties of silica particles depend on the chemistry of
the particle’s surface. The surface chemistry of silica has become a focus of study for many
practical applications. Both “chemisorption” and “physical adsorption” of water has been
reported to exist on the surface of silica [18-22]. According to De Farias and Airoldi [19,23]
and S. Ek [20,24], three types of hydroxyl group, including isolated silanols, germinal,
and vicinal silanols, exist in silica particles, whose concentration and type depend on the
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temperature of treatment under vacuum or gas flow, as confirmed by thermal gravity
analyses. Hydroxyl groups play the main role in various processes at the surface [25-28].

The surface of silica dehydrates as the temperature of the thermal treatment increases.
Dehydration is produced by the removal of the adsorbed water and the thermal dehydration
reaction, where two neighboring silanols condense to form a water molecule and a siloxane
bridge (Si-OH + HO-Si «+ Si-O-Si + HO). This process is known as dehydroxylation.
Zhuravlev determined that physisorbed water is completely removed at 190 £ 10 °C, after
which dehydroxylation begins to occur.

According to P. Schmidt et al. [28-30] and M. Domanski et al. [30,31], heat treatment
of natural silica (flint) improves the material crystallinity by reducing silanols defects and
increasing the crystallite size. However, to avoid the fracturing aggregate phenomenon
and to maximize the evaporation of silanols, some parameters such as temperature, speed,
and duration of the heat treatment should be optimized.

Silanols begin to be lost at 200 °C and are completely removed between 550 and
600 °C [30]. The pressure level rises with increasing temperature, which causes the appear-
ance of isolated fractures, allowing water molecules to drain from the pores [31].

The heat treatment speed is another factor that affects the fracturing temperature.
When this speed is high enough, it leads to the appearance of a temperature gradient
between the interior and exterior of the grain during heat treatment, resulting in an hetero-
geneous thermal expansion and therefore to fracture [32]. The process of dehydration of
flint is related to the duration of heat treatment [33].

Infrared (FT-IR) spectroscopy, Raman spectroscopy, and thermogravimetric analysis
(TGA), as well as chemical methods such as titration and nuclear magnetic resonance
(NMR) were used to determine the surface structure (especially OH groups) of silica [34,35].
FT-IR spectroscopy is most commonly used for monitoring the surface hydroxylation of
silica [36]. Furthermore, thermal analysis coupled with other methods is often used to
study dehydroxylation and estimate the number of OH groups on the surface because it
does not require complicated sample preparation [37].

This study deals with the fabrication of controlled SiOH SiO, surfaces and the study
of the effect of heat treatment on the structural and surface changes of a natural flint
5iO, aggregate submitted to chemical treatment. After the reaction, the SiO, surfaces
were subjected to heat treatment at three different temperatures, 500, 700, and 1000 °C.
Moreover, different techniques such as X-ray diffractions (XRD), Variable Pressure Scanning
Electron Microscopy (VP-SEM), Fourier Transform Infrared Spectroscopy (FTIR), and
thermo-gravimetric analysis (TGA) were used.

2. Materials and Methods
2.1. Samples Preparation

The aggregate studied in this work is a natural flint from the north of France. X-ray
fluorescence analysis gave a SiO, content close to 99%, and X-ray diffraction only detected
quartz in this aggregate [38]. The aggregate was subjected to a procedure that has been
previously described [39] but is briefly summarized here. The chemical reaction was carried
out following the protocol below: 1 g of crushed flint was introduced in the autoclave in an
oven at 80 °C. After 30 min of preheating, 10 mL KOH solution of 0.79 mol/L was added.
The mix was then put in an oven for reaction under controlled temperature and reaction
time. After the reaction time, the autoclave was immersed in frozen water for 5 min to stop
the reaction. The soluble reaction products were removed by selective acid treatment and
filtration. The acid attack was done using 250 mL cold 0.5 M HCl solution. The sample
was dried by acetone and diethyl ether treatment after the filtration and then kept inside
dried atmosphere.

The sample obtained (called r-5iO,) was subjected to thermal treatment at 500 °C,
700 °C, and 1000 °C. Figure 1 shows the heat treatment procedure. The heating of the
sample was carried out in porcelain crucibles. The description of the sample is summarized
in Table 1.
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60 min at the desired temperature

5°C/min Natural

cooling

Pretreatment at 100°C

Figure 1. The procedure of heat treatment.

Table 1. Sample description.

Sample Description

r-Si0, Unheated flint
r-Si0,-500 Heat treated flint at 500 °C
r-5i0,-700 Heat treated flint at 700 °C
r-Si0,-1000 Heat treated flint at 1000 °C

2.2. Characterization

The reacted powder and heated samples were characterized by X-ray diffraction (XRD),
Variable Pressure Scanning electronic microscopy (VP-SEM), Infrared Fourier transformed
spectroscopy (FTIR), and thermogravimetry analysis (TGA) for which experimental details
are now briefly described.

2.2.1. X-ray Diffraction

XRD measurements were performed in the reflection mode using a Bruker D8 Advance
diffractometer (Cu-K A radiation = 1.5418 A") operating at 40 kV and 40 mA. Data were
recorded in the range of 25°-75° in the 20 scale with a step size of 0.02° and a counting time
of 0.5 s/step. The diffraction pattern of each sample was obtained by plotting the intensity
of diffraction versus double Bragg angle. Exploitations were performed with «HighScore
5.1» software.

2.2.2. Environmental Scanning Electron Microscopy

The morphology of surface silica samples was characterized with a scanning electron
microscopy (SEM) VEGA 3 instrument model, produced by TESCAN (Brno, Czech Repub-
lic) and equipped with an Energy Dispersive Spectrometer (EDS) Microanalysis system.
The instrument has a tungsten filament and the accelerating voltage was 10 kV.

2.2.3. FT-IR Spectra

FTIR spectra of the silica samples were acquired with a Brucker VERTEX 70 spectrom-
eter (Mannheim, Germany) in reflection mode. They were recorded by collecting 100 scans
at4 cm ™! resolution in the range of 400-4000 cm 1.

2.2.4. Thermo-Gravimetric Analysis

Thermo-gravimetric Analysis curves were recorded with a Setaram-Labsys TGA
instrument. The samples (26-30 mg) were heated in an Al,Oj crucible at 10 °C/min of
the heating rate under flowing argon at 10 mL/min with an initial treatment at 25 °C and
further annealing up to 900 °C.

3. Results
3.1. Structural Analysis

The X-ray diffraction patterns of unheated and heated flint at 500, 700 °C, and 1000 °C
are shown in Figure 1. The peaks related to SiO, crystalline phase can be found in the file
[PDF-01-085-0794]. Whatever the thermal treatment up to 1000 °C, the hexagonal struc-
ture is maintained and no changes in symmetry are observed after the high temperature
treatment. Indeed, as it can be seen in Figure 2, after each thermal treatment, the diffraction
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peaks are shifted towards higher 20 values. The shift may indicate contraction of the silica
network. These results will be confirmed below.
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Figure 2. XRD patterns of (a) unheated and heated flint at 500 °C, 700 °C, and 1000 °C, (b) evolution
of the main peak (101).

To obtain more information from the XRD patterns regarding the crystallinity of the
samples, the Full Width at Half Maximum (FWHM) evolution of the main peak (101) of the
samples was determined as a function the heating temperature and reported in Figure 3. We
noticed that the FWHM decreases with the temperature. This result indicates that the heat
treatment improves the crystallinity of the samples. In fact, we observed two significant
changes inferred from X-ray diffraction experiments as a function of temperature: (i) the
structure of SiO, simultaneously undergoes a contraction and (ii) there is an improvement
in its crystallinity when the temperature increases.
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Figure 3. Full Width at Half Maximum (FWHM) of the main peak (101) of unheated and heated flint
at 500 °C, 700 °C, and 1000 °C.

The lattice parameters were determined from the XRD data using the UnitCell program.
In addition, the crystallite size was calculated from the (1 0 1) XRD peak using the Debye-
Sherrer’s equation [40]. The results for all the samples are given in Table 2. A decrease in
the volume when the thermal treatment increased was observed. This decrease in volume
could be related to the contraction of the silica structure in agreement with the shift of the
main peak observed in Figure 2. In addition, the average crystallite size increased with
increasing annealing temperature, revealing a fine nano-crystalline grain structure.

Table 2. The structure parameters of SiO, flint heated at 500, 700, and 1000 °C.

Lattice Parameter

Temperature (°C) 20° FWHM . . - Crystallite Size (nm)
a=b(A) c(A) V (A3)

Flint unheated 265277 01968 40Fodr o SARGL o 11829 4

500 265463 0171 L0005 100008 £ 0.0065 4

700 26579 01574 L0004 L0000 00065 52

1000 26.6804 0.1378 4.42348 4.95383 83.9459 59

+ 0.00013 + 0.00023 + 0.0054

The XRD peak broadening also has a contribution from the self-induced strain ()
developed in the crystallites during heat treatment. Thus, the crystallite size and strain
for all samples were calculated, taking into account the contribution of the crystallites and
strain to the peak broadening. The Williamson-Hall (W-H) formalism [41] is used:

0
cost =
p Dw_pg

+ 4esind 1

where A is the wavelength of the X-rays, 8 is the full width at half maxima, 6 is the diffraction
peak angle, Dy _p is the crystallite size, and ¢ is the strain present in the materials. Figure 4
shows plots of Scosf versus sinf) (W-H plot) for the unheated and heated flint at different
temperatures (500, 700, and 1000 °C). It is possible to observe that the straight line intercepts
all the points, indicating a homogeneous crystallite size distribution and the presence of
a homogeneous micro strain in comparison with other studies other [42,43]. The results
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0.008

revealed that the estimated crystallite size was about 41.5 £ 0.3 nm for the unheated flint.
However, the size of the crystallite increased from 47.9 & 0.3 to 64.0 £ 0.4 nm with the
temperature treatment, increasing from 500 to 1000 °C.
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Figure 4. Plots of 3 cos® versus sin® (W-H plot) for the unheated (a) and heated flint at different
temperatures 500 °C (b), 700 °C (c), and 1000 °C (d).

The lattice micro strain of each sample obtained using the Williamson-Hall method
showed a positive value, indicating a lattice expansion in agreement with other studies [43].
We also observed that the micro strain decreases with increasing temperature treatment,
showing a reduction with higher temperature. The micro strain value obtained for the
unheated flint sample, as presented in Table 3, was approximately 13.3289 x 10~*, which
gradually decreased, varying from 6.0761 x 10~# to 1.0021 x 10~ at increasing temperature
treatment from 500 to 1000 °C. To successfully understand this behavior, it was essential to
link it to an improvement of the crystallinity of the SiO; structure under heat treatment, as
shown in Table 2.

Table 3. Crystallite size and micro strain values obtained from the Williamson—-Hall plot for flint
samples as a function of the temperature treatment.

Williamson-Hall Method

Samples Micro-Strain ¢ (arb. Unit) Crystallite Size (nm)
-Si0, 13.3289 x 1074 42
r-Si0,-500 6.0761 x 10~% 50
r-5i0,-700 47167 x 1074 64
r-5i0,-1000 1.0021 x 104 80




Crystals 2023, 13, 647

7 of 13

SEM HV: 10.0 kV'
View fleld: 27.7 ym
SEM MAG: 10.0 kx

SEM HV: 10.0 kV
View fleld: 27.7 pm
SEM MAG: 10.0 kx

WD: 12, 1& mm VEGA3 TESCAN
Det: SE 5 Hm
SM: RESOLUTION CAC-Cadi Ayyad University

4 LW i
WD: 12.88 mm VEGA3 TESCAN
Det: SE
SM: RESOLUTION CAC-Cadi Ayyad University

3.2. Surface Morphological Analysis

Figure 5 displays a micrograph obtained with VP-SEM of the unheated aggregate
r-5i0; Figure 5a and the aggregate r-SiO, heated at 500 °C Figure 5b, 700 °C Figure 5¢, and
1000 °C Figure 5d. The SiO, nanoparticles exhibited different shapes and particle sizes.

SEM HV: 10.0 kV WD: 12.47 mm VEGA3 TESCAN

View fleld: 27.7 pm Det: SE 5 pm
SEM MAG: 10.0 kx SM: RESOLUTION CAC-Cadi Ayyad University

SEM HV: 10.0 kV WD: 12.59 mm VEGA3 TESCAN
View fleld: 27.7 pm Det: SE
SEM MAG: 10.0 kx SM: RESOLUTION CAC-Cadi Ayyad University

(d)

Figure 5. Variable Pressure Scanning Electron Microscopy of the SiO, aggregate without heat
treatment (a) and heated at 500 °C (b), 700 °C (c), and 1000 °C (d).

From Figure 5a, disordered needles of nanometric sizes (~500 nm) are observed on
the surface of the grains before heating. Indeed, the origin of these forms may be associated
with the formation of silanol groups due to the breaking of siloxane bonds by the attack
of hydroxide ions. However, important modifications are produced after heating. The
grains have a well-defined shape with a relatively smooth surface as shown in Figure 5b—d,
respectively. Moreover, grains of different sizes ranging from hundred nanometers to a
few micrometers, with angular sides that characterize the angles of quartz can be seen in
Figure 4d. These observations confirm and are in agreement with the XRD results. Indeed,
as shown in Table 2, the average of the crystallite size increases with the temperature.

The EDS analysis presented in Figure 6 shows that the samples are composed of silicon
and oxygen elements, which is characteristic of the SiO, compound. The presence of carbon
is attributed to the sample holder. This analysis shows the success of the treatment process
developed in this study.
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Figure 6. The EDS analysis of the SiO; aggregate without heat treatment.

3.3. FTIR Spectral Analysis

Fourier transform infrared (FT-IR) spectroscopy was used to confirm the changes in the
silica surface groups versus the temperature. FI-IR is a useful technique for probing surface
groups and has been extensively used to examine the surface chemistry of silica [44,45].
The spectra obtained in the three heated samples compared to the unheated one in the
spectral range of 400 and 4000 cm !, are shown in Figure 7.

Si—0-Si

&
‘55
|
S e
s |
.
“

Si— OH

Si—0-Si
Si—0—Si
Si—0—Si
Si—0—-Si

1-Si02-1000
1-Si02-700

1-S107

————T—T————7—
400 500 600 700 800 900 1000 4100 1200 1300 1400
Wavenumber (cm™}

Figure 7. FTIR spectra of the SiO; aggregate without heat treatment and heated at 500 °C, 700 °C,
and 1000 °C.

The infrared spectrum of unheated flint r-5iO; shows a broad band between 1000 and
1300 cm ™. This band consists of two strong peaks located at 1078 cm~! and 1163 cm ™!,
which are associated with the stretching vibration of Si-O-5i as indicated in different
studies [33-37]. In addition, in the spectrum, the bending vibrations attributed to Si-O-
Si [31-33,39-46] located at 455 cm ™1, 509 cm ™2, 778 cm !, and 800 cm !, are observed.

The bands located at 555 cm ™! and 950 cm ™! are assigned to the bending and stretching
vibration of the free S5i-OH hydroxyl groups that occur at the surface of the attacked flint as
shown in other works [47-49].

The spectrum of the samples heated at 500 °C, 700 °C, and 1000 °C shows a reduction
of bands at 555 cm !, an increased intensity of the bands located at 800 cm~! and a shift
of the main band from 1078 cm ™! to 1082 cm~!. The position of this band is related to
the structural order in the SiO, samples. The shift in the observed position of the band
from 1078 cm~! to 1082 cm~! may be attributed to an improvement in the structural order
versus temperature in agreement with previous studies [35,46]. The more ordered the
structure is, the more this band is located at large wave numbers. Similarly, the reduction
bands at 555 cm™! can be attributed to the evaporation of silanols groups SiOH with the
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temperature. This behavior is consistent with a thermal activation and is in agreement with
the XRD results.

The evolution of the intensity ratio between the Si-OH band around 555 cm ! and the
structural band around 500 cm~! are shown in Figure 8. We observed that the intensity
ratio between the Si-OH and Si-O-5i bands decreases with the temperature. This evolution
demonstrates the evaporation of the hydroxyl groups Si-OH due to condensation and the
change of the SiO; surface. This result confirms the surface silica change observed by the
VP-SEM analysis.

0.38

0.36 4

0.34 4

0.32 4

0.30 4

0.28 4

0.26

0.24 4

Vo555 cm™1/85; o 5i500 cm™t

0.22
1-S10, -S10:-500 1-S10,700 -Si0,-1000

Samples

Figure 8. The evolution of the intensity ratio between the Si-OH band located around 555 cm~! and

the structural band located around 500 cm L.

3.4. Thermal Analysis

Thermogravimetric measurements were carried out for unheated and heated silica
samples. The SiO, samples were heated by TGA in a temperature range of 25-900 °C
under an argon environment. The curves of the thermograms of the studied samples SiO,
are represented in Figure 9. As it has been well established, there are two distinct mass
loss steps in the thermo-grams of silicas [50]. The first step (below 200 °C) is abrupt and
is attributed to the removal of physical water from the silica surface. The second step
in the temperature range from 200 °C (T7) to 900 °C (T5) is broader and is considered to
correspond to the slow condensation of silanol groups as [51]:

-Si-OH + OH-Si- <+ Si-O-Si @)

] 1-Si02-1000

1-S810,-700

weight loss (%)

1r-8i02-500

1-Si0z
e g
i} 100 200 300 400 500 600 700 800 900

Temperature {°C)

Figure 9. TGA spectra of the SiO, aggregate without heat treatment and heated at 500 °C, 700 °C,
and 1000 °C.
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From the literature [52], it is known that upon heating silica, hydrogen-bonded hydrox-
yls are first released quickly in the temperature range 200-400 °C and isolated hydroxyls
more slowly at higher temperatures. Unfortunately, the removal of different types of hy-
droxyls, isolated and hydrogen-bonded, occurs during a continuous mass loss step. For
this reason, it is difficult to distinguish them from thermograms.

In order to calculate qualitatively the Si-OH hydroxyl groups on the SiO, surfaces,
the total weight loss experienced during their dehydroxylation by TGA was measured.
The total hydroxyl group content in the silica was calculated from the second total weight
loss, which starts from the point where all physisorbed water is removed and ends at the
end point of the measurement (T, = 900 °C). The hydroxide group content npy(SiO5),
determined as moles of hydroxyls left per gram of silica (mole/g), was calculated as
follows [24,44]:
2(8w(Th) = Am(T2))

noH(Si0;) = 100Mr1.0
2

®)

where A (T1) — A (T2) is the weight loss in the temperature region Ty — T, and Mg, o
the molar mass of water. The total hydroxyl group content of the silicas calculated using
Equation (2) in the temperature range from 200 to 900 °C is presented in Table 4 and
Figure 10.

Table 4. The mass loss and hydroxyl group content obtained from Equation (2) for the samples from
200 to 900 °C.

Sample Mass Loss OH Group Content (mmol/g)

r-5i0; 0.75 0.83
r-5i0,-500 0.40 0.44
r-SiO,-700 0.25 0.28
r-5i0,-1000 0.18 0.20

09

L
0,8 { r-S102

o
k_.
1

o
[}
1

o
S
1

[ ]
1'-Si03—500\

OH group content (mmol/g)
o
1

0,3
[}
r-SiOg—TOO\
0,2 ]
r-Si0>-1000
01

T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000
Temperature

Figure 10. The evolution of the hydroxyl group content of the SiO, aggregate without heat treatment
and heated at 500 °C, 700 °C, and 1000 °C.

From Table 4, it should be noted that the hydroxyl group content on the silica surface
decreased from 0.83 to 0.2 mmol/g when the temperature of thermal treatment increased
from 25 to 1000 °C. Consequently, this result indicates that heating causes the condensation
of silanol groups resulting in a reduction of the hydroxyl group content. In addition,
the increase in the average crystallite size with the heat treatment showing a fine nano-
crystalline grain structure is accompanied by a substantial change in the surface behavior, as
showed by VP-SEM micrographs and the decrease in silanols, which are also characteristic
of the surface.
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4. Conclusions

The present study shows that there is an immense potential for research of natural
S5i0O, aggregates for the development of the environmentally friendly composite materials
with controlled surface-interface interactions. The following conclusions have been drawn
from this study:

- The thermal treatment of silica particles has a significant effect on the structure and
surface of silica.

- The XRD analysis showed that the FWHM of the 5iO,-(101) peak decreased with the
heat treatment at higher temperature, showing an improvement in crystalline quality.

- The VP-SEM and FTIR analyses confirmed the decrease of the silanols Si-OH defects
in the aggregate under heat treatment.

- Thermogravimetry confirmed that as the temperature increases, the hydroxyl group
content on the silica surface decreases, which means the silanol groups on the surface
dehydrate producing siloxane bridges according to the dehydroxylation phenomenon.

- Natural SiO; aggregates have desirable properties for the development of high and
controlled strength composites.

- The improvement and quantification of the use of natural SiO, aggregates allows to
optimize the circular reuse of the composites obtained.

- Based on these results, an experiment using controlled SiO; surface as a filler in some
composites such as polymers and asphalts is being carried out.
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