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Abstract: Silica is a versatile material employed in different applications fields including
aerospace, especially for rocket engines thermal protections. It is known that particles
diameter causes variations in the material properties, and the best-known methods for
diameter determination in general consist of several steps in sample preparation such as
drying, sieving and the determination of the refractive index according different methods.
On the other hand, Fourier transform infrared spectroscopy techniques (FT-IR), in
reflectance mode, related to the particle size, are less used for this type of determination.
Moreover, methodologies in the near infrared region (NIR) are even less explored. Therefore,
the aim of this paper is to present a FTIR methodology for diffuse reflectance (DRIFT) in
the middle infrared region (MIR) and reflectance analysis in near infrared region (NIRA) for
the determination of the particle diameter on silica samples. Both methodologies showed
good results. As proven by a test sample analysis, NIRA methodology indicated better
precision. Furthermore, considering small and intermediated particle sizes, a tendency
towards smaller errors for the absorbance measurements of the samples was found,
consistently with the available literature results.
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INTRODUCTION

Silica, chemical compound silicon dioxide (SiO,),
is the most abundant naturally occurring mineral
on planet Earth and therefore it is an interesting
material for several scientific researches. Silica is
a fundamental product in industrial abrasive and
polish processes (Tang et al. 2020, Xu et al. 2019),
in special coatings (Sriram et al. 2020, Lu et al.
2019, S0z et al. 2015) in electronic optics (Sharma
et al. 2018, Butov et al. 2002), in ferro-silicon
manufacture (Boldyrev et al. 2019, Siddique &
Chahal2011),inrubberformulations(Sattayanurak
et al. 2020), concrete (Chen et al. 2017), besides
being an essential and indispensable material
for glass manufacture (Karnati et al. 2020, Elsayed
et al. 2019, Vukcevich 1972).

In aeronautical applications some research
has been carried out on silica aerogel (Bheekhun
et al. 2013), but although this material shows
excellent properties, having lower density, thermal
conductivity, refractive index and dielectric
constant than any other solid, a large scale
production for the aerospace industry generates
problems, such as the extensive and time-
consuming procedures involved in the synthesis
of aerogels and the high manufacturing cost.

The processing of specific quality silica
occurs from different types of silicates. These
include colloidal, fumed, fused, high purity
crushed silica, silica gel and precipitated silica
(Bulatovic 2015).
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Colloidal silica is mainly used as a high
temperature binder for silicon tablets, polishing
and precipitated silica (Arai et al. 2019,
Tweddle et al. 2019). Known as one of the most
widely used polishing abrasives in chemical-
mechanical planarization (CMP) (Lei et al. 2019),
it has low hardness, low maximum particle size
(around 130nm) and stable chemical properties.
Consequently, it promotes the minimization of
the scratches and damage amount to surfaces,
as well as high efficiency and quality at CMP (Shi
et al. 2014).

Resulting from the pyrogenic manufacture
by combustion of silicon tetrachloride in an
oxygen-hydrogen flame (Barthel et al. 1996),
fumed silica consists of highly porous and fractal
nanoparticles aggregates (Amoabeng et al. 2020).
Due to its ability to improve polymers mechanical
properties (Kong et al. 2019), as well as to reinforce
composites (Glrgen 2019, Rajaee et al. 2019),
fumed silica supports different applications.

For instance, since the major contribution
of the nano-sized fillers is supporting the filler/
matrix interaction surface, Glrgen 2019 used the
fumed silica particles in the ultra-high molecular
weight polyethylene (UHMWPE) matrix to enhance
the wear performance of the base material. Rajaee
et al. 2019 investigated the microstructure and
mechanical properties of glass fiber reinforced
unsaturated polyester (GFRP) composites
modified by styrene-butadiene rubber (SBR)
and fumed silica. The addition of fumed silica
nano-filler improved tensile, flexural and impact
strength, tensile and flexural modulus but
reduced the elongation at break.

Fused silica, glass composed of amorphous
silica (Schill et al. 2018), results from the fusion
of high-quality silica sand in electric arc and
resistance furnaces. Since fused silica is an
important material in optical engineering (Dai
et al. 2019, Campbell et al. 2004), many studies
focused on the minimization of surface damage
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(Tan et al. 2020). This converted silica can also
be used as an electronic encapsulant (Phua et
al. 2018).

High purity crushed silica is the product
obtained from silica sand or soft and friable
rocks after being processed in order to eliminate
impurities (Martins 2016). Another possibility of
obtaining high purity crushed silica is through
microfluidic-inclusion fracture, using microwave
pretreatment (Buttress et al. 2019). Present in
most soil original materials, quartz is the most
common form of crystalline silica that can be
found (Gutiérrez-Castorena & Effland 2010).

Silica gel is known as one of the most studied
materials for water vapor adsorption (Freni et
al. 2019). Composed of a vast interconnected
microscopic pores network, it contains
polymerized silica particles (Sahu & Singh 2019).
These particles surfaces are covered with silanol
groups which are hydrophilic in nature (Basrur &
Sabde 2016). Basrur & Sabde (2016) also emphasize
that its properties depend on the agglomeration
extension and on the primary particle size.
Volume, pore size distribution, surface area and
surface chemistry are adjusted by optimizing the
synthesis parameters (Alaei et al. 2013).

Due to the difficulty in the supply of raw
materials to produce carbon black, precipitated
silica had a great increase as an alternative
material (Da Silva 2013). For instance, in the
production of light-coloured rubber with
reinforced properties (Zafarmehrabian et al.
2012). Precipitated silica is obtained from the
neutralization of a sodium silicate alkaline
solution with sulfuric acid. This treatment
produces a sol-gel composed of sodium sulfate
and insoluble which is separated and processed
for production. Reaction conditions such as
reagents addition rate, concentration, agitation,
temperature and pH are determinants for the
precipitated silica properties, mainly particularly
for particle size.
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References about the use of silica and
the effect of its particle size on polymeric
formulations properties, those required for
aerospace applications, can be found in the
literature (Halim et al. 2017, Bray et al. 2013,
Alaei et al. 2013, Gomes 1993). Therefore, the
development of methodologies to determine the
particle diameter of this material is important to
predict properties.

Halim et al. (2017) investigated a particulate
composite material prepared by adding three
different sizes of silica aerogel particles to an
unsaturated polyester resin, with 30% of fixed
volume fraction. The more porous is the area
of the larger silica aerogel particles, the lower
are the degradation rate and the thermal
conductivity of the sample. Nevertheless, the
addition of silica aerogel in the resin reduced the
matrix tensile modulus, where the use of smaller
particle size resulted in greater toughness than
that obtained with larger particle size.

Several properties of rubbers are affected
by silica addition. For example, in the aerospace
field, rubbers such as polymers based on
ethylene-propylene-diene monomer (EPDM)
(Paiva & Garbelotto 2006) and butadiene-
acrylonitrile copolymer (NBR) (Gomes 1993)
that are used as thermal protections for rocket
engines.

Silica as afillerin EPDM rubber formulations
is employed in both aerospace and automotive
industries, among others (Paiva & Garbelotto
2006). Most polymers formed from EPDM are
amorphous and must be reinforced to achieve
adequate properties for the intended project.
The usage of silica as a reinforcement filler
in rubber formulations has proved to be an
alternative of great interest in the market
for carbon black replacement. NBR rubber
requires addition of silica or carbon black so
that properties such as tensile strength, tear
strength and abrasion resistance can reach
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adequate values, in order to meet each project
specific conditions (Gomes 1993). The purpose is
to develop artifacts with different coloring type,
with characteristics similar to those obtained
by black colored products manufactured using
carbon black.

This scenario points to the importance
of using silica, as well as the knowledge of
its particles size in polymeric formulations.
To predict any new manufactured product
properties, it is necessary to discuss methods
for particle diameter determination and the
development of new methodologies in the
scientific field, especially for silica which is a
versatile material in the industrial field.

In the two last decades, particle diameter
determination has been carried out by different
instrumental techniques such as granulometric
analysis (Shimadzu 2020, Wagner & Aranha
2007), X-ray diffraction (XRD) (Mcnab et al.
2017); scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) (Tian et
al. 2020, Bahrani et al. 2018), as well as Fourier
transform infrared spectroscopy (FT-IR) (Osswald
& Fehr 2006).

To obtain data about larger and smaller
particle sizes in the suitable elaboration of
particle size distribution curves, two methods
can be used: Mie Scattering Theory and
Fraunhofer diffraction theory, also known as
Fraunhofer Approximation (Shimadzu 2020,
Wagner & Aranha 2007, Nai-Ning et al. 1992).

Mie scattering theory is extremely complex
and more difficultto understand than Fraunhofer
diffraction theory. It requires a more complex
programming and a fast computer processor.
In addition, in some cases, information about
the refractive index is not known, not even its
average value which is required in Mie Theory.
For this reason, Fraunhofer Approximation was
more used in the past and it is still widely
applied. (Shimadzu 2020).
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Many available laser particle size equipment
based on the Fraunhofer diffraction technique
are widely used for particle size measurement.
However, errors may occur when this type of
equipment is used to determine small particle
dimensions. In this way, significant improvement
could be reached out when classical Mie's
scattering theory is applied in the small size
particle range. Based on this idea, a Fraunhofer
diffraction and Mie scattering (FAM) laser
particle sizer has been evaluated and studied
by Nai-Ning et al. 1992. Experiments carried
out by them using the combination of theories
suggested better results in the large and small
size particle ranges measurement.

On the other hand, if Mie Theory is applied
to very large particle size, an accumulated
miscalculation phenomenon occurs and
inaccurate results can be obtained, while the
Fraunhofer Approximation is more suitable to get
a more accurate calculation result for the light
intensity distribution pattern. For this reason,
both Fraunhofer diffraction theory and Mie
scattering theory are currently applied together
to calculate the light intensity distribution
pattern to ensure that a wide measurement
range is covered (Shimadzu 2020).

Mie theory describes the particle size
measurement as homogeneous spheres of
arbitrary size. For non-spherical particles, it
considers the equivalent spherical diameter by
volume-weight.

Spectroscopy is a science aimed at
the investigation and measurement of
spectra generated when materials absorb
electromagnetic radiation. As a product of the
excitation of molecular vibrations after infrared
(IR) beam incidence through the sample, FTIR
spectrum provides information on functional
groups and its chemical structures (Smith 1979).

During the last decades, infrared
spectroscopy in the MIR and NIR regions has
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proved to be versatile in several aspects since
thereis available a significant number of method
developments in the literature addressing
different types of materials (polymer, soil, drugs,
tissues, and industrial raw materials) (Dudek et
al. 2021, 0zaki 2012). It has also shown remarkable
progress in its use in applied science, whether
in polymers (Carvalho et al. 2021, Magalhaes
et al. 2020, Azevedo et al. 2018, Mello et al.
2018) or in inorganic micromolecules (Pinto et
al. 2018). In the aerospace field, the progress
was concentrated in the thermal protection
compositions and catalysts (Campos et al. 2010,
Tagliaferro et al. 2006).

NIR spectra arise from molecular bonds
vibrational energy transitions with a high dipole
moment (Cabassi et al. 2015). The spectrum
complexity is marked by the appearance of
overtones (multiples of the fundamental MIR
bands) and combination bands (addition
or subtraction of fundamental MIR bands).
These types of absorption bands arise from
the interaction of two or more vibrations that
happen simultaneously, which makes it difficult
to assign bands (Osborne 2000).

Duetothisdifficulty, a variety of spectral pre-
treatments, such as Savitzky-Golay smoothing,
is applied to complement and enable a better
analysis of the spectrum obtained (Ozaki 2012).
Although, where there are no overlapping bands
and a band intensity variation can be detected
reflecting the sample concentration, treatments
as chemometric algorithms are not required
(Mello et al. 2018).

In addition, FTIR analysis allows sampling
depth degree variation, in micrometers, using
reflection/reflectance and photoacoustic
spectroscopy. For instance, FTIR allows
measurement at different paths of the sample
in ATR mode depending of refractive index of
the IRE (internal reflection element) crystal
used and/or the incident angle. This capability
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stimulates researches, in different IR spectrum
regions, of other spectra obtaining ways for
compounds analysis, such as transflectance in
the near infrared (NIRA) region (Magalhaes et al.
2020 and references therein).

Diffuse reflectance (DRIFT) occurs on
not entirely flat surfaces, with a continuous
or fragmented (powder) substrate. In this
reflectance process, the incident beam
penetrates the sample surface interacting
with the matrix. After partial absorption and
multiple scattering, the beam returns to the
sample surface. Since there is no optical contact
problem, external reflectance experiments, such
as those obtained by DRIFT, show an advantage
over internal reflectance, e.g,, attenuated total
reflection (ATR), (Magalhaes et al. 2020, Ferrao
2001). The light path cannot be controlled and
varies according to particle size and refractive
index (Ferrao 2001).

Near infrared reflectance analysis (NIRA)
can use an accessory to collect data from
diffuse reflectance spectra of solid and powder
samples (Hopkinson et al. 2018). It involves a
direct analysis without the need for prior sample
preparation. For this reason, this technique
is classified as non-destructive, non-invasive,
with high penetration in the sample (Williams
& Norris 2001), and it is also considered a low-
cost, fast and safe analysis (Zhao et al. 2018).

Besides optical path length variations and
crystalline forms presence, sample particle
diameter size is a property that also directly
affects NIR spectrum (Ramalho et al. 2019, Roggo
et al. 2007). This influence is also proven by Gao
et al. (2017) when observing that morphology
and pigment particle size of the studied
composite play an important role in light
scattering efficiency. As reported by Sheppard et
al. (2019), another element that influences the
absorption band intensity is the strong spectral
contrast between the absorption species, e.g.,
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transparent minerals such as quartz when mixed
with opaque high-absorption minerals, such as
magnetite.

Considering these characteristics, there is
a motivation to evaluate the particle diameter
determination by IR, by reflection, reflectance
or transflectance, also considering that in DRIFT
analysis, particle size must be considered
through the Kubelka-Munk relationship (Dai et al.
2018). Given that the sample particle size affects
light scattering, it is important to establish
an adequate particle size determination
methodology, whether in the MIR or NIR region.

Initially, in order to gather data to develop
new methodologies for silica particles
size determination by FT-IR, the material
characteristics and the instrumental techniques,
which can be used as references were explored.
Then, characteristics of FTIR spectra obtaining
modes such as diffuse reflectance (DRIFT)
and transflectance (NIRA) were presented and
discussed.

In addition, Table | shows publications that
include different instrumental techniques and
FTIR analysis conditions. All the references are
related to silica compounds characterization
for influence evaluation and particle size or
diameter determination, with further discussion
of some FTIR publications.

Regarding the studies related to infrared
(IR) spectroscopy analysis and silica particle size
as well, it is possible to highlight some data on
analytical bands (Osswald & Fehr 2006).

Osswald & Fehr (2006) applied transmission
infrared spectroscopy to obtain information
on silica solutions structures and their sol-gel
processes. They mention that silica gel is a very
important material in sol-gel technology, and
usually, tetraethyl orthosilicate (TEOS) is used as
a precursor in this area. Gel formation process of
inorganic silica solutions is quite different from
TEOS gel formation, which is due to monomers
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polymerization. On the other hand, the gel
formation process of inorganic silica solutions
is due to dense particles condensation, with
particle diameters of a few nanometers. Most
of the information acquired in the IR analysis
was derived from the main silica band at ~ 1070
(Si-O-Si stretch). In both silica solutions and
silica gel, there are nearby bands at about 1040
and 1027 which are attributed to the vibration
modes. The intensity of these bands contains
information about the silica particles size in
liquid solutions. The authors concluded that
FTIR spectroscopy is a useful method for the
determination of alkaline silica solution particle
sizes. As the particle size is correlated with the
solution alkaline content, this band intensity
could also be used to determine the alkali
content. However, it was observed that this was
only possible for solutions with the same silica
concentration. Particle size information was
limited to the nanometric particles between 2
and 6 nm, specifically for smaller particles. For
larger particles, it was observed an interference
in the analytical band intensity measurement by
oth(*) dynamic light scattering (DLS); centrifugal
liquid sedimentation (CLS); atomic force
microscopy (AFM); particle tracking analysis
(PTA); the other acronyms have already been
cited in the text.

Although good results were obtained in
their study (Osswald & Fehr 2006), transmission,
by capillary film analysis (a thin liquid film,
without use of spacer, prepared between two
polyethylene foils) was the chosen spectral
mode. Thus, if other conditions such as the use
of a spacer or relative band (band intensity ratio)
for thickness control had been considered, more
accurate data could have been achieved.

The relative band is composed of an
analytical band and a reference band to
eliminate the interference of the sample
thickness variation (the Lambert-Beer law),
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which can cause errors in the measurement of
the bands intensity.

The literature (Kestens et al. 2016) also
mentions the development of a new reference
material. It is a certified material whose
purpose is to control the quality of different
silica nanoparticles size analyzing methods. The
material consists of an aqueous suspension of a
nanoparticle silica mixture of different particles
sizesand origin. The used methods were DLS, CLS,
SEM, TEM, AFM, and PTA and measurements were
carried out in several competent laboratories. A
uniform interpretation problem was observed
in all the participants in the interlaboratory
test carried out. The value assignment was
a challenge due to the metrological concepts
not always being interpreted uniformly across
all participant laboratories. But at the end of
experiments, the results obtained confirmed
that the term “particle size” does not sufficiently
describe the exact quantity that is measured
in the different methods. It was observed
that the equivalent diameter values of some
measurement methods differ, and that some
data only coincide because of their relatively
large uncertainty. For a reliable particle size
comparison, it has been proposed that a
more detailed specification of the measurand
“particle size” could be made, including the
physical principles of the measurement method
and the procedure followed for data analysis.
Therefore, it can be concluded that one should
not give particle size measurement data without
associating all the conditions used to obtain
that specific values.

The number of entries in Table | reflects
the low volume of scientific articles on silica
particles diameter determination. The existence
of a gap in the scientific database is highlighted,
and consequently, the need for further study
in this field. Although good results have been
found in publications on particle size influence
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Table I. Literature data on instrumental techniques used in influence evaluation and particle size determination.

Authors Spectrum
/ Analyzed It:schimﬁ:t:: Average obtaining Remarks
sample metﬂod size mode / sample
year preparation
; " Relative error: 10% (95% of
Dominguez Silica . : 50-200 ) :
etal. (2020) | (nanoparticle) Sedimentation am the data explained by the
methodology)
Sharma (h(?llll(laf/;i or FT-IR spectroscopy is referred
& Polizos MESODOroUS SEM, TEM <1um - to qualitative surface
" characterization
(2020) part?cles) h izati
DRIFT is more susceptible
Stach et al Silica (quartz), Transmission / to particle size than
(2020) : calcite, FT-IR 1-5 um ATR / DRIFT / as transmission. Unlike XRD,
dolomite received smaller particle sizes show an
increase in signal
Silica
Kestens et (”?Qé’ﬁf‘%‘g[e DLS, CLS, SEM, | 20-80 ) )
*
al. (2016) reference TEM, AFM, PTA(*) nm
material)
o Methodology was limited to
T/retpsl:?és;i%n smaller particles. For larger
Osswald & Silica (silica FT-IR -6 nm bgtween particles, it was observed an
Fehr (2006) = gel - solution) olvethvlene interference in the analytical
P Zhee%s band intensity measurement

by other neighboring bands.

(*) dynamic light scattering (DLS); centrifugal liquid sedimentation (CLS); atomic force microscopy (AFM); particle tracking
analysis (PTA); the other acronyms have already been cited in the text.

or diameter determination, it is observed that
few of these studies employ FT-IR spectroscopy,
especiallyin NIRwhichislessappliedtoinorganic
compounds (0zaki 2012). Usually, spectra are
collected in DRIFT and transmission modes.
In addition, the best results are for smaller
particle sizes. Whereas for larger particles band
interference and high errors were also found.
Given this scenario, the purpose of this
paper is to evaluate FT-MIR/DRIFT and NIRA
methodologies for silica particles diameter
determination using different analytical bands

with the purpose of finding greater measurement
precision than those observed in conventional
methodologies such as granulometric analysis,
which is used as a reference in the present study.

MATERIALS AND METHODS
Materials and equipment

Seven silica samples provided by different
suppliers, coded as: MSS 500, Chiffonsil -5, Oristar
Silica 7, Silica Balloon BA4, Silica HDK N20, HPTLC
plate silica and TLC plate silica were analyzed.
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The MSS 500, OriStar Silica 7 and Silica HDK
N20 samples were supplied with the diameter
D50 (um) data: 3.28, 5.93 and 16.46, respectively,
obtained by Fraunhofer Approximation. For the
other samples, D50 values were determined by
two granulometric analysis methods, Fraunhofer
Approximation and/or Mie theory.

D50 is the corresponding particle size when
the accumulated percentage reaches 50%. D50 is
also called median particle diameter or median
particle size. For example, for a powder sample
with D50 =5 um, it means there are 50% particles
larger than 5 um and 50% particles smaller than
5pum.

For the granulometric analysis, the
Mastersizer particle analyzer equipment
from Malvern Instruments was used. For FTIR
analyzes, two PerkinElmer spectrophotometers
were used, Spectrum One model for DRIFT/MIR,
and FTIR/NIR Frontier for NIRA accessory.

Methodology development

Two instrumental methods were used:
granulometric analysis and Fourier Transformed
Infrared Spectroscopy (FT-IR). Particle diameter
median values D50 of silica samples obtained by
granulometric method were used as reference for
the development of calibration curves involving
FTIR analytical bands absorbance values (A)
versus silica particle diameter D50 values to
compose the FTIR methodologies (DRIFT/MIR
and NIRA). In the DRIFT methodology developed,
the samples were not diluted with KBr in order
to reduce the time of analysis.

Granulometric analysis conditions

Granulometric data were obtained by two
methods: Fraunhofer Approximation and Mie
theory. The analyzes were performed in an
agqueous mean using water as a dispersant. The
results represent the average of nine runs. The
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refractive index used in the Mie method was set
to 1.5, which is the average value for silica.

FTIR analysis conditions

The spectral ranges explored were: 4000 to 400
(MIR) and 10,000 to 4,000 (partial NIR range),
with a 4 resolution, gain 1 and 40 scan average.
Two spectral modes were used: DRIFT and NIRA
with the samples analyzed as received. Since
bands intensity in reflectance spectra considers
the particle size, the purpose of this analysis
was to check the existence of a relationship
between particle diameter D50 and the intensity
of characteristic silica bands (Ferrao 2001).

In DRIFT (MIR) analysis, the analytical band
evaluated falls at around 1060, representative
of (Smith 1979). The baseline used for suitable
measurement of the height or intensity of the
analytical band at 1060 cm-1 was: 1282 cm-1
(initial point) to 492 c¢cm-1 (end point). This
analytical band is assigned to stretching of SiO
in Si02 (Smith 1979).

Although the NIR bands between 4000 -
5500 can be assigned to fundamental MIR bands
combination (sum) (Goddu 1960), another
probable allocation for the band at 5268 might
be referred to the fourth band overtone at
1060. The 4440 band is probably assigned to
the fundamental silica bands combination. The
baselines used were: 5403 to 4916 (band at 5268)
and 4708 to 4245 (band at 4440).

Accordingto Lambert-Beer's law (Smith 1979),
the equation A = bc, which rules quantitative
infrared analysis, was used to determine the
calibration or analytical curves, relating the
relative bands with the D50 obtained by the
Fraunhofer Approximation:

where: A= absorbance

€ = molar absorptivity (characteristic of
absorption)

b = thickness
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¢ = concentration (in this case, D50)

the thickness (b) of the analyzed sample will
be the same in the sample spectrum, and when
dividing one band absorbance by the other, b
cancels out.

i _gbc
A4, &,bc,

In NIRA analysis, the bands at 5268 and
4440 (NIR region) were evaluated to constitute
a relative band A, /A.,,, that includes silica
characteristic bands. Relative band usage aims
to theoretically cancel the thickness effect.

The result of the analytical band (A,
or relative A, ,/A,,,) height measurement
(intensity) for each sample represents the
median of five values. The errors involved were
calculated according to the non-parametric
statistical method (Horak & Vitek 1978)
(Equations 1 to 3), successfully used for FTIR
spectroscopic data in different studies (Janzen
et al. 2021, Carvalho et al. 2021, Ferreira et al.
2020, Rigoli et al. 2019, Azevedo et al. 2018).
The methodology error (%), considered as the
median of the relative errors, (Dutra & Soares
1998) was also calculated. According to Horak &
Vitek (1978), for small set of data, the median is

used instead of the average.
6=K,xR (1)

where & is the standard deviation, R represents

the difference between the highest and the

lowest absorbance values and KR equals 0.430

for 5 measures (Horak & Vitek 1978).
. 0

Oo,=—F (2)
)7 \/;
G,

RD, . =—%x100
(%) U

(3)
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where n represents the total number of
measures, RD is the relative deviation and p is
the median absorbance value.

FTIR methodology effectiveness verification

To verify the effectiveness of the developed FTIR
methodology, a sample with D50 around 5 pm
was analyzed by another analytical research
laboratory and the sample was coded as
“sample A”. NIRA analysis which proved to be the
most suitable for this determination, especially
for smaller D50 samples between 3-6 pm, were
conducted. This analysis meets the criteria in
the literature for different methodologies (Stach
et al. 2020, Osswald & Fehr 2006).

The NIRA band intensity ratio / was used
with its corresponding calibration curve. With the
same procedure, five aliquots samples analyzed
as received were analyzed under the same
conditions and the median value was applied
to the equation. According to the methodology
used to determine the curve, the errors involved
in the measurement were also evaluated (Horak
& Vitek 1978).

RESULTS AND DISCUSSION

Granulometric analysis

Table Il shows the determined particle diameter
values for the different silica samples, by
Fraunhofer Approximation method. The other
samples were supplied with the diameter D50
(um) data. The acronym D10 and D90 means
that 10% and 90% of the sample, by volume, are
below the measured values, respectively. Only
D50 has been investigated in this study, since
it is the median value, most used and most
representative of the particle distribution.

Table Il shows the particle diameter values
for the different silica samples, by Mie Theory.
The other samples were supplied with the
diameter D50 (um) data.
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Table II. Granulometric analysis data for silica samples - Fraunhofer diffraction theory.

D10

Sample
P (um)
Chiffonsil -5 1.66
Silica Balloon BA4 212
HPTLC plate silica 4.20
TLC plate silica 4.95

Table lll. Granulometric analysis data for silica
samples - Mie Theory.

D10 D50 D90

Sample (um) (median) (um)
(um)

Chiffonsil -5 2.84 6.03 10.90

Silica Balloon BA4 3.63 7.05 16.90

The data obtained for the same samples
analyzed by two granulometric methods (Table
Il and 111) are relatively close.

Although Mie Theory is considered more
accurate, it was observed as a result of the
granulometric curves data that, apparently,
there are greater errors in the Mie theory
than in the Fraunhofer Approximation. The
samples, analyzed by two methods, with smaller
particle sizes show the smallest errors in the
Fraunhofer method (Table IV). Then, with the
aim of elaborating the FTIR methodology, the
Fraunhofer Approximation granulometric
method was chosen to be used for the reference
D50 values.

Developed FTIR methodology characteristics

Itis known that the greater the number of points
on a calibration curve, greater the measurement
accuracy probability (Horak & Vitek 1978).
Initially, some tests were carried out to use as
many numbers of silica samples with known D50
as possible. However, not all samples yielded a
good linearity. As some provided samples had

D50 D90
(median) (um)
(pm) .
4.87 11.50
6.13 16.10
6.94 12.50
11.40 26.40

close D50 values, the analytical band intensity
values (height) fell within the experimental
error, it showed less accuracy.

Based on this fact, sample systems with
analytical and/or relative bands were tested for
the methodologies in MIR and NIR regions in
order to obtain better results. Adequate results
are those that responded to the Lambert-
Beer law plotting a calibration curve with
an R (correlation coefficient or coefficient of
Pearson correlation) value closer to 1 (greater
linearity) and, consequently, greater value. The
is a statistical measure of how close the data
is to the fitted regression line. It is also known
as the coefficient of determination. The higher
the value, the greater the number of data
explained by the developed methodology and
the lower the error, meaning a greater precision.
The same interpretation can also be found in
a recent paper (Carvalho et al. 2021). Using the
obtained calibration curve, other D50 values can
be calculated with relatively good precision.

Qualitative analysis DRIFT/MIR and NIRA

In diffuse reflectance analysis (DRIFT), the
incident infrared beam penetrates the sample
surface interacting with the matrix. After partial
absorption and multiple scattering, the beam
returns to the sample surface. This process
happens several times with the sample particles,
and consequently, the radiation is attenuated.
Therefore, this radiation provides both qualitative
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Table IV. D50 errors (%) comparison of Fraunhofer
Approximation and Mie Theory methods for silica
samples.

D50 error D50 error

sample |ttt i theary
(%) )
Chiffonsil -5 0.842 2.52
Silica Balloon BA4 0.418 2.65
Silica Sicosil 175 214 230

and quantitative information about the sample
(Ferrao 2001, Fuller & Griffts 1978).

TheKubelka-Munkfunction canrelatediffuse
reflectance spectra with sample concentration.
The reflectance spectrum is transformed into
a format similar to an absorbance spectrum,
linear to the sample concentration, is suitable
for quantitative analysis. For this reason,
the Kubelka-Munk function (Equation &) is
known as the Lambert-Beer Law of reflectance
spectroscopy (Ferrdao 2001, Fuller & Griffts
1978). The intensity values employed in the
calculations and later reported in Table V are
reported in absorbance unit, as mentioned in
the section “Methodology development”.

F (Roo) = (1-Roo) 2/2Roo = k/s (4)

where Roo is the sample reflectance for infinite
depth, k is the sample absorption coefficient,
which is proportional to the concentration, and
s is the sample scattering coefficient.
Significant deviations from the theory occur
at Roo < 0.6. Then, it is recommended to study
different dilution of sample to be measured
against a blank standard solution which has
a known scattering coefficient at different
wavelengths. But there is some criticism in this
concept and this dilution could not be effective.
The scattering coefficient determines the
incident light interaction extent with the sample
before the radiation returns to the surface. To

SILICA PARTICLES DIAMETER DETERMINATION

a certain extent, s controls the depth at which
the light penetrates the sample. The lower the s
value, the higher the F(Ro) value. However, there
is a limit to this behavior, as it is only valid for
the particles that effectively spread the incident
radiation. Consequently, the particle size effect
displaces the baseline. This behavior becomes
very distinct at wavelengths of great absorption by
the sample. For example, in two different samples
with the same composition, but with different
particle sizes, there is greater reflectance of
smaller (finer) particles. Also, specular reflection
effects are minimized on a surface composed of
smaller particles (Korte 1988).

In diffuse reflectance, the specular
reflection can also be observed, which occurs
at the interface present between the air and
matrix surface, causing distortions in certain
regions of the spectrum. The size of the
particles, the existing void, and the degree of
compaction between the particles are some
reasons that can interfere significantly in the
spectral response. Moreover, another factor
that can impact the result of spectra in diffuse
reflection is the quality of sample preparation,
the standardization of the procedure can ensure
also better results.

A proper quantification in powder samples
depends on the effective penetrating power, that
must be large enough to provide a representative
spectrum of the sample.

Another spectrum obtaining mode and
specific to the near infrared region (NIRA)
involves both transmission and reflectance
process, whereas in DRIFT occurs only the
reflectance mode. The reflectance is applied
in solid samples and transflectance in liquids.
Also, it can be applied for both qualitative and
guantitative evaluations. The NIRA accessory
is used for transreflection analysis in the near
infrared (Perkinelmer 2011).
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No chemometric treatment (Azevedo et al.
2018, Mello et al. 2018) was applied to the data
since no band overlapping occur and increase
of the absorption intensity is clearly related to
the increase in concentration.

Since the characteristics mentioned before
ensured the adequacy for powder samples
guantitative analysis, the silica samples with
different diameters D50 were evaluated by both
methodologies, DRIFT in MIR region and NIRA in
NIR region.

Figures 1 (a-f) and 2 (a-e) show the
qualitative assay of some analyzed samples by
DRIFT/MIR and NIRA spectral modes respectively.
The interpretation of these spectra aims to
demonstrate that the choice of analytical bands
was based on the bands that showed increases
in the transmittance signal, especially those
observed in the samples composed of smaller
particles.

SILICA PARTICLES DIAMETER DETERMINATION

In DRIFT/MIR methodology, bands around
850 and 1060 cm-1 apparently show an intensity
variation with increasing D50. In order to better
analyze smaller diameter samples (majority in
this research) the band at 1060 cm-1, with the
highest intensity, was chosen as the main one.
For NIRA methodology, the band at 4440 cm-1
was chosen as the analytical band, and, the one
found at 5268 cm-1, as a reference, as already
explained.

Sicosil silica and Silica HDK N20 samples
were only used for the analytical band
qualitative evaluation. Because of their high
D50 value, they were not used for quantitative
DRIFT/MIR measurements. It is known that for
samples with particle sizes larger than the
wavelength, the absorbance generally decreases
while increasing particle size. This happens
because the reflectance fraction increases with
the particle size increase (Torrent & Barron

a
¥
0
| *
0
C
] ¥
%T °
*
0
€
* 0
*
0
20000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400.0
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Figure 1. DRIFT / MIR spectra of silica samples of different D (50) (um), measured by Fraunhofer. Marked bands:
850 cm-1(0) and 1060 cm-1 (*): a) MSS 500 (3.28); b) Chiffonsil-5 (4.87); c) Oristar Silica 7 (5.93); d) Silica Balloon BA4
(6.13); e) Silica HDK N20 (16.46); f) Silica Sicosil 175 (67.8). The displacement (distortion) of the band at 1060 cm-1

may be due to specular reflection.

An Acad Bras Cienc (2022) 94(3) €20210545 12 | 21



RACHEL F. MAGALHAES et al.

SILICA PARTICLES DIAMETER DETERMINATION

Figure 2. FT-NIRA

partial spectra

(7600-4000 cm-
0 1) by Fraunhofer

* Approximation of

different D50 (um)
silica samples.
Marked bands: 4440
cm-1(0) and 5268
cm-1(*): a) MSS
500/3H (3.28); b)
° Chiffonsil-5 (4.87); ¢)
Oristar Silica 7 (5.93);
d) Silica Balloon BA&

* (6.13); e) Silica HDK

0 N20(16.46).

7600.0 7200 6800 6400 6000 5600

2008). This characteristic may cause errors in
the quantitative methodology.

Samples with differences in D50 values
were also not used to avoid falling within the
experimental error. Analysis priority was given
to lower D50 silica plates (HPTLC), in comparison
with TLC, in orderto investigate if the quantitative
methodology was able to differentiate these two
types.

DRIFT/MIR quantitative methodology

The silica characteristic band around 1060 cm-1
was analyzed in order to assess whether this
band would be the most appropriate analytical
band for the analysis of a larger number of
samples. If acceptable, it would respond to the
adopted DRIFT/MIR methodology, displayed in
Table V. Figure 3 shows the DRIFT/MIR calibration
curve (A1060) versus to the D50 values measured
by the Fraunhofer Approximation (Equation 5).
From both Table V and Figure 3 it can
be inferred that the samples satisfactorily
responded to the DRIFT methodology (A1060).

5200 4800 4400 4000.0

y =0.2261 + 0.01663 X (5)

where y is the analytic band median (A1060)
and x is the silica particle D50 measured by
Fraunhofer diffraction method.

The calibration curve equation, Equation 5,
indicates a good linearity (R = 0.960). 92% (R2
= 0.922) of the data can be explained by the
methodology, with a 3.01% methodology error,
which is considered satisfactory within the
conditions of analysis. Since the erroris relatively
close to the reference value, < 2% (Horak & Vitek
1978), it can be considered satisfactory. Therefore,
it is an indication that the methodology can
meet the goal. The reference value is commonly
found in conditions with less variation in the
optical path/thickness, that is, liquid sample
analyzed by transmission/closed or sealed cell.
Furthermore, it is @ much smaller error than
that found in transmission/pellet powders
quantitative analysis (around 8-10%) (Smith
1979) or in silica particle size determination by
sedimentation (10%) (Dominguez et al. 2020).
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Table V. Data from the DRIFT / MIR methodology (A, ) for silica samples, with data from D50 measured by the

Fraunhofer Approximation.

sample (D50 - pm) Ao

0.291

0.272

MSS 500

(3.28) 0.277

0.272
0.254
0.267
0.297

0.312
Chiffonsil-5

(4.87) 0.304

0.297
0.267
0.273
0.317

0.386

Silica balloon BA4

(613) 0.305

0.334
0.334
0.368
0.365

0.364

HPTLC plate silica

(6.94) 0.398

0.355
0.410

0.365

0.397

0.405

TLC plate silica

(114) 0.353

0.405
0.408
0.407

NIRA quantitative methodology

The band intensity ratio (A,,,,/ ., Was analyzed
in order to assess whether it would be the most
appropriate analytical band for a larger number
of samples analysis that would respond to the
implemented NIRA methodology, illustrated in
Table VI. Figure 4 shows the NIRA calibration curve
(A, /A corresponding to the D50 measured

4440 5268)
by Fraunhofer Approximation (Equation 6).

A, (median)

Standard deviation Relative deviation (%)

0.007 2.57

0.009 3.03

0.016 4.79

0.0M 3.01

0.0M 2.72

From Table VI and Figure 4 it can be inferred
that the samples satisfactorily responded to the
NIRA methodology (A,,, /A

4440 5268)'

y =0.0947 + 0.0972 x, (6)

where, y is the relative band median (A4440/
A5268) and x is the silica particle size (D50)
measured by Fraunhofer Approximation.
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5268 (Median)

é 1.20
”;3 ).36
£ 1.00
~ 034
2 . = os o
B 030 _-_‘: 0.60
)28 0.40
[ ]
- 3 4 5 6 7 8 9 10 11 12 o 2 4 6 8 10 12 14 16 18
D50 (um) Fraunhofer Approximation D50 (um) Fraunhofer Approximation
Figure 3. DRIFT/MIR calibration curve (A, ) for Figure 4. NIRA calibration curve (A, /A,,,) for silica
silica D50 samples particle diameter calculation by samples particle diameter calculation D50 obtained by
Fraunhofer Approximation. the Fraunhofer Approximation.

Table VI. NIRA methodology data (A

s0/Ps26) O silica samples, with D50 data measured by Fraunhofer
Approximation.

( :Saonip;; ) A, A, AP BuioPsis (Median) | Standard deviation de\lfizlt?gx?%)

0056 | 0179 0313
005 | 0189 0312

Mé§22?0 0063 | 0202 0312 0313 0.004 128
0065 | 0.200 0.325
0065 | 0195 0.333
0085 | 0162 0.525
0086 | 0162 0.531

CH'F(Z(?S’;)S'L'E’ 0082 | 0154 0.532 0.531 0.002 0.38
0.084 | 0157 0.535
0085 | 0161 0.528
0032 | 0036 0.888
0031 | 0.039 0.795

Oris(t;(r};ilica 0.03 0.036 0.833 0.838 0.028 3.34
0031 | 0037 0.838
003 | 0032 0.938
0034 | 0018 1888
0035 | 0.021 1666

Si“C%gEg)NZO 0034 | 0.021 1619 1.666 0108 6.48
‘ 0.03 0.015 2,000
0031 | 0021 1476
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The calibration curve equation, Equation
6, indicates good linearity (R = 0.981). 96%
(R2 = 0.962) of data can be explained by the
methodology, with a 2.31% methodology error,
considered satisfactory within the analysis
conditions, indicating that this methodology
also can meet the goal.

The highest error observed in sample Silica
HDK N20 is according to findings of literature, as
shown in Table |, once it was found that samples
of larger size of silica particles presented higher
errors of absorbance values.

NIRA methodology effectiveness

Since NIRA methodology proved to be
more appropriate to the determination, its
effectiveness has been verified. To achieve
this goal, a 4.88um D50 silica sample, coded
as “Sample A" was analyzed. The analysis was
conducted according to the same conditions
used for the elaboration of the corresponding
calibration curve (Equation 6). Table VII shows
the results of Equation 6 applied on the
band intensity ratio (A,,,,/A,,.,). The obtained
results, as expected, are close to the D50 value
obtained by the granulometric analysis and are
determined with an error around 2%.

Among the analyzed silica samples, the
results confirm that the NIRA methodology
is more adequate than the DRIFT for D50
determination. Even consideringallthe available

SILICA PARTICLES DIAMETER DETERMINATION

conditions such as samples characteristics and
spectrum obtaining modes with more accurate
data for smaller particle sizes, the results were
validated.

However, other types of FTIR reflection
techniques such as attenuated total reflectance
(ATR) or universal attenuated total reflectance
(UATR), can also be exploited in future
publications.

CONCLUSION

Silica samples of different particle sizes were
analyzed as received by DRIFT/MIR and NIRA. For
DRIFT/MIR methodology, the band at 1060 cm-1
was evaluated. For NIRA methodology, the band
intensity ratio (A4440/A5268) was evaluated.

For both methodologies, results show a
tendency to smaller errors to in the absorbance
measurements of samples with smaller or
intermediate particle sizes, consistently with the
literature data.

The criteria used to choose the most
appropriate methodology for silica particles
determination were the linearity (R), the
percentage (%) of explained data (R2) and
the evaluation of the methodology error. Both
developed methodologies gave satisfactory
results. However, the NIRA methodology
showed a better linearity trend (R = 0.981) with
approximately 96% of data explained by the

Table VII. Data related to NIRA methodology applied to the silica test sample.

Sample (D50)

(by Fraunhofer = A4440 A5268 %5112‘&608/

approximation)
0.072 0142 0.507
0.076 0.141 0.539

SILICA A
0.080 0153 0.523
(4.88)

0.082 0.156 0.526
0.084 0154 0.545

An Acad Bras Cienc (2022) 94(3)

A4L40/ Relative D50 (um)
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developed methodology, and an error of 2.31%.
Hence, it was possible to conclude that it proved
to be more appropriate to the silica particle
size determination with D50 data measurement
acquired by Fraunhofer Approximation, a
granulometric method that showed the best
result, with less uncertainty and methodology
error.

Aparameterthatsuggests NIRAmethodology
can meet the objective is the 2.31% error. Since
the error is relatively close to the reference
value, < 2%, it can be considered satisfactory.
In addition, it also is @ much smaller error than
that found in powders quantitative analysis
by transmission/pellet (8-10%) or by other
sedimentation method for silica particles size
determination (10%).

NIRA methodology effectiveness was
demonstrated through the analysis of a silica
test sample, under the same conditions
used for the corresponding calibration curve
elaboration. The results were close to the
D50 values determined by the granulometric
analysis (Fraunhofer diffraction method), with
a relative error of 2%, approximately, within the
equipment precision limits.
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