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1. Particles, types, and their classification

According to the general understanding, a particle is a small fragment or discrete relatively
small or smallest quantity of something. Because the word "small™ is relative to "something,” a
particle can be as small as a quark or as large as the sun. Relative to the vastness of the universe,
the sun is nothing but a tiny particle. That's why the range of technologies and sciences that deal
with the study of particles extends from high-energy physics to astrophysics. To begin with, we
will need to define the types of particles that are the subject of this study and that interest us. Their
sizes range from a few nanometers to micrometer sizes. We will call them industrial particles.

They can exist in some very different forms. They can be natural or synthetic
macromolecules, in linear form or in networks (proteins, gels, latexes, etc.). The particles can be
conglomerates of inorganic or organic molecules (micelles, liposomes) or even voids such as
bubbles in solid or liquid foams. The presence of particulate matter materials is ubiquitous: from
materials and substances used in household appliances, to ingredients in food and beverages, and
from transport vehicles of all kinds and installations in industry, to substances used in the
pharmaceutical industry. Particles have a profound impact on life, and we can say that everyone
has dealt with particles, in one way or another, at some point in their daily lives.

Industrial particles cover a wide range of sizes. For example, contaminants can cover five
orders of magnitude, and dust covers about seven orders of magnitude, from decimeters to
submicrons. Figure 1 shows some typical industrial particles and their approximate size ranges:
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Fig. 1: Approximate size ranges for industrial particles

In this size regime, a particle can be either a high molecular weight molecule or a group of
molecules. The latter can be molecular associations or just different forms of particles. From the
point of view of physical chemistry, industrial particle systems, regardless of their chemical
compositions and practical applications, are dispersions, except for solutions of macromolecules.

Generally, for a particle sample, there are two types of properties. One is the properties of
the material, such as its elemental composition, molecular structure, or crystal structure, which are
independent of the macroscopic form of presence. Whether in bulk form (solid or liquid) or in
particle form, these properties will not vary. The other class of properties, such as geometric
properties of individual particles (size, shape, and surface structure), is closely associated with the
fact that the material is in the form of particles. For particle material, in addition to the properties
of individual particles, many bulk characteristics, such as explosiveness, carrying capacity, gas
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permeability and powder compressibility, are also related to the fact that the material is in particle
form. These properties will not be present if the material is in overall form. If we dedicate the
phrase "particle characterization” to measurements related to the properties of the second type,
then the phrase "particle analysis" can be, as often happens, for measurements related to the
properties of the first type. The technologies used in particle analysis are quite different from those
used for particle characterization.

Most physical properties of a particle system are assemblies or statistical values of
properties from their individual constituents. The geometric properties of commonly evaluated
particles are counts, size (size and distribution), shape (or conformation), and surface
characteristics (specific area, charge and distribution, porosity and distribution). Among these
properties, characterization of particle size and surface characteristics is of key interest. The
behavior of a particle system and many of its physical parameters are highly dependent on size.
For example, viscosity, flow characteristics, filtrability of suspensions, reaction rate and chemical
activity of a particle system, stability of emulsions and suspensions, abrasiveness of dry powders,
color and finish of colloidal paints and paper coatings, strength of ceramics, are all dependent on
particle size distribution. Out of necessity, there are many technologies that have been successfully
developed and used in particle characterization, especially those for sizing particles from
nanometers to millimeters. Before the adoption of modern and light-based technologies, most
particle sizing methods were based either on physical separation of a sample, such as sieve
analysis, or on analysis of a limited number of particles, as in the microscopic method. In recent
decades, thanks to the advent and commercialization of lasers and microelectronics (including
high-performance computers), the science and technology of particle characterization has
advanced a lot. Today, many new and sophisticated technologies have been successfully developed
and applied in particle characterization. Some previously popular characterization methods are
now being removed from many areas.

The choice of an appropriate method for particulate characterisation depends entirely on
the requirements of the application and the availability of an appropriate technique. A compromise
is often made when choosing the best method for characterizing materials in particle form.



2. Traditional physical methods of particle characterization.

Following are some more common methods of particle characterization other than methods
using the analysis of light scattering dynamics currently used in various industrial applications.
The principles for each method are presented along with the general range of application,
advantages, and disadvantages.

SIEVE analysis (5um-10cm) — sieve analysis uses a test sieve, which has a screen with
many uniform openings to classify materials into different fractions. The fraction of material that
is larger than the screen opening will be retained on the screen, and the fraction that is smaller than
the aperture will pass. Openings are either gaps between threads woven into a wire sieve in which
the screen is a piece of metal or nylon cloth, or holes drilled in a metal plate in a sieve with
perforated sheet metal, or photo-etched holes in a sheet of metal in an electroformed sieve. Due to
the simplicity of the principle, equipment and analytical procedure, sieve analysis has been widely
used in almost all areas requiring the sizing of particles larger than several tens of microns.

Despite its wide use, there are several drawbacks inherent in this method. The openings on
a sieve are actually three-dimensional, given the round woven threads. Whether a three-
dimensional particle of any shape will be able to pass through an opening depends on the
orientation of the particle. Usually, the result of sieve analysis varies depending on the method of
moving the sieve or particles, the geometry of the sieve surface, the service life, the number of
particles on the sieve and the physical properties of the particles.

Sedimentation method (0.05um -100um) - sedimentation is also a classical method of
classifying and sizing particles for liquid particles. Sedimentation methods are based on the rate
of sedimentation of particles in a liquid at rest under a gravitational or centrifugal field. The
relationship between settling rate and particle size is reduced to the Stokes equation at reduced

Reynolds numbers:
_ 18nu
dse = \ (os—pDg (1)

In equation (19), dSt is the diameter of Stokes that is equal to the equivalent diameter of a
spherical particle that has the same density and free fall velocity as the real particle in the same
liquid under laminar flow conditions. The quantities 1, you and g are the viscosity of the suspended
liquid, the stabilization rate of the particles, the effective density of the particles, the density of the
liquid and the acceleration. In gravitational sedimentation methods, g is the gravitational
acceleration and in centrifugal sedimentation methods, g (= w?r with ® and r being the angular
velocity of the centrifugation and the radius where particles are measured, respectively) is
centrifugal acceleration.

The basis of a sedimentation experiment to infer information about particle size is the
Stokes equation, which holds for a single spherical particle that slowly settles into a fluid of infinite
extent without interference from other forces or motions. To satisfy these conditions, the
experiment should be carried out only at low concentrations and for particles within a certain size
range. At high concentrations there are mutual interactions or interferences between particles.



Laminar flow cannot be maintained either for very large particles, whose velocities are so high
that vortices or turbulence will form, or for very small particles, where the disturbance of free
settling due to the Brownian motion of the particles is too great.

Sedimentation methods have been widely used in the past and many product specifications
and industry standards have been established based on these methods. However, there are intrinsic
limitations associated with sedimentation. For a non-spherical particle, its orientation is random at
a reduced Reynolds number, so it will have a wide range of settling velocities. As the Reynolds
number increases, the particle will tend to orient itself to create maximum resistance and settle at
its lowest velocity. Thus, for a polydisperse sample of non-spherical particles, there will be a trend
in the size distribution towards larger particles and the result obtained will be wider than the actual
distribution. In addition, all samples analysed using sedimentation must have a uniform and known
density, otherwise particles of different sizes may settle at the same rate due to density variations.

Electrical detection method (Coulter principle) (0.4 um -1200 um) - a tube with a hole or
opening is placed in an electrolyte solution containing particles of interest in low concentration.
The device has two electrodes, one inside and the other outside the hole. The aperture creates what
is called a detection zone. The particles pass through the diaphragm when liquid is extracted from
one side. As a particle passes through the detection area, a volume of electrolyte equivalent to the
submerged volume of the particle is displaced from the detection area. This causes a short-term
change in resistance along the diaphragm. This change in resistance can be measured as a voltage
pulse or as a current pulse. By measuring the number of pulses and their amplitudes, information
can be obtained about the number of particles and the volume of each individual particle. The
number of pulses detected during measurement is the number of particles measured, and the pulse
amplitude is proportional to the volume of the particle:

= @

In equation (2), U, V, p0, 1, f and R are the voltage pulse amplitude, particle volume,
electrolyte resistivity, current through the diaphragm, particle "form" factor, and diaphragm radius.
If a constant particle density is assumed, the momentum height is proportional to the mass of the
particles. The measured particle size can be channeled using the pulse height analyzer circuit and
a particle size distribution is thus obtained. The instrument's electrical response is essentially
shape-independent for particles of the same volume, both in theory and practice.

The lower dimension limit of this method is defined by the ability to discriminate all types
of noise from the signal generated by particles passing through the opening. The advantages of the
method are that it measures the volume of a particle and the result will only be influenced by the
shape of the particle in extreme cases, and that it can count and measure simultaneously with very
high resolution and reproducibility. However, the limitation or disadvantage of this method lies in
the fact that the particles that can be analyzed are limited to those that can be dispersed in an
electrolyte solution and still retain their original integrity.

Image Analysis - Microscopic Methods - Morphology and Sizing Study (0.001-200 um)
and Holographic Method - Sizing (0.3-1000 um) - Microscopic methods include an image capture



procedure, image processing and analysis procedure. In capturing images process you must pay
attention to sample preparation so that representative particles from the sample are taken and seen.
There should be a minimum number of particles touching and any staining, shading, or coating of
the particles should not lead to incorrect information.

Conventionally, images captured from microscopic measurements are recorded on
photographic papers, followed by manual study of the shape, size, or morphology of the particle
surface in the images. These images can then be reprocessed and analyzed using an image analysis
program. Particle size measurement (cable size, area, and length), particle number, and shape
analysis can be achieved by image analysis.

Microscopic analysis has advantages over other methods in that it can provide information
about size, shape, surface texture and some optical properties of individual particles in a wide
range of sizes and in detail. However, the major disadvantage of microscopic methods is that in
most cases, they only produce information from 2D projected areas of particles. The orientation of
the particles in the prepared sample can significantly alter the result. Another big disadvantage is
that, despite modern automatic image analysis, the number of focused particles that can be
inspected in whichever viewing range you choose is limited. Thus, for a polydisperse sample, an
adequate statistical representation of the entire sample can be a complex, if not nearly impossible,
task.

The holographic method assumes that images are formed in a two-step process. In the first
step, a collimated coherent light is used to illuminate the sample. A hologram consists of the far-
field diffraction patterns of all particles in the illuminated sample volume, with coherent
illuminating light as the background. Many individual diffraction patterns overlap in the 2D
hologram.

In the second step, the hologram is again illuminated by a coherent light source and a
stationary image of all particles is created at their original locations in the volume. This three-
dimensional image can be studied and restudied by focusing the visual plane on the particles at
different locations, and new 2D images of the particles can then be visualized or recorded. The
same image analysis tools used in microscopic studies can be used to analyze these holographic
images to determine particle characteristics.

Since a hologram is recorded using a pulsed laser of very short duration, and because
particles are recorded in their real medium (suspension, aerosols, etc.), this method records the
sample at a given time. A more detailed study can be done in the second step at some point later.
This method can provide information about particle size, shape, and even the orientation of
particles in real space. Using a modified recording process and special mathematics, this technique
can even measure the motion (velocity) of particles.

Sizing and measurement of submicron aerosols (0.001-7 um) - submicron aerosol particles
exist abundantly in the atmosphere but, due to their size and concentrations, common methods of
sizing and counting are not suitable for direct measurement. The common procedure for



characterization of submicron particles has two steps. At the first stage, aerosol particles are
fractionated according to their size. They then pass through a container of evaporative liquid. The
vapor condenses on the aerosol, resulting in particles of much larger size, which can then be
detected and counted by an optical meter. Two schemes can be used for fractionation of submicron
aerosols. In the first scheme, called the battery diffusion method, particles pass through a stack of
mesh screens. Due to diffusion, they will collide and be captured by the threads of the screen.
Small particles will be captured first, as they diffuse rapidly and many more collisions will occur
with the screen wires. Large particles will be captured by the resulting screens. Aerosol particles
between 5 nm and 200 nm can be fractionated using the battery diffusion method. In the second
scheme, called differential mobility analysis, particles are first charged and then carried by a carrier
stream passing through an electric field. The particles are fractionated according to their
differential electric mobilities and therefore different speeds, both of which are related to their
dimensions. Particles between 1-1000nm in diameter can be fractionated in this way.



3. Optical methods for characterisation of particles

Light is electromagnetic radiation in the frequency range from about 10* Hz (infrared) to
107 Hz (ultraviolet), or with a wavelength between 3 nm and 30.000 nm. The conversion between
frequency and wavelength of light can be done using the speed of light (¢ = 3*108 m/s in vacuum):

c= Av (3)

Visible light is the part of electromagnetic radiation to which the human eye is sensitive.
When white light, which contains a range of wavelengths, is separated into wavelengths, each
wavelength is perceived as a different color. The wavelength of visible light ranges from ~400 nm
(violet) to ~700 nm (red). As light propagates, it has the characteristics of both a transverse wave
(a light wave) and a particle (a photon). As a wave, light has wave-like properties such as
frequency, wavelength, and interference; As a particle, light has particle-like properties such as
momentum, velocity, and position.

When a beam of light illuminates a piece of matter having a dielectric constant different
from the unit, the light will be absorbed or scattered, or both, depending on the wavelength of light
and the optical properties of the material. The net result of absorption and scattering caused by the
material is known as the disappearance of incident light,

Extinction = Absorption + Scattering (4)

When light interacts with electrons bound in the material so that it radiates light, scattering
is observed. The scattering detected is from particles in a scattering volume, in the cross-section
between the beam and the detection cone. The energy of absorbed light, which becomes the
excitation energy of particles, will be dissipated mainly by thermal degradation (i.e. converted into
heat) or lost by radiative degradation, producing fluorescence or phosphorescence, depending on
the electronic structure of the material. Since many materials exhibit strong absorption in infrared
and ultraviolet regions, which greatly reduces the intensity of scattering, most light scattering
measurements are performed using visible light. Scattering is observed only when a material is
itself heterogeneous, either due to fluctuations in local density in the pure material or due to optical
heterogeneity for particles dispersed in a medium. In a perfectly homogeneous and isotropic
material, radiation scattered by individual molecules interferes destructively, and therefore no
scattering is observed.

The intensity of scattering from a unit volume of material that is illuminated by a unit
stream of light is a function of the complex ratio of the refractive index between the material and
its environment, along with various other properties of the material. In the Rayleigh scattering
regime, where the particle size is much smaller than the wavelength of light, the scattering intensity
is inversely proportional to the fourth wavelength strength when the same material is illuminated
by light of different wavelengths but having the same intensity, i.e., the shorter the wavelength,
the stronger the scattering:

Iy < I,/2* (5)
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The photon correlation experiment was initiated in the 50s, but the popularity of this
technology was possible only after coherent light sources from lasers became available at low cost
in the 70s. Solving the distribution of Brownian motion in a solution of macromolecules or in a
suspension of particles by photon correlation spectroscopy was practical only when electronic
computing became fast enough that a user did not have to wait hours for the result.

In light scattering experiments, the collimated light source (polarized or non-polarized)
must be at a much greater distance than the particle size to be measured and is used to illuminate
the sample. The intensity of scattering is detected at a distant field (the distance, r, between the
detector and the particle sample must be much larger than the particle size). In this way, the
incident light and scattered light will behave like a plane wave, making the theoretical description
simple. The cross-section between the incident light and the viewing cone of the detector defines
the volume of scattering. In the scattering volume there can be only one particle, in the case of
optical particle counting, or many particles. Scattering results from changes in the electric field of
all particles in the scattering volume, illuminated by incident light. Since particles scatter light in
all directions, the intensity received by the detector is proportional to the detection area and
inversely proportional to the square of its distance from the dispersers. Although the liquid in
which the suspension is located also scatters light, scattering can be neglected compared to the
magnitude of dispersion from the particles. Exceptions to this we have when an inhomogeneous
medium is used or when the mass of the particle is comparable to that of liquid molecules.

We assume that the incident light is a collimated beam having a flat wavefront and uniform
intensity. In fact, an important purpose in designing the optics of a light-scattering instrument is to
achieve a homogeneous beam intensity and reduce its divergence to a minimum.

Many light sources, such as a He-Ne laser, have a Gaussian intensity profile. The diameter
of the beam is characterized by the circular region having a radius twice the standard deviation
(20). Most of the light output is in this region, and the light intensity at 2o radius from the center
of the beam drops to 0.135 of the maximum intensity. For Gaussian or divergent beams, all given
formulas must be modified accordingly, leading to generalized theories that have more
complicated formulas.

The analytical formulation of scattering intensity from spheres of arbitrary size is currently
widely used in many light-scattering technologies, in which the assumption of spherical particles
is taken for granted. The following are the rigorous solution for scattering from spheres, followed
by three theories that are approximations of scattering from particles either much smaller or much
larger than the wavelength of light, and a summary of numerical computational approaches for
scattering particles of other shapes.

Rigorous solution: Mie theory - Mie theory is a rigorous solution for the given scattering
of spherical, homogeneous, isotropic, and non-magnetic particles of any diameter d in a non-
absorbent medium. Although the theory is generally called the Mie theory or the Lorenz—Mie
theory, it was actually developed based on several independent theoretical works by many
theorists, including Lorenz and Mie.
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For spheres, the angular scattering pattern is symmetrical with respect to the incident light
axis, i.e. the scattering pattern is the same for the same absolute scattering angle value. In these
models there are minimums and maximums of scattering at different locations, depending on the
properties of the particles.

At small angles, usually less than 10 degrees, the scattering pattern for spheres is centrally
symmetrical in addition to being axially symmetrical; that is, it displays concentric rings in the
direction of propagation of the incident light. Within this range, the intensity will be the same for
the same solid angle with respect to the incident light and is not limited to the angle 0 in the plane
of scattering relative to mass.

Zeroth order approximation: Rayleigh scattering - if a particle is much smaller than the
wavelength of light, then each part of the particle will be exposed to the same homogeneous
electric field (uniform instantaneous phase) of incident light and scattered light from the particle,
and which will be the same as if scattered from an oscillating dipole radiating in all directions.
This radiation is produced when an unpolarized particle (or molecule) is subjected to an
electromagnetic wave. Its electric charges forcibly separate and an induced dipole moment is
created, resulting in a polarized particle. This dipole is induced by the penetration of incident light
into the particle due to the polarizability (o) of the particle in a short time compared to the light
period. The dipole moment oscillates synchronously with the dipole field and moment axis and
aligns with the electric vector of the incident wave. This type of scattering is called Rayleigh
scattering. To satisfy the above approximation, the following two conditions must be met: 1) <<
size ko; and 2) |m|- Size << ko. Here, size is the longest particle size. In general, a is a tensor;
that is, it has three components along three perpendicular directions. For most optically isotropic
materials, all three components are the same. The intensity of scattering is then related only to a,
which is a function of the shape and volume of the particle. If the particle is isotropic, optically
inactive, and the incident light is linearly polarized, all scattered light is linearly polarized. Equal
amounts of light are scattered in the front and rear hemispheres. The spatial scattering intensity
model has rotational symmetry around the dipole axis and a dependence on cos?p. At ¢ = 90°, the
scattering is almost zero since there is no scattering in the direction of oscillation of the dipole
moment. A 3-D scattering intensity model of a dipole on a polarized incident light has a tire-like
shape with an infinitely small hole in the center that is the dipole.

The amplitude functions have the following values:

Sl 54 _ 1,3 1 0
(53 52)_lk°a(0 0059) (6)

Thus, for natural light, we have the following Rayleigh equation:

_ (1+c0s20)ko*|al?l,
- 272

I (7)

Since the length of the probe (wavelength of light) is much longer than the particle, no
details can be found, except for the mass of the particle. The intensity of scattering varies as the
second strength of the particle mass. Although a depends on the shape, all particles scatter light
according to equation (7).
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First order approximation: Rayleigh-Debye-Gans scattering - when the particle size is
larger than that which can be treated as a single dipole, the approach is to treat the particle as an
assembly of small and structureless scattering elements. Each of these scattering elements gives
rise to Rayleigh scattering independently of other scattering elements in the particle. The phase
shift corresponding to any element in the particle is negligible, and the phase difference between
the different elements in the particle is determined only by their positions and is independent of
the material properties of the particle. Scattering in each direction by all these elements results in
interference due to the different locations of these elements in the particle. To satisfy the above
assumptions, the particle must have a refractive index close to the medium (jm-1| << 1), in addition
to being small compared to the wavelength of light (jm-1]| - size << ko). In Rayleigh-Debye—
Gans theory, amplitude functions are summations of the scattering of all elements with a phase
factor (6) added to each element:

51 54)_ik3(m—1) i& 1 0 \ _ikim-v H7—=/1 0
(53 S,) 2m fe dV(O COSQ)_ P(x)(O cos@) (82)

2T

P(x) = @)V 2|f eav| = n2 gx 3,5
3]

In equation (8), we took the polarizability a for a homogeneous particle when m is close to
the unit to be a = (m?-1) V/4x. P(X) is the scattering factor determined by the shape of the particle
when m is real; that is, there is no absorption. P(x) is derived from the consideration that a large
particle has n identical active scattering centers, any two of which are separated by a spatial vector
rij of length rij. All possible paired combinations of these centers in the geometry of particles form
the basis of the scattering interference pattern. For many regular forms, scattering factors were
derived. For most particles of regular shapes, scattering factors are a function of the product of
their characteristic size and scattering vector. The x symbol is commonly used for this product.
P(x) can generally be formulated using a series expansion:

2p2

K
P(x)=1-— 3g+--- (9)

where Ry is the radius of rotation of a particle, which is the effective radius of a body in terms of
rotation, or the radius at which all mass is concentrated, defined by:

2 _ [pmriav
Ro = Tromar (10)

where p(r) is the mass density at r. When x is less than 0.25, the third and largest term in equation

(9) can be abandoned. The initial slope of P(x) with respect to K? is then related to the radius of
rotation of the particles.

Scattering factors for optically anisotropic particles will have different shapes depending
on the polarization of both incident and scattered light. The biggest advantage in using scattering
factors is that these functions are independent of the refractive index of the particle. Once the
experimental setup is determined, size and shape are the only variables. Thus, for small particles,
once the shape of the particles is known, characterization of the size is easy provided that all
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particles have the same geometric shape. For visible light, the Rayleigh-Debye-Gans theory can
be used for particles up to several hundred nanometers in size.

Large end approximation: Fraunhofer Diffraction (The large-end approximation) - if the
size of the particle is much larger than the wavelength of light, the target particle will emit an
amount of light energy directly proportional to twice the area of its cross-section. An areal cross-
section is eliminated by the sum of reflection, refraction and absorption, and a cross-sectional area
by diffraction. For large particles, another rather different approach is used. When the particle size
is much larger than the wavelength of light or the material is highly absorbent, the edge effect of
the particles contributes much more to the total scattered intensity.

The interference effect now arises mainly from the contour of the particles; that is,
diffraction produced by bending light at the edge of particles. In these cases, scattering from the
inner part of the particle is less important and neglected as an approximation. For large particles,
when only edge effects are considered, we can use various diffraction equations to describe
scattering patterns. The particle now behaves like a two-dimensional object instead of a three-
dimensional particle. Only the area projected perpendicular to the light matters, not the volume of
the particles. Diffraction can be described by Huygen's principle: each point on a propagating
wavefront is a secondary wave emitter. The locus of expansion waves forms the propagation wave.
The interference between secondary waves gives rise to a fringe pattern, which rapidly decreases
in intensity as the angle in the original direction of light propagation increases. Diffraction is an
important physical effect inherent in all wave phenomena. There are two classes of diffraction,
namely Fraunhofer diffraction and Fresnel.

Fraunhofer diffraction involves coherent plane waves that occur at an obstruction. Fresnel
diffraction involves spherical waves incident to an obstruction. Experimentally, Fresnel diffraction
is produced from a point source and Fraunhofer diffraction from a parallel beam. The Fraunhofer
diffraction through an aperture is mathematically equivalent to the Fourier transform of the
aperture shape. Because integrals describing Fresnel diffraction are difficult to treat, Fresnel
diffraction models have few analytical solutions, even in one dimension.

The theories described above are based on time-mediated scattering intensity, with the
assumptions that the dispersors do not move and that the intensity of the incident light is constant,
from a stable light source, and that there is no relative motion between the components of the
experimental configuration, i.e., everything is in a certain state of static equilibrium. The term
"static light scattering™ is often used to describe these techniques. Although the intensity of
incident light (lo) can be maintained at a constant level and the instrument can be stiffened,
particles in the scattering volume are in constant motion coming from different sources. Motion
can arise from random translational motions or thermal rotation (Brownian motion), forced motion
introduced by an electric flux or field, or even motion resulting from bioactivity, such as the
mobility of bacteria particles in water.

Any motion of the particles will cause changes, fluctuations or jumps, in the intensity of
the scattering which can be fast or slow, depending on the nature of the motion and the type of
particle. In any dynamic light scattering experiment except photon migration spectroscopy, the
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intensity of the incident light is constant and the relative positions of the instrument components
remain unchanged. The source of the intensity variation actually results from the motion of the
particles, which causes changes in the relative positions between the particles, the light source, and
the detector, and between the particles themselves, if there is more than one in the scattering
volume. Thus, detecting variations in intensity can provide information about particle motions,
and particle characteristics can be revealed from a different aspect than from a time-mediated
measurement of intensity.

Other technologies that use light scattering to characterize particles are listed below:
- Static Light Scattering - measurement of absolute scattering intensity

- Focused Beam Reflectance - is a method of measuring a single particle. A laser beam is
collimated and focused at one point. A mechanical device rotates the beam in a circular path. As
the focal point intersects a particle, the particle scatters light back into a probe that transmits this
scattering back to a photodetector, generating an electrical impulse. The duration and frequency
of the pulse are indications of the length of the particles intersecting the beam and the number of
particles.

- Time-of-Flight (TOF) measurement - In particle size analyses using the TOF method,
high-pressure air transports predispersed particles through a converging nozzle. The particles are
accelerated by shell flow at near-supersonic speeds. Particles of different masses will be
accelerated differently. Two laser beams separated by a known distance detect individual particles
when particles pass through the two beams consecutively. As particles pass through the beam, they
scatter light that is collected and converted into electrical signals by two photomultiplier tubes.
One tube detects light as the particle passes through the first beam, and the other tube detects
scattered light as the particle passes through the second beam. Using the cross-correlation
technique, the time difference between the light pulses detected at the two detectors indicates the
time of flight, which is related to a certain particle size.

- Time-of-Transition (TOT) measurement - this technology is similar to focused beam
reflectance in that it uses a rotating beam to scan a suspension of diluted air or liquid in which
particles are presented and intercepted by the beam. The widths of the optical pulse represent the
cable lengths of the particles intercepting the beam.

Turbidimetry - in a turbidity measurement, a spectrophotometer is used to measure the
attenuation of light as a function of wavelength as it passes through a sample. In turbidity
measurements, the refractive index as a function of wavelength is the variable used in size
analyses.

- Back Scattering measurement - backward scatter detection can be achieved either using
a CCD camera to record backward scattering images or by a PMT mounted on a translation stage
to record angular scattering patterns, from which an intensity distribution is analyzed. Various
fiber optic probes consisting of both illuminating and receiving fibers are used to measure the
intensity of scattering at a certain angle. The intensity of light scattered backwards from individual
particles follows the same theories previously described when the scattering angle is usually
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greater than 165°. However, when direct scattering from samples in pipelines or reactors is
detected, the particle concentration is usually much higher than what is required in single particle
scattering. Multiple spread is then always the dominant phenomenon, and interaction with particles
is also another predominant factor. Therefore, direct measurement of particle size is not a trivial
task. In both settings (using a CCD camera or fiber probes), particle size information can only be
obtained indirectly, and apparent size values can be calibrated or correlated with actual values
measured in diluted suspensions.

- Phase Doppler Anemometry (PDA) - Phase Doppler anemometry or phase Doppler
analysis were proposed several decades ago, based on flow measurement technology - laser
Doppler velocimetry. PDA is widely used in sizing spherical and homogeneous particles, such as
liquid sprays, aerosols, air bubbles in liquid or other spherical particles.
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4. DLS equipment

The measurement configuration used for DLS is shown in figure 2 and is similar with the
configuration used to study static light scattering. The laser beam has a size of up to 1/10 mm, is
focused on the center of the sample to be measured, and the photons scattered by the scattering
centers are detected by a photodetector, sensitive and fast enough to be able to detect photons on
their own. The angle 6 represents the angle at which the sensor is placed relative to the direction

of the LASER beam.
s e

SAMPLE

LASER

DETECTOR  TOPC

Figure 2: Hardware configuration for DLS measurement.

The data processing system, shown in figure 3, comprises the photodetector together with the
signal preamplifier, analogue digital converter, digital data processing unit and result display
system. Each series of photons detected by the photodetector produces a variable electrical signal.
This signal is then processed by a preamplifier and sent to an analogue-to-digital conversion and
data processing system.

—\.. Fotodetector Convertor Sistemul de
0 s amplificator 1 an Al og /mumeric 1  procesarea :D Afisare rezultate
de semnal datelor

Figure 3: Block diagram of signal processing system

A point detector, placed at a point at any position on the interference image (see figure 4), will
record fluctuations in intensity. Lows and maximums will pass through it and we will thus obtain
a time series (an analog signal, variable in amplitude and time).

Figure 4: Projected image obtained using a 2 um burnt clay suspension
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In figure 5 we have a 15 second sequence of a recorded series placing the detector at a certain
angle 6 and we can see the evolution over time of the light intensity detected by the photodetector.

2.2

1.8f

1.6f

a.u.

1.4H

1.2

0.8
0

t, s

Figure 5: Time evolution of light detected by optical sensor

The analog signal is to be transformed by an analog-to-digital converter into a digital signal
that will then be processed by a computing system. The obtained time series (in digital form) will
be processed using the Fourier transform, thus obtaining the power density spectrum, whose shape
depends on several parameters. By analyzing this spectrum, we obtain information about the
particle size of the suspension used.

The particles in the sample under measurement, due to Brownian motion, are constantly in a
rotational and translational motion, which creates fluctuations in the dielectric constant of the
medium. Particulate matter can be regarded as secondary light sources. If the incident light is
coherent, the secondary light waves emitted by these sources are also coherent, therefore they
interfere, both constructively and destructively, leading to a boiling speckles aspect of the
interference field. The fluctuation in the intensity of scattered light at a point is the result of the
phase change of scattered light. The faster the particles move in the fluid, the faster the fluctuations
in measured intensity. We also intuitively note that because of Brownian motion, smaller particles
move faster than larger particles. This can be seen in the Einstein-Stokes relationship:

kgT
- 3nnd

(11)

Where: D - diffusion coefficient - indicates how fast particles diffuse, ks - Bolztmann's constant,
n - solvent viscosity coefficient, T - sample temperature, d - particle diameter.

The method applied uses time series recorded with a data acquisition system, which then
calculates the spectral power density. The spectral power density is then phytized using the Lorentz
function described in equation (12), using a nonlinear least squares minimization procedure, thus
determining the appropriate parameters of the function:

SH=ay—— (12

0 (2nf)2+a?

18



Where: f is the frequency of the spectrum and ao and ai are parameters. The parameter ao scales
the shape of the function to arrive at the initial form, and a; is directly related to the size of the
particles, according to the equation:

__ 2mkpTK?
- 6mna,

(13)

Where: kg - Boltzmann's constant, n - solvent viscosity coefficient, T - sample temperature, K -
scattering vector modulus, as described in the equation:

4mn . 0
K= Tsm (E) (14)
Where: n - refractive index of the solvent, A - wavelength of LASER radiation, 0 - scattering angle.

The procedure involves finding the two parameters, and then, based on parameter ai,
estimating the average particle size using equation (13). The diagram of the DLS reference
procedure is shown in figure 6:

DLS » Sena de timp »| Transformata Founer
Fitare "L
a + Spectrul de frecvente
S(fl=ay————
" (2nf)? + af
K 4mn (B)
= —sin|—
A 2
2wk TK*?
R = T;al o Infqrmatii desl,pre
dimensiunea particulelor
sample to be Distributia pe dimensini
- a particulelor

Figure 6: DLS reference procedure diagram
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5. Optical sensors

Photodetectors are electronic components or devices that can convert the energy of
electromagnetic radiation (both invisible and visible) into electrical energy, relying on the
absorption in the solid body of electromagnetic radiation and radiative recombination in
semiconductor of charge carriers.

Photodiodes are semiconductor elements containing a p-type region and an n-type region
in contact in a passage zone called the p-n junction. The structure and symbol are shown in figure
1.

strat antireflectant Anod

s s |
\\gj | jonctiune

p-n

; n

Figure 7: Symbol and structure of a photodiode

In the absence of an external field, free charge carriers in regions p and n have disordered
motion, electrons diffuse to region p and gaps to region n. At the meeting between electron and
hole, recombination occurs, causing a decrease in the concentration of electrons in the n zone and
holes in the p-zone. This phenomenon causes the n region to become electropositive, behaving like
a true electrical source. In the junction arises an internal electric field directed from region n to
region p, which limits the migration of carriers.

n

DO
OO

<
Figure 8: Recombination phenomenon

Under the action of radiation, electron-hole pairs are generated in the semiconductor if the
energy of the incident photons is greater than the forbidden bandwidth. The charge carriers
generated by light diffuse to the p—n junction where they are separated under the action of the
internal electric field: the holes are directed to the p region, and the electrons to the n region. Thus,
with illumination, electrons accumulate in the n region, resulting in an additional negative charge,
and in the p region a positive charge occurs. At the terminals of the p-n junction, a
photoelectromotive voltage arises that polarizes the junction directly.

20



) @
- » @
O ®O @
<
&

Figure 9: The occurrence of photoelectromotive voltage at the junction terminals under the
action of radiation

If the circuit closes by a charge resistance, then excess electrons from region n will move
through the outer circuit to region p, giving rise to an electric current due to illumination of the p—
n junction. The occurrence of an electromotive voltage in a p-n junction when it is illuminated is
called the photovoltaic effect. Through this effect, the direct conversion of light energy into
electrical energy is achieved.

Neglecting the phenomena of recombination-generation in the dam layer, the characteristic
equation of the illuminated p-n junction is:
eu
I=1Isc+Is (e —1) (15)
where: U -voltage at terminals; Isc - short circuit current (proportional to luminous flux); Is -
reverse saturation current.

The following figure shows the volt-ampere characteristics of a photodiode at different
illumination values.

Figure 10: V/A characteristics of a photodiode under the influence of different illumination
values

In quadrant 111, the photocurrent is proportional to the incident luminous flux on the
photosensitive surface, being quasi-independent of the reverse voltage value until close to the
breakthrough voltage (which can be on the order of tens of volts). The photodiode can be used as
a photodetector when operating in reverse polarization mode.
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Quantum efficiency is the ability of a photodiode to convert light energy into electrical energy,
expressed as a percentage, represents its quantum efficiency (Q.E.).

__1e _ number of colected electrons ca Ip/sec.
n=-—= (16)

Tp number of incident photons/sec.

It depends on A , through absorption coefficient, layer thickness, doping, geometry, etc.
When operating under ideal conditions of reflectance, crystal structure, and internal strength, a
high-quality silicon photodiode with an optimal design may be able to approach an 80% Q.E.

The sensitivity of photodiodes R\ is defined as the ratio of radiant energy (in watts), P, incidence
of light on the photodiode and photocurrent output in amperes Ip. It is expressed as the absolute
response in amperes per watt. Radiant energy is usually expressed as watts/cm?, and photodiode
current as amperes/cm?. The term cm? cancels and we are left with amperes/watt (A/W).

L
Ry=¢ (4/w) (1D
Because: hv = photon energy, P = rp hv

where: rp = photon flux = P/ h =v number of photons/sec

Typical features of photodetectors:

Photodetector Wavelength Responsivity Dark Current Rise Time (ns)
(nm) (A/W) (nA)

Germanium 1000-1500 0.70 1000 1-2

InGaAs APD 1310-1550 0.80 30 0.100

InGaAs PIN 1310-1550 0.85 0.5-1.0 0.005-5

Silicone PIN 850-950 0.6-0.8 10 0.070

Silicone PN 550-850 0.41-0.7 1-5 5-10

Equivalent operating circuit

A photodiode behaves as a photocontrolled current source in parallel with a semiconductor
diode. The circuit model is given in the figure below.

Figure 11: Equivalent circuit of a photodiode
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RiRgq

€y = (15+11+1n)m

(18)

where: Is = signal current
Rq = parallel resistance of photodiode
l| = reverse saturation current
Rs = series resistance of photodiode
In = noise current
R = load resistance
Cq = diode junction capacitance

BWpp = 1/[21(74 + Tre)] (19)

where 1y is the transit time of the photocarriers to the terminals and trc is the time constant imposed
by the capacitance of the active region, Cq, and the load resistance, Rs.

Basically, a photodiode is a current generator. The junction capacity of the photodiode
depends on the depth of the emptying layer and, therefore, on the reverse bias voltage. The value
of parallel resistance Rq is usually large (megaohms). The resistance of the Rs series is low. The
effect of the load resistance value R, on the current/voltage characteristics is shown in figure 12:

(bl (=]

1 ¥ - (a) Operarea fotovoltaica —RI=>=Rd

1 " (b) Operarea zero bias — Rl<<Rd

) . ._| L _ [c) Operarea fotoconductiva
1 -0.5 _ L
Cresterea ilumindrii

Figure 12: Effect of load resistance, Rs, on I/U characteristic
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6. Optical detector. Functional blocks, practical design, and
realization

For the development of the detection and processing system of the light signal obtained from
the phenomenon of light scattering by suspended particles in the analyzed fluid, we considered
several parameters:

- power, wavelength, coherence, and stability of the LASER emitter.
- sensitivity and reaction speed of the photodetector.

- the dark noise of the photodetector.

- gain factor, bandwidth, and preamplifier noise.

- rejection of abandoned signals, both in the emission chain and in the signal detection and
processing chain.

- sampling rate of the analogue-to-digital conversion system.

- computing capabilities of the data-processing system.

The circuit chosen for the optical detector consists of an operational amplifier configured
as a transimpedance amplifier. It amplifies the incident light-dependent current of a PIN
photodiode. For this detector, the photodiode will operate in photoconductive mode: exposure to
light will cause a reverse current through the photodiode. The diode is connected in such a way
that this current causes the output voltage of the operational amplifier to increase.

Ce

Re
lpp
P

of >
Photodiode

—( Vour

Figure 13: Connecting a photodiode to a transimpedance amplifier

Vour = IppRp (20)

The reaction capacitor, Cr, is designed to maintain the stability of the circuit. This capacitor
compensates for the capacitance of the photodiode at the inverting input of the operational
amplifier.
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In the absence of current through the photodiode, the output of the amplifier will try to
stabilize at the voltage applied to the noninverting input. If the noninverting input were connected
to potential 0, the output voltage would ideally be 0 V. However, the output voltage can never
reach OV since this is also the value of the negative supply. Therefore, the output of the operational
amplifier will "saturate™ around the negative power supply. This condition should be avoided, as
it could delay the amplifier's response to an input signal. To avoid saturation, a resistive divider
from the positive feed is used to polarize the noninverting input of the amplifier above the negative
power level.

——(Vour

\TAJ%
Photodiode
Va ¢

Co” = Vec

Figure 14: Application of bias voltage to noninverting input to avoid output saturation

The form of the output voltage, considering the application of a bias voltage on the
noninverting input, is as follows:

R3

Vour = ippR1 + Vg = ippRy + Vccm

(21)

The photodiode chosen for the detector is a PIN diode with code SFH213. The operating
spectral range (400 nm — 1100nm), spectral sensitivity and response speed (switching time approx.
5 ns) correspond to the requirements required for the photodiode to be used in the photo detector.

For the chosen scheme, the diode will be reverse-polarized and therefore the C; junction
capacitance will be used for stability calculations when Vr = 0. Also, due to minimal reverse
polarization, the effects of dark current on the amplifier output can be neglected. The chosen diode
has the following parameters necessary for calculations:

Parasitic diode capacitance: C; = 11pF (VR =0)
Illumination reverse current: Ipp = 90pA (Ee = ImW/cm?)

The operational amplifier chosen for practical realization is OPA320, in the SOT-23
capsule, a precision operational amplifier made in CMOS technology. The main characteristics
behind this choice were low noise, high response speed, high frequency bandwidth and power
supply from a single power line.
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Some of the features of this operational amplifier:

- Low offset voltage: 150 uV (Maximum)

- High Common Mode Rejection (CMRR): 114 dB
- Low bias current: 0.9 pA (Maximum)

- Low noise: 7 nV/VHz at 10 kHz

- High bandwidth: 20 MHz

- Growth rate: 10 V/us

- Current consumption: 1.45 mA

- Single wide-range supply voltage: 1.8 Vto 5.5V

The OPA320 amplifier is a high-speed, precision circuit suitable for low-power and single-
power applications. Low noise (7 nV/\Hz), low output impedance, flat frequency characteristics
and high linearity across the entire frequency range ensure very good performance for the signal
processing stages that precede analog-to-digital converters.

The main requirements for the construction of the circuit were as follows:

- single supply voltage - 5V; - Current consumed - < 1.5mA, - Input current (photodiode) - 0 - 90
uA; - Output voltage - 100mV - 4.9V; - Amplification - about 90dB.

The electronic diagram of the detector is shown in figure 15. The calculation of the circuit
gain will be made considering the requirements related to the output voltage range and the
maximum current through the photodiode:

Yourgaax,_Tourany _ p _, #W0LV _ 5333330 - R, = 53.6k  (22)
IINMAX) 90uA

The feedback capacitor together with the feedback resistance will establish a peak in the
frequency response of the amplifier. This peak we set at IMHz:

1
fP - 2mC1Rq

(23)

The calculation of the capacitor in the feedback circuit will be made to ensure the linearity
of the circuit up to a frequency of 1Mhz:

1 1
1S 21TR, fp = 21 (53.6k2)(1MHz) < 2.97pF - 2.7pF (24)

The bias network will be calculated from the minimum requirement 0.1V for the output
signal. Thus, for Vg = 100mV, if the current through the photodiode will be 0, the output will not
be saturated at 0, but will be maintained at a value of 100mV:

R3

B, R, = 49R, (25)
R3

_ _ R3 _
Vg = Vee —-01=5 P - 0.02 =

2

Choosing R2 = 13.7kQ, we get R3 = 2800
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The capacitor C> is placed parallel to resistor Rz to reduce the influence of power supply
noise on the signal at the amplifier output. Selecting a 1uF value for C, produces a cut-off
frequency of:

1 1
fp = 2mC2(Ry//Rs)  2m*1uF*(13.7k0Q//2800)

= 580.028Hz (26)

The obtained value is high enough to stop any disturbances coming from the power supply
from passing to the amplifier output.

The operational amplifier of choice, OPA320, meets and sometimes exceeds the
requirements of this detector. The passive components used in practical implementation shall be
within a tolerance of 1 %.

When making the printed wiring, it was considered that the power circuits were
disconnected to the ground path and that no loops appeared that could lead to the appearance of
parasitic signals.

The entire circuit was inserted into a metal box equipped with photodiode hole, 5 V DC
connector and signal output connector.

2,7pF

+5V 4' |—

N o J1-3 - =
== 10ufF 2 Jack-DC

GND 49,9

doi1 1 — 1
. OPA3Z0AIDBVR 1 o) 4
01 +5V R2 ++/ o Conn_Coaxial
e Ay by o

l J GND
~ D R3 c2

GND o C3

280 WF e oonF
AV

GND GND

Figure 15: Optical detector - electronic diagram

27



Figure 16: Optical detector - printed circuit board equipped
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7. — Amplification and linearity measurements

Laboratory measurements were made using the following equipment:

- LeCroy Teledine oscilloscope with 400 MHz frequency band.

- Hameg signal generator 10 MHz.

- LeCroy current and voltage probes.

- Power supply Rhode & Schwartz.

- LED HLMP-NGO7 high frequency — for stimulation of optical detector.

Figure 18: Measuring equipment used for linearity measurements

The supply voltage used to supply the LED emitter and the current through it were
monitored and kept constant throughout the tests.

Measurements were made for frequency values from 50 Hz to 5 MHz. Most measurements
were made in the range of interest 50 Hz — 100 kHz.

In the images below (figures 19 — 22) you can see oscilloscope captures for some of the
measurements. In the table (figure 23) we have the values of the LED current and the value of the
output voltage from the photo detector. The graph shows the evolution of the output signal as a
function of frequency. You can also see the evolution of current through emitting diodes, also
correlated with frequency change.
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Figure 20: Output voltage as a function of input sigl strengh @ f=10 kHz
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Figure 21: Output voltage as a function of input signal strength @ f = 100 kHz
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Figure 22: Output voltage as a function of input signal strength @ f =1 MHz
LED
Frequency Output voltage
[kHz] C“rlg?ats[]mA [mV RMS]
0.05 14.4 709.4
0.1 14.7 712.1
0.5 14.4 716.9
1 14.7 719.8
5 15 718.8
10 14.6 721.2
20 14.9 725.6
30 14.9 729.5
40 15 731.2
50 14.8 731.6
60 14.2 739.7
70 16 744.5
80 14.4 746.2
90 15.4 747.1
100 14.6 743.9
1000 14.8 571.1
1500 155 446.3
2000 15.3 339.9
3000 15.1 198.3
4000 15.5 117
5000 14.9 74.8

Figure 23: LED current and corresponding output voltage of photo detector
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Figure 24: Output voltage as a function of frequency (constant input stimulation):

The circuit was also simulated in the range 10Hz — 5MHz using the TINA application. The
equivalent diagram used in the simulation tool is shown in figure 25. Instead of the photodiode, a

constant amplitude, variable frequency signal was injected into the range specified for simulation
(figures 26).
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Figure 25: Simulated equivalent diagram
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Figure 26: Bode diagram 10Hz — 5 MHz:
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8. Particulate measurements using the stepwise filter filtration
method

As the first step in the manufacturing process of electronic modules, we have particle
cleaning of metal housings used for certain categories of electronic processing units.

This step is necessary to prevent the possibility of contamination of electronic wafers with
conductive particles. Also, as part of the process of continuous product improvement and cost
efficiency, it is necessary to find out the density of particles and their distribution by size
categories. The data obtained will be used to streamline the cleaning process and improve the
production process of metal housings.

The analysis was made to the solvent used by metal casing washing plants. It was processed
through a series of membranes with through-hole sizes of different values. The analysis was
performed using a filtration plant and a chemical recess (figure 27).

Pompa de vid folosita pentru trecerea
fortata a fluidului testat prin membrane

Figure 27: Laboratory equipment used for measurements

We used membranes with the following pass sizes: 15 pm, 5 um, 1 pm, 0.8 um. The diameter of
the filter membranes is 47 mm and the useful filtration surface has a diameter of 45 mm.

The steps in this analysis were as follows:
- taking the sample to be measured. From the amount of solvent used, take 1000 ml.

- cleaning the equipment — with a 0.8 um filter mounted in the particulate retention area,
clean the installation using the cleaning solvent until the filter no longer retains any particles. In
the first phase, the evaluation was done by direct observation and then by examination under a
microscope.

- calibration of the measuring system — we use a membrane of 0.8 um and a quantity of
250 ml of pure solvent, identical to that used in the parts washing installation. The quantity of fluid
is passed through the filtration system and the membrane is kept as a standard to confirm the degree
of cleanliness of the installation.
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- mount the membrane with 15um through-holes and pass 250ml of the sample to be
measured. The fluid resulting from passing through the filter will constitute the test for the next
step.

- Mount the membrane with Sum through-holes and pass 250ml of the sample to be
measured. The fluid resulting from passing through the filter will constitute the test for the next
step.

- Mount the membrane with Ium through-holes and pass 250ml of the sample to be
measured. The fluid resulting from passing through the filter will constitute the test for the next
step.

- mount the membrane with 0,8um through-holes and pass a quantity of 250ml of the
sample to be measured. The fluid resulting from passing through the filter will constitute the test
for the next step.

- The next steps consist of drying the membranes for 20 minutes in an oven with the
temperature set at 100°C and then cooling and dehumidification in a controlled atmosphere
enclosure for 2 hours. The temperature is set at 21°C and the humidity at 33% RH.

After completing all membrane preparation procedures, scanning them using a digital
microscope and interpreting the data follows.

General information
Analyse Operator. | Sorin Olaru Extraction Operator: | Sorin Qlaru
| TST N 002 02.45-001 ) .
Product Specifications: Cleanliness-Inspection ECU Inspection (Procedure): | 15016232
Test object
Part designation: | NA Component size: | 250 cm® [ perpart
Article code: | Downclean solvent Amount of parts on filter: | 1
Sample Mo: | 1 Supplier: | ALL
Extraction
Extraction method: | Filtration Extraction liquid: | HAKL 1025-810-1
Amount exdraction liquid [ml]: | 250 Filter type: | Nylonmembrane 15 pm
Microscopic analysis
Scale: | 5.9 pmiPxl [ Evaluaied diameter [mm]: [ 42.0
Evaluation according to 1ISO 16232 / VDA 19.1 e
- | A e P
Length [um] Width [um] RRan= Ly N
Largest metallic shiny pardicle 3737 2724 ; i
Second largest metallic shiny particle 3020 1475
Largest non-metallic shiny paricle 1958 393
Second largest non-metallic shiny particle 1934 1297
Widest metallic shiny particles 3737 2724
Second widest metallic shiny particles 2726 1765
Widest non-metallic shiny paricles 1934 1297
Second widest non-metallic shiny particles 15089 508
Longest stretched fiber 11208 76
Second longest stretched fiber 1778 33
Inspection result: | Filter occup-ancy [%e]: 8.12

Figure 28: 15um filter - Nylonmembrane 15um
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[General information

Analyse Operator: | Sorin Olaru Extraction Operator: | Sorin Olaru
) .| TST N 002 02.45-001 ) .
Product Specifications: Cleanliness-Inspaction ECU Inspection (Frocedure): | 15016232
Test object
Part designation: | MA Component size: | 250 cm® | per part
Article code: | Downclean solvent Amount of parts on filter: | 1
Sample Mo: | 1 Supplier: | ALL
Extraction
Extraction method: | Filtration Extraction liquid: | HAKU 1025-810-1
Amount extraction liquid [mil]: | 250 Filter type: | Multilayer Pall 5 pm
Microscopic analysis
Scale: | 5.9 pm/Fxl [ Evaluated diameter [mm]: | 42.0
Evaluation according to IS0 16232 / VDA 19.1
Length [um] Width [um]

Largest metallic shiny paricle 465 193
Second largest metallic shiny paricle 87 17
Largest non-metallic shiny particle 144 21

Second largest non-metallic shiny particle 141 34
Widest metallic shiny particles 465 193
Second widest metallic shiny particles 53 37
Widest non-metallic shiny particles 92 67
Second widest non-metallic shiny paricles 55 48
Longest stretched fiber 1580 17
Second longest stretched fiber 818 26

Inspection result: Filter occupancy [%]: 0.27

Figure 29: Sum filter - Multilayer Pall Spm

General information

Analyse Operator: | Sorin Claru Extraction Operator: | Sorin Qlaru
oo | TST M 002 02.45-001 ) )
Product Specifications: Cleaniiness-Inspection ECU Inspection (Frocedure). | 15016232
Test object
Fart designation: | NA Component size: | 250 cm® | per part
Article code: | Downclean solvent Amount of parts on filter: | 1
Sample Mo: | 1 Supplier | ALL
Extraction
Extraction method: | Filtration Extraction liquid: | HAKU 1025-310-1
Amount exiraction liquid [mi]: | 250 Filter type: [ MWylonmembrane 1um
Microscopic analysis|
Scale: | 1.5 pmiPxl | Evaluated diameter [mm]: | 40.0
Evaluation according to ISO 16232 / VDA 191
Length [um] Width [um]
Largest metallic shiny paricle 96 11
Second largest metallic shiny particle 53 23
Largest non-metallic shiny paricle 163 13
Second largest non-metallic shiny paricle 99 15
Widest metallic shiny particles 53 23
Second widest metallic shiny paricles 3 23
Widest non-metallic shiny particles 67 46
Second widest non-metallic shiny particles £l 28
Longest stretched fiber 3587 33
Second longest stretched fiber 1073 23
Inspection result: Filter occupancy [%]: 0.02

Figure 30: 1um filter — Nylonmembrane 1pum
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General information

Analyse Operator: | Sorin Olaru Extraction Operator: | Sorin Olaru
o | TST N 002 02.45-001 ) .
Product Specifications: Cleanliness-Inspection ECU Inspection (Frocedure): | 15016232
Test object
Part designation: | NA Component size: | 250 cm® | per part
Article code: | Downclean solvent Amount of parts on filter: | 1
Sample Na: | 1 Supplier: | aALL
Extraction
Extraction method: | Filtration Extraction liquid: | HAKU 1025-810-1
Amount extraction liquid [mi]: | 250 Filter type: | Cellulose membrane 0.5um
Microscopic anahrsi5|
Scale: | 1.5 pym/Pal [ Evaluated diameter [mm]: | 40.0
Evaluation according to IS0 16232 / VDA 191
Length [um] Width [lum]
Largest metallic shiny particle 70 14
Second largest metallic shiny particle 5 26
Largest non-metallic shiny particle 176 19
Second largest non-metallic shiny particle 160 Ell
Widest metallic shiny particles 39 28
Second widest metallic shiny paricles 33 28
Widest non-metallic shiny particles 53 43
Second widest non-metallic shiny paricles 130 42
Longest stretched fiber 573 g
Second longest stretched fiber 523 28
Inspection result: Filter occupancy [%]: 0.05

Figure 31: 0.8um filter — Cellulose membrane 0.8pum

To analyze the particles found in the parts cleaning solution, the stepwise filtration method
was used. The particles identified ranged from a few tens of um to thousands of um as equivalent
hydrodynamic volume.

The method is sufficient for profiling particles in this size area, but inefficient for particles
of a few um or nm size.

Also, the procedure is a long one, both for the running phase of the tests and for the
measurement and interpretation of the data.
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9. Measurement of particulate size in air (smoke and aerosols) using
DLS technique

The detection, measurement, and analysis of particulate matter in the air is of great
importance in areas such as environmental monitoring, health, pollution, combustion engines,
automotive, fire detection, meteorology, and many others. Particulate matter in air is also called
aerosols or suspended particles in air.

The size of suspended particles in air is up to 100um. Larger particles are not suspended,
and their fall rate is usually greater than 1m/s.

There are several methods and sensors for analyzing particles suspended in the air.
Mechanical methods consist in the mechanical collection of suspended particles from the air. This
can be done either with the help of filters or with the help of a centrifuge. If filters are used, a fan
forces air through a filter that collects particles from the air. The particles attached to the filter are
examined using a microscope and very detailed information about the particles is obtained. This
method is simple and straightforward, but at the same time laborious and time consuming. A faster
and simplified mechanical method is to use selective filters with holes of decreasing size. A version
of this method is the gravimetric method: Weigh a clean filter, then filter through it a large amount
of air with particles. After filtering the large volume of air, the filter is weighed again. The
difference in mass divided by the volume of filtered air is the mass concentration of the particles.

Another method of mechanical collection of suspended particles is to use a centrifuge. The
force applied to a particle inside a centrifuge is thousands of times greater than its weight in normal
gravity. For example, a 20um particle falls 1 cm/s into air with a normal gravity of 1g. The same
particle will have a velocity of 32cm/s in a centrifuge with 1000g or 1m/s in a large centrifuge
with 10000g. Small particles that do not settle in normal gravity can be separated in a centrifuge.
Then, particles attached to the circumference of the centrifuge can be analyzed using a microscope.

Mechanical methods are precise and accurate but are limited to laboratory measurements.
They are not suitable for automated analysis or high-volume measurements or continuous air
monitoring.

A different method is to ionize particles suspended in air. In the middle of the last century,
the first smoke sensor with a radioisotope and an ionization chamber appeared. Such a sensor
includes a very small amount (0.3ng) of Americium 241 that ionizes air molecules inside the
ionization chamber. Americium 241 is preferred because its radiation is 1% gamma and 99%
alpha, which has a high ionization power and can also be easily shielded. A voltage is applied
between two electrodes in the chamber and the current between the electrodes is monitored. If
smoke particles are inside the chamber, ions will adhere to them, and the current between the
electrodes will change. Thus, smoke can be detected. Such sensors are not very reliable and are
less and less used. Sometimes they are used in conjunction with other types of sensors, mostly
because ionization sensors are more sensitive to small particles, unlike optical sensors that are
sensitive to large particles. lonization of air molecules can be done by Corona discharge instead of
radioactivity.
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The signal generated by an ionization smoke sensor depends on both the size and density
of the particles, therefore none of them can be measured. The size could be measured if the particle
density is known and after calibration with particles of known size. But these conditions cannot be
achieved for a commercial sensor.

Optical sensors are most used for detecting and analyzing particles in the air. A light source
illuminates a volume of air. The particles inside the illuminated volume scatter light. A light sensor
measures either transmitted light or scattered light, and the electrical signal generated is amplified
and analyzed to obtain information about the particles.

Sensors that count particles have a light source (LED or laser) and a lens that focuses the
light beam according to the size of a particle. A thin stream of particulate air circulates between
the light source and a photodetector in the region where the light is focused. Each particle passing
between the light source and the photodetector will produce a pulse in the signal from the
photodetector. The pulses are counted and the particle density can be calculated. Some detectors
have additional electronics and software to analyze each pulse and estimate the size of each
particle, but the accuracy is very low and they can only distinguish between dust and smoke.

Optical smoke sensors are installed in most public buildings and some homes. An LED and
photodiode are placed inside an optical camera. They are arranged in such a way that neither direct
nor reflected light from the LED can reach the photodetector. Airborne suspended particles
entering the chamber scatter light, and a certain amount of scattered light is detected by the
photodiode.

Diffused light sensors are cheap, small, and reliable. They are used to detect smoke or dust
but cannot measure particle parameters. The signal level generated by the photodetector is highly
dependent on the density, size, shape, color of the particles, therefore none of these parameters can
be measured separately.

Nephelometers are used to accurately measure the concentration of suspended particles in
a fluid. These are basically optical sensors with light scattered at an angle of 90°. Although they
are expensive and sensitive, they cannot directly determine the concentration of particles. As
mentioned earlier, scattered light depends on the concentration, size, shape, and color of the
particles. Size, shape and colour must be known in advance to measure concentration. A
nephelometer must be calibrated for a known particle before measuring its concentration in the
atmosphere.

The most advanced nephelometers can measure the dimensional distribution of particles.
This goal can be achieved by the SLS (Static Light Scattering) method. Nephelometers
manufactured by Air Photon or TSI measure scattered light for three wavelengths and scattering
angles from 7° to 170°. Data obtained from three photomultipliers (for three wavelengths) are
processed to obtain the size distribution and density of the particles. These instruments are
expensive, heavy (on the order of kilograms) and include many moving parts and sensitive optical
components.
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Extinction optical sensors measure the intensity of direct light from an LED or laser. When
particles are between the light source and the detector, the light intensity on the photodetector is
lower. Most sensors have an optical camera, and the distance between the light source and the
photodetector is a few centimeters. Alternatively, the distance is several meters. In this case, a laser
beam targets a photodetector that is several meters away. Thus, the monitored area is much larger,
but false detections can occur more often.

The DLS (Dynamic Light Scattering) method has been used for a long time (about 60
years) to measure the size of particles suspended in liquid. The DLS method requires several basic
components: a photodetector and a light source that must be monochromatic and coherent (thus a
laser), a data acquisition system and a computing system. The light parameter measured by DLS
is the frequency of scattered light, while all other methods need the intensity of scattered light. The
monochromatic light scattered by particles creates an interference image on the photodetector. The
intensity of light on the photodetector is the result of random phases of light coming from
illuminated particles. But particles move continuously due to Brownian motion, therefore, the
phase and intensity of light on the photodetector are variable. The speed of particles in Brownian
motion depends on the size of the particles. The frequency of the signal generated by the
photodetector is processed by a computer and the particle size can be calculated.

Overview of DLS data processing procedure

The DLS procedure uses a coherent beam of light focused on particles suspended in a
solvent, usually a liquid solvent. The light scattered by particles is also coherent, therefore an
interference image is produced, and the interference intensity of light can be measured by a
detector and recorded using a DAS (digital acquisition system) data acquisition system. The
recorded data are called time series in DLS and are processed in a fairly simple way to obtain the
average diameter of suspended particles. There are several approaches, each based on certain
approximations and assumptions, that can lead to calculating the size distribution of particles, such
as the CONTIN algorithms or Maximum Entropy (as described in this paper).

The following is presented a method of assessing the size of suspended particles in air
(aerosols) using DLS. DLS is a simple procedure that can be used to process time series generated
by airborne particles, which can produce the average size of nano and microparticles, making it an
advanced sensor and at the same time a simple, low-cost device.

A diagram of the basic DLS installation is shown in figure 32. The light source, which
must be coherent, can be either a He-Ne laser or a laser diode. The typical wavelength for these
light sources is 633 nm. The scattering angle 0 is variable, as will be explained below. The lateral
displacement can be adjusted to have the appropriate dispersion angle. The samples consist of
micro and nanoparticles suspended in the air. The distance D between sample and detector can be
adjusted so that the average speckle size corresponds to the detector size (as much as possible).
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Computer  Detector Tube with gas Laser
with DAS sample

Figure 32: Experimental configuration used for measurements

DLS time series consist of values recorded by the DAS with a given sampling frequency f.
This means that the light intensity is recorded at time intervals At=1/f. As stated in, the width of
the autocorrelation of the intensity time series is proportional to the diffusion coefficient, which
depends on the diameter of the diffusion centers (SC hereafter).

The frequency spectrum (FS -frequency spectrum) is related to the autocorrelation of a
process, as proved by the Khinchin—Kolmogorov theorem. An alternative version is described
below.

FS can be described analytically using the Lorentzian line S(f):
Sfl=a

a

0 (2rf)?+a? @7

Two parameters, ap and az, are included in the Lorentzian line S(f). The parameter values
in equation (27) shall be determined so that the Lorentzian line S(f) best describes FS calculated
with the recorded time series. The parameters can be determined using a minimization procedure.
Then the radius can be calculated using equations (28) and (29):

2kpTq?
R = BTq

6mna, (28)
where ¢ is the modulus of the scattering vector:
q= 47TTnsing (29)

In equations (28) and (29) R is the mean radius of suspended particles, kg is Boltzmann's
constant, T is the absolute solvent temperature, n is the dynamic viscosity of the solvent, n is the
refractive index of the solvent, A is the wavelength of the laser beam, and 0 is the recording angle.

Equation (27) describes the FS form of the DLS time series of particles in a solvent with a
certain angle of dispersion at a certain temperature. To plot the expected shape of ideal FS, al can
be calculated by returning to equation (28).

If scattering centers (SC) are suspended in water, the parameters are: temperature = 20°C,
n = 1.33 and n = 1.02*103daP. If particles are suspended in air at 100°C, the parameters are
approximately two orders of magnitude smaller: n=1 and n=2.1704*10%daP. This affects
parameter a; for the same particle radius. Equation (28) shows that, for the same radius R, a1 is
inversely proportional to n, therefore, a decrease in n will increase the parameter a; accordingly,
so that the rotation point (frequency) in the graph FS as a function of frequency, as in figures 33
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and 34, will be shifted to higher frequencies. For successful processing of such a DLS time series,
higher sampling rates are required for data acquisition, therefore, more expensive equipment for
light detection and data acquisition, thus falling outside the scope of the targeted device, which is
a relatively low-cost sensor using ordinary electronic equipment, that is, manufactured in large
series. Such equipment is used in audio devices for personal computers: audio preamplifiers and
sound cards, be it internal cards or external USB sound cards.

The typical dispersion angle for most DLS experiments is 90°, mainly because, with respect
to FS, the plateau of the logarithmic-logarithmic graph extends over a wider frequency range, and
therefore the evaluation of the rotation point, i.e., parameter ai, is more accurate. The frequency
spectrum, simulated for the diameters mentioned above, is illustrated in Fig. 33.

1073

f, Hz

Figure 33: FS simulated for particle diameters in the set: 5, 338, 672 and 1000nm at a
scattering angle of 90°, with air at 100°C as solvent. The lower curve represents FS for the
smallest diameter, 5nm, while the upper curve is for the largest diameter, 1000nm. The sampling
rate was 200 ks/s.

Fig. 33 shows that the rotation point (frequency) on the lowest curve, corresponding to the
diameter SC of 5nm, is beyond the highest limit of the frequency range in the graph, therefore the
least squares adjustment method will not identify a; in equation (27). Consequently, the correct
radius of smaller nanoparticles cannot be determined using the parameters mentioned above.

Graphs for smaller scattering angles in, such as 5°, suggest that DLS is possible in air for
relatively low sampling frequencies of 100 ks/s. Although this sampling rate may seem small, such
sampling rates are not easy to achieve with relatively inexpensive electronic devices such as those
defined above.

If we consider the low-cost electronics class, we consider sampling rates of up to 44 ks/s.
In addition, we can imagine using a sound card for PC or laptop, which is a DAS of good quality
and low cost. A sampling rate of 44 ks/s is common for purchasing high-fidelity audio with a
frequency of up to 22 kHz. Regular sound cards have an analog-to-digital converter with a
resolution of up to 32 bits. However, sound cards should be used with some caution, if there is no
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spectral attenuation from the detector to the input, since sometimes filters are applied in sound
cards or computers for recording sound.

Figure 34 shows the simulated frequency spectrum for the same set of diameters mentioned
above, assuming the same sampling rate of 200 ks/s recorded at a scattering angle of 10°.

10°

102 £

104

100 ¢

108

10—10 I L I !
10° 10° 102 103 104 10°
f, Hz
Figure 34: FS simulated for the set of diameters at a dispersion angle of 10°. The bottom
curve represents FS for the smallest diameter, 5nm, while the top curve is for the largest
diameter, 1000nm. The sampling rate was 200 ks/s.

If the scattering angle is reduced to 10°, we note that it might be possible to successfully
match the Lorentzian line to the calculated FS, thus finding a; and the diameter of the particles,
since the point of rotation of the line is now in the frequency range of the spectrum calculated
using the fast Fourier transform (FFT) algorithm, which is 0-22 kHz, if a sampling rate of 44 ks/s
is used. In addition, the points of rotation of the lines corresponding to the different particle
diameters are clearly separated from each other in figure 34, so that adjustment by the method of
least squares can be applied with reasonable accuracy.

The experimental configuration that was used to record the time series for DLS for airborne
particles is illustrated in Figure 32. The coherent light source was a He-Ne laser with an ordinary
wavelength of 633 nm. The scattering angle 6 was chosen to be 10°, as decided during the FS
simulations. The detector consisted of a silicon PIN photodiode SFH213 and a transimpedance
amplifier as described in the previous chapter. The acquisition and recording were performed using
a PC's sound card at a sampling rate of 44100 samples/s. The amplitudes were subsequently
extracted and the DLS time series were processed by the data processing procedure as described
below.

The viscosity of air depends largely on temperature; therefore, the temperature was
measured using a digital thermometer, with the temperature sensor in the transparent tube, just
above the laser beam. The dynamic viscosity coefficient 1 was calculated using the Sutherland
correlation, which expresses its dependence on the absolute temperature of an ideal gas, based on
the kinetic theory of ideal gases.
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Time series were recorded for 30 s each time. FS was calculated using the Fast Fourier
Transform (FFT) algorithm, and only 220 = 1,048,576 data were used, since the FFT algorithm
uses a 2n data number. If more data is provided, the function fills the rest of the values with 0 to
match the number 2(n+1), with the direct consequence of indicating a much larger amplitude for
very low frequencies than the real one.

An FS of one of the recorded DLS time series is illustrated in figure 36. We can see that
the tipping point is within the frequency range, and this allows the evaluation of al and,
subsequently, the diameter of the particles. The FS of the recorded time series contains noise that
is visible on diagrams in the form of peaks around frequencies, with amplitudes much higher than
those in the rest of the spectrum. Therefore, filtering is required. After calculating the FS, a filtering
procedure was applied, which eliminated a bandwidth of 2.5Hz centered on 50Hz and higher
harmonics, since 50Hz is the frequency of the electrical network and noise with this frequency is
present in all recordings.

In addition, normalisation of FS was also applied, which is required for DLS on gas-
suspended particles. The intensity of scattered light depends largely on both the numerical density
of the particles and the size of the particles, by means of the scattering parameter g, therefore,
different samples will produce FS with considerably different amplitudes. For finding parameters
ao and ai, a procedure for minimizing the least squares is used, that is, finding the parameters of
the Lorentzian line that best describes FS calculated on DLS time series. The adjustment procedure
stops, among other criteria, when any of the parameters changes by less than a predetermined
quantity. The adjustment is more accurate when both parameters have comparable values or at
least the same order of magnitude. The parameter al is in the range from tens to thousands,
therefore, the normalization of FS is carried out by multiplying all amplitudes in one set in FS so
that the height of the plateau is of the order of magnitude several thousand.

After filtering the FS spectrum and normalizing it, the Lorentzian line was adjusted to the
spectrum, ap and a; were determined, followed by calculating the particle radius using equation
(28) and diameters.

Error calculation

First, we need to check whether the fluid flowing around the object, SC in this paper, is in
Stokes mode. The autocorrelation of a DLS, or FS, time series depends on the diffusion coefficient.
If the fluid flowing around the object is in the Stokes regime, the resistance is described by the
Stokes equation and equation (28) is correct. The Knudsen number describes the fluid flow regime.

Going further, if equation (28) is perfectly accurate, we can obtain the relative error when
evaluating the radius R of the particle by substituting equation (29) into equation (28) and writing
the logarithm of R as a first step, in equation (30).

16mkgn?
na, A2

R= Tsin?2  (30)
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If we consider that all constants are grouped as a single factor, the differential of that factor
will be null. If we consider that the quantities we measured, and which were therefore sources of
error, were the thermodynamic temperature T and the angle of measurement 0, the logarithm of R
is:

__ 4. lémkgn?
In(R) = In A ?

+ InT + 21n (sin g) (31)

If we differentiate equation (31) and consider dT and df to be the experimental errors in
measuring these quantities, under the assumption of the worst case in which errors are summed,
we obtain equation (32):

gr=" =0+ +

1

— @Ae (32)

Considering an error for temperature of 3K, the distance between detector and tube, and
the diameter of the transparent tube, we found that the relative error was quite large, up to 31%.
Although the error is quite large, it is still consistent with the purpose of describing a simple
procedure for setting up and processing data for a sensor. Figure 35 shows a column describing
the error when assessing particle diameter using our experimental setup and data processing
procedure, together with average diameters for samples used to test the procedure.

Try ai Average diameter Ad Kn
[HZ] [nm] [nm]
Smoke from paper burning with flame 244.2 565 175 0.14
The wick of a wax candle, smoldering 1771.4 78 24 0.83
Nebuliser 410.0 336 104 0.19
Cigarette smoke 6166.0 22 7 3.0
Smoke from smouldering burning paper 9393.1 15 5 4.39

Figure 35: Samples analysed, parameter a; and average diameter.

Results

Several materials were ignited with different flame regimes to produce smoke and particles
and were used as laser beam targets in the experimental configuration shown in figure 32. The
samples that produced particles are shown in figure 35.

Figure 36 illustrates FS calculated for the DLS time series recorded on smoke from burning
flame paper as a particle source, after filtering out network noise and harmonics and adjusting the
Lorentzian line to FS. We note that noise frequencies of 50Hz have been eliminated. The red,
continuous line represents the Lorentzian line, equation (27), drawn with the best match
parameters, where al was 244.2 Hz, corresponding to a larger average diameter of smoke particles
of 565 nm.
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Figure 36: FS after filtration (blue dots) and Lorentzian line (continuous line) for particle
in smoke from flame burnt paper

Figure 36 also shows that the line matches the calculated FS quite well, confirming that the
approximation of having monodispersed particles in the sample is acceptable.

Figure 37 illustrates FS calculated for the DLS time series recorded on cigarette smoke,
following the same data processing procedure after filtering network noise and harmonics, and
after adjusting the Lorentzian line to FS. The red, continuous line represents the Lorentzian line,
was drawn with the best match parameters, which, for this sample, a; was 6166.0Hz, which
corresponds to an average diameter of particles in cigarette smoke of 22nm. We note that the
approximation of the monodisperse dimensional distribution of particles holds true for this sample
as well, since the line fits reasonably well with experimental FS.

107 10" 10’ 10° 10 10¢ 10°
f.Hz

Figure 37: FS after filtration (blue dots) and Lorentzian line (continuous line) for
cigarette smoke particle.
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The same aspect of FS and the line adjusted to it can be observed on FS for DLS time series
recorded on particles produced by a burning wax candle wick, where the average diameter was
78nm, and for particles produced by burning paper, where the calculated average diameter was
15nm.

So far, the samples that have been analyzed and presented indicate that DLS time series
recorded for airborne particles as solvent, with a relatively low data acquisition rate, can be
processed using the approximation that particles have a monodisperse or narrow dimensional
distribution. The procedure should be tested on samples with a known wider particle size
distribution and compare the results with the actual size distribution. One such source of airborne
particles is a nebulizer that uses a small compressor to disperse medical solutions into aerosol
particles. Figure 38 illustrated FS calculated for DLS time series recorded on water droplets in
aerosols used as a sample, following the same data processing procedure. The red, continuous line
represents the Lorentzian line, was drawn with the parameters of the best match, which, for this
sample, a; was 410.0Hz, which corresponds to an average diameter of particles in aerosol droplets
of 336nm. This time, aerosol droplets have a wider distribution, with a maximum diameter of
2.6um. We note that the low-frequency part of FS does not appear to be a plateau, and that the
entire FS appears to be a sum of FS recorded for one-dimensional particles. The adjustment
indicated an average diameter of 336 nm.
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Figure 38: FS after filtration (blue dots) and Lorentzian line (continuous line) for airborne
particles produced by a nebuliser.

The particle size assessed using this procedure is consistent with the generic particle size
as reported in the technical literature, which states that petroleum smoke has a particle size between
0.03 - 1 um, tobacco smoke is between 0.01 - 4 pm, petroleum smoke between 0.03 - 1 um and
wood burned with flame between 0.2 - 3 um, which we assume is comparable to burnt paper.
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10. Measurement of particle size in air using DLS technique on an
agueous suspension containing wind-borne Sahara dust particles

In the previous paragraph we showed that it is possible to characterize particles suspended
in a gas if there is a sufficiently high concentration of particles so that the scattered signal is
detectable and can be analyzed (the situation with smoke from various open or smoldering fire
sources). If this condition is not met, the measurement procedure must be adjusted. In this
paragraph the characterization of particles suspended in a gas, but in low concentration (dust
particles for example), is presented. These particles from air were collected and concentrated by
dilution in distilled water. Finally, we applied the DLS technique to characterize the particles in
air, but analyzing an aqueous solution in which these particles were embedded.

In early April 2022, a cloud of Saharan dust moved over Romania, followed by rain
containing dust particles (aerosols), which settled on objects. Dust aerosols are one of the major
factors affecting the global climate system.

| saw this as a good opportunity to try characterizing wind-borne Saharan dust particles,
and to compare the results with those published in the literature.

Atmospheric aerosols and their optical parameters are an important factor in models for
estimating global climate change. Dust particles present in the atmosphere can have either a
cooling or warming effect, depending on the layer altitude, single dispersion albedo, and base
surface albedo. On surfaces with a surface albedo of more than 0.3, mineral aerosols usually heat
the atmosphere. Over oceans, forests, and dark surfaces with surface albedos of less than 0.15,
mineral aerosols have an atmosphere-cooling effect. For albedo values between 0.15 and 0.30, the
effect depends on both size distribution and chemical composition. Consequently, the net radiative
effect shows significant regional variations, which partly explains the difficulty of estimating the
magnitude and type of effect (heating or cooling) of the radiative disturbance caused by dust
particles.

Moreover, desert dust carried by air currents contributes heavily to air pollution, reducing
air quality by increasing particulate matter concentrations, which affects human health by
increasing mortality risk. The average annual temperature in the Sahara is more than 30 °C, making
this region one of the hottest on Earth's surface. It stretches from the Atlantic Ocean to the Red
Sea, between Sub-Saharan Africa in the south and Mediterranean North Africa in the north,
making it the largest desert in the world. Sandstorms usually occur in conditions of very strong
winds generated by the large difference in air density between hot and cold air masses. They
usually occur in summer, but can also appear in spring, as in 2022.

References report that dust particle size and chemical composition have been analyzed by
various methods. The size distribution of aerosols was found to contain most particles in the
diameter range of 0.1-2.0pm.

The rain on the days when the dust cloud was over Romania (April 4-5) brought dust
particles to the ground, which were deposited on surface objects. Because the cloud contained low
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concentrations of Saharan dust, its main effect was to dirty car windshields and outside appliances,
as well as house windows. Such deposits were taken on April 6 using a sterile bandage previously
moistened in deionized water. The wet bandages were soaked in deionized water and squeezed,
releasing water containing the suspended dust particles. All operations were performed using
sterile latex gloves. It should be noted here that the air naturally contains a small amount of local
dust produced by air currents that exist in any region. Since it rained for a relatively long time
during the study period, for about two weeks before the dust cloud reached Romania, most of the
local dust was transported to the ground by rain. After several days of rain, objects on the ground
such as cars - especially those with dark paint, where dust is more visible - showed no signs of
dust accumulation once the rain stopped. This suggests that there was minimal or no local dust in
the air. The dust that was transported to the ground by rain after Saharan dust reached the territory
was therefore mostly Saharan dust, with a very small amount of local dust. Next, we call this dust
"Saharan dust."”

The suspension containing the Saharan dust particles was kept at +2°C in a refrigerator
until it was analysed using the combination of DLS and sedimentation. The fluid obtained as
described, the aqueous suspension, was shacked for 5 minutes using a magnetic shaker, and a small
amount of 1.5 ml was transferred to the transparent tube of the DLS device.

It should be noted that Saharan dust was lifted into the atmosphere by warm air currents,
transported first over the Atlantic Ocean, then over the western part of Europe and, finally, over
the territory of Romania. With this in mind, there was enough time for the giant dust particles to
be eliminated naturally.

Overview of DLS data processing procedure

As mentioned earlier, the DLS technique used for characterization evaluates the
hydrodynamic diameter of particles suspended in a liquid solvent.

Experimentally, particles suspended in a liquid solvent are the target of the laser beam. The
coherent incident light is scattered by each particle in the beam area in all directions, thus
producing the distant interference field. Since each location of the interference field contains
information relating to the motion of each particle that scattered light, it is possible to evaluate
information on the diffusion properties of the particles and, among them, the size of the particles.
This is achieved by recording a time series from a remote field location, most often at a scattering
angle of 90°, and analyzing it to evaluate the diffusion coefficient; Then, from there, the size
distribution of the particles or the average hydrodynamic diameter of the suspended particles.

The rollup method is one of the first methods used to analyze DLS time series and is based
on the autocorrelation function of a single-mode distribution. This method does not accurately
describe multimodal systems. To solve this problem, analysis by the method of least negative
squares (NNLS — non negative last squares) was introduced. Other methods, which can be
considered variants of NNLS, are CONTAIN and maximum entropy algorithms.
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There are also newer alternatives to DLS time series processing, based on the use of
artificial neural networks (ANNS). Using a medium frequency spectrum of scattered light intensity
as input for an ANN estimates the average diameter of particulate matter for particles with a
diameter of less than 350 nm. ANN-based study and laboratory analyses extended the particle size
characterization range to 6000 nm. ANN-based procedures reported in the literature were hundreds
or thousands of times faster than procedures based on adjusting an analytical function, either on
the frequency spectrum or on the autocorrelation of DLS time series.

Despite being very fast, these ANN-based alternatives give no indication of the accuracy
of the result, relative to the accuracy of the single-mode approximation on which they are based.
As seen in DLS analysis on particles in air as solvent, the accuracy is not considerable, the main
cause being the small angle and the relatively large error of angle measurement caused by the
diameter of the transparent tube containing the sample. In addition, the concentration of particles
required to perform DLS measurements on particles in the air is quite high, as is the concentration
of particles in smoke; therefore, this alternative is not suitable for a very low concentration of
particles in the air produced by the Saharan dust cloud that has reached eastern Europe.

To overcome the uncertainty that could be generated by using an ANN-based alternative
and to overcome the possible problem of not having a sufficiently high particle concentration, a
DLS data series processing procedure was used that uses an adjustment of an analytical function
to experimental data. In addition, a brief presentation of the procedure aimed to simplify the
experimental configuration as much as possible and make it more flexible is presented below. The
experimental configuration is shown in figure 39.

Cuvette with
suspension
6
Laser diode
Detector FH

DAS to computer

Figure 39: Diagram of the experimental assembly, with top view. The dark blue circle represents
the bowl and the light blue disc inside represents the aqueous suspension.

The installation consists of a laser diode, a cylindrical cell containing the suspension, a
digital acquisition system (DAS), an optical detector and a computer for recording time series. The
wavelength of the light beam of a laser diode is 635nm. The laser diode operated in continuous
mode at a power of 15mW. The DAS uses a single input channel of a quality sound card and with
input filters removed, and the data acquisition rate was 16,000 samples per second. The scattering
angle 6 is variable. A 90° angle was chosen as the scattering angle to record DLS time series. The
distance between sample and detector can be adjusted so that the average speckle size corresponds
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to the detector size (as accurately as possible) and this has been chosen as 10 cm. The transparent
tube containing the aqueous suspension had a diameter of 1 cm.

The time series of scattered light intensity (TS), already recorded as described above, have
been processed in several stages. First, the Fourier transform using the Fast Fourier Transform
(FFT) algorithm was used to calculate the frequency spectrum of light intensity, also called power
spectrum (PS). The FFT algorithm works on datasets containing a number of data points of the
form 2n, where n is a natural number, which was chosen to be 19 for TS recorded during
measurements; therefore, TS had a duration of 327.680s. It was possible to achieve such a
relatively large length of the TS because the suspension was stable. This produced many
frequency-amplitude pairs (262,145 pairs in fact), ensuring reliable matching of the Lorentzian
function.

The second step follows the original procedure of adapting the expected function for PS
(power spectrum), which is the Lorentzian function, equation (27), to PS calculated on
experimentally recorded TS, using a nonlinear adaptation procedure. The adjustment produces
parameters ap and ai.

In (27), parameter ao performs vertical scaling of the spectrum, but a; depends on diameter
d of the suspended particles, which act as scattering centers (SCs) as described by (33):

2kpTq?
d =1
3nna,

(33)

In (33), g is the magnitude of the scattering vector as described by equation (34):

q= 47tTnsing (34)

In equations (33) and (34), ks is Boltzmann's constant, n is the refractive index of the
solvent, A is the wavelength of the laser beam, T is the absolute temperature of the solvent, n is the
dynamic viscosity of the solvent, and 0 is the angle used to record TS, which is usually called the
scattering angle.

Recording began immediately after the liquid was transferred to the cuvette, in an
automated manner, with TS lasting 34s and a delay of 29min and 26s between them. The procedure
lasted 45.5h. TS was loaded into a matrix, storing 219 data in each of them, and was processed in
batch mode, with average diameters as output.

The average diameter of particulate matter is calculated using equation (33). Figure 40
illustrates the calculated PS values of TS on experimental TS and adjusted Lorentzian line.
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Figure 40: PS of light intensity scattered for a suspension (blue circles) and suspension-adjusted
Lorentzian line (continuous line|) at 10,5 h of sedimentation.

Examining the graph of the calculated PS data and the adjustment of the Lorentzian line,
we note that the line sufficiently described the calculated data, which confirms the hypothesis that
the distribution can be approximated as monomodal.

Error calculation

The relative error in assessing the diameter d of particles can be estimated by substituting
equation (34) into equation (33) and writing the logarithm of d, as in equation (35):

32mkgn?
d =—"—

. 50
T Tsng (35)

If we consider that all constants are grouped as a single factor, the differential of that factor
will be null. If we consider that the quantities we measured - and which were therefore sources of
error - were the thermodynamic temperature T and the angle of measurement 6, the logarithm of
dis:

In(d) = 32”anz+lT+21 2 36
n(d) =In i n n (sin 2) (36)
If we differentiate equation (36) and consider dT and d6 to be the experimental errors in

measuring these quantities, under the assumption of the worst case in which errors are summed,
we obtain equation (37):

ga=T=0+T+—740 (37)

tan (E)

The temperature measurement error was 1K for temperature T, which was 20°C, so
293.15K. The distance between detector and tube was 10 cm, and tube diameter was 1 cm, which
makes A0:.
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A6 = 2atan 22%ube (38)
D

Therefore, the relative error calculated using equation (37) was 10,3 %. Accordingly, the
error bars of the diameters were calculated using this relative error value.

The error is relatively large but is nevertheless consistent with the purpose of the analysis,
which is to use a simple configuration and data processing procedure to assess the diameter of
suspended particles in aqueous suspension.

Particle size separation by sedimentation

If a particle is suspended in a fluid, it is subject to the action of three forces: gravity, float
force and Stokes resistance, since the movement of very small particles occurs in laminar regime.
If d is the diameter of the sprung particle, the floating force Fy, gravity G and the Stokes resistance
Fs are illustrated in figure 41 and expressed as:

T 3
Fy=2d’pog  (39)
s
6
F;, = 3nndv 41

G=—-d’pg  (40)

<J

N

' 4

Figure 41: Forces exerted on a particle in a fluid.

In equations (39) - (41), d is the diameter of the particle, n is the dynamic viscosity of the
fluid, p and po are the densities of the particle and fluid, g is the gravitational acceleration, and v
is the speed of the particle in the fluid. If the density of the fluid is less than the density of the
particle, the velocity is directed downwards, and the particles undergo sedimentation. The fluid
was deionized water with a density of 1000 kg/m?, and the particle density was considered to be
2648 kg/m?3, which is the density of SiO..
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In equations (39) - (41), gravity and floating force are constant, but Stokes' resistance
increases with velocity to the point where the vector sum of forces is zero; Therefore, the velocity
remains constant and equal to a limit speed V1 as described by equation (42):

— d?
v =220 4

We note that the limit speed depends largely on the size of the particles, being proportional
to the square of the diameter. Larger particles sediment faster than smaller ones, and this can be
used to separate particles according to their size in a simple and efficient way. If we consider a
vertical tube and laser beam at a distance L from the free surface of the liquid, as shown in figure
42, after a time t after pouring the fluid into the beam area, only particles that have a limit speed
lower than v in equation (43) will remain; Therefore, they will have a smaller diameter than dmax
described by equation (44).

vm(® =2 (43)

Amax = 3\/ Z1¥m :\/ i (44)

(p—po) (p—po)gt

Figure 42: Sedimentation tube and laser beam.

The free surface level of the fluid has been carefully adjusted inside the sedimentation tube
to position the laser beam directly below the free surface, while avoiding its reflection on the
curved surface. Since water moistens the glass, the free surface is not a flat surface, but has a
concave shape. With the caution described above, the distance L was estimated at 0.15 mm.
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Results

Figure 43 shows a diagram of the largest diameter of particles remaining in the beam area
as a function of the time elapsed since the suspension was poured, calculated using equation (44)
and distance L, as mentioned above.
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Figure 43: Maximum diameter in nm of particles still suspended in the laser beam area as a
function of time t in hours.

Examining figure 43, we see that for such a small value of L, the variation in the diameter
of the remaining suspended particles is quite rapid over a time interval of several tens of hours,
which allows an estimate of the type and size of particles suspended in a fluid, using this very
simple sedimentation experiment and the customized procedure for determining the size of DLS
particles. If the particle density is greater than the fluid density, the curve shows a decrease in
particle size due to sedimentation, as illustrated in figure 43. Conversely, if the particle density is
less than the density of the fluid, the curve would show an increase in particle size over time as
particles would move upward in the tube because the force of floatation would be greater than the
force of gravity. Figure 44 illustrates the variation in the mean diameter of the remaining suspended
particles in the beam area as a function of the time elapsed from the deposition of the suspension
in the tube to the beginning of sedimentation.
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Figure 44: Variation of the mean diameter of particles remaining in the beam area during
sedimentation as a function of elapsed time.
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Looking at figure 44, we see that the average diameter of particles at the top of the
sedimentation tube, where the beam zone was located, was about 1100 nm at the beginning of the
sedimentation procedure and decreased rapidly in the first 4.5 hours to about 300 nm, followed by
a slower decrease in the subsequent sedimentation hours. The apparent increases in diameter at
times t = 10h and t = 32,5h are most likely an adjustment artifact, produced by using the same
starting parameters for all time series. After 45h of sedimentation in the natural gravitational field,
the largest diameter of suspended particles in the beam area was 50 nm. We should note at this
point that the diameters would have continued to decrease, but the recording was stopped after 45
h. This is because it seems impractical for an experiment to take weeks, just to make the presence
of particles smaller than 30 nm apparent, but most likely the distribution also contains particles
smaller than 50 nm.

We also note that the best similarities of the trend in Figure 44 with the estimated diameter
remaining in the beam are at L = 0.15 mm, calculated using equation (44) and illustrated in figure
43. If the particle density is greater than the fluid density, the curve shows a decrease in particle
size due to sedimentation, as illustrated in figure 43. The very good similarity of trend and values
in figures 43 and 44 is a strong indication that particulate matter harvested from rainfall had a
higher density than water density. The very good similarity of the values in the two curves indicates
that the particle density is very close to the density used to calculate the diameters represented in
figure 43, which was 2648 kg/m?; therefore, the particles deposited are most likely SiOx.

It should also be noted that the diameter calculated using the DLS procedure is derived
from the diffusion coefficient; Therefore, this is the hydrodynamic diameter, not the physical
diameter. It can realistically be understood as the diameter of diffusing particles in the form of
spheres of the same diameter, regardless of their shape, which can be a rod, ellipsoid or irregular
shape.

Moreover, the expected Lorentzian line match on PS calculated on experimentally recorded
TS is very good, as can be seen in figure 40, which confirms that the approximation that the size
distribution of particles is monomode is realistic. We must keep in mind that this approximation
is consistent with the fact that the intensity of scattered light is proportional to the sixth strength
of the diameter of the particles scattering at a certain angle, if the diameter is less than the
wavelength, which suggests that the diameter calculated in the manner described above is not the
conventionally average diameter, rather it is the average of the diameters of the largest particles
suspended in the beam area.
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11. Particle size measurement of automotive fluids (brake fluid and
coolant) using DLS technology

A number of technological fluids, mainly used in the automotive industry, were evaluated
in order to analyze the particles that are suspended in them, using the DLS technique. From the
start we focused on waste fluids because the content of foreign particles in such a fluid can be an
indicator for the proper functioning of an equipment or subassembly.

I have tried an engine oil analysis, but the results were not satisfactory due to the low
transparency of used engine oil. In the case of oil extracted from a diesel engine, even after a run
of several hundred km, it is completely black, making it impossible for the LASER beam to
penetrate and scatter light by suspended particles.

Thus analysis using light scattering dynamics (DLS) technique to evaluate suspended
particles was performed for brake fluid and engine coolant (antifreeze solution). The two fluids
were taken from a car with an internal combustion engine, having gasoline as fuel, after a turnover
of approx. 60000 km.

Fluids were taken in sterile recipient of 500 ml capacity. Since the viscosity of the two
fluids was unknown, there were no data sheets of the two fluids under analysis. A mass viscosmeter
was used to determine the viscosity at a temperature of 20 °C:

Figure 45: Viscosity measurements of fluids analyzed using DLS technique. On the left is the
brake fluid (measured viscosity 0.0202 daP) and on the right is the coolant (measured viscosity
0.0102 daP).
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Overview of DLS data processing procedure

As mentioned in the previous subchapter, the DLS technique used in this paper to
characterize particles evaluates their hydrodynamic diameter.

Particles suspended in the fluid are the target of the laser beam. The coherent incident light
is scattered by each particle in the beam area in all directions, producing the interference field.
Since each location of the interference field contains information relating to the motion of each
particle that scattered light, it is possible to evaluate information on the diffusion properties of the
particles and, among them, the size of the particles. This is achieved by recording time series from
a distant field location at a well-known scattering angle. For this analysis, an angle 6 of 90° was
used, the recorded time series are then analyzed to evaluate the diffusion coefficient; Then, from
there, the size distribution of the particles or the average hydrodynamic diameter of the suspended
particles.

The experimental configuration was intended to be a simple one, made with low cost
common components. The configuration is shown in figure 46.

Cuvette with
suspension
6
Laser diode
Detector FH

DAS to computer

Figure 46: Experimental configuration. The dark blue circle represents the transparent bowl and
the light blue disc inside represents the fluid under analysis.

The installation consists of a laser diode, a cylindrical tank containing the fluid to be
analyzed, a data acquisition system (DAS), an optical detector and a computer for recording and
processing time series. The wavelength of the light beam of the laser diode is 632nm. The laser
diode operated in continuous mode at a power of 15mW. The optical detector was made using a
PN photodiode of type SFH213 and a transimpedance preamplifier, as shown in the previous
chapter. The DAS uses a channel on a sound card in which input filters have been removed. The
data acquisition rate was 16,000 samples per second. The scattering angle 0, to record DLS time
series, was chosen 90°. The distance between sample and detector can be adjusted so that the
average speckle size corresponds as closely as possible to the size of the optical detector. The
transparent tank containing the aqueous suspension is 1 cm in diameter.

The time series of scattered light intensity (TS) recorded as described above were processed
in several stages. First, the Fourier transform using the Fast Fourier Transform (FFT) algorithm
was used to calculate the frequency spectrum of light intensity, also called power spectrum (PS).
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The second step follows the original procedure of adapting the expected function for PS
(power spectrum), which is the Lorentzian function, equation (27), to PS calculated on
experimentally recorded TS, using a nonlinear adaptation procedure. The adjustment produces
parameters ao and ax.

In equation (27), parameter ag performs vertical scaling of the spectrum, but a; depends on
the diameter d of the suspended particles, which act as scattering centers (SCs) as described by
equation (33).

In equation (33), q is the magnitude of the scattering vector as described by equation
(34).

In equations (33) and (34), ks is Boltzmann's constant, n is the refractive index of the fluid,
A is the wavelength of the laser beam, T is the absolute temperature of the fluid, ) is the dynamic
viscosity of the fluid, and 6 is the scattering angle used to record TS.

The vats containing the fluids under test were shaken for 1 minute before being placed in
the test configuration. In this way we ensured that there is as homogeneous a distribution of
particles as possible in the liquid mass.

The average diameter of particulate matter is calculated using equation (33). Figure 47
illustrates the calculated FS (frequency spectrum) values of TS for brake fluid measurements.

dslf-1 d-2.3126e-07 a0-87.0664 al-64.3769
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Figure 47: FS of scattered light intensity for brake fluid (blue circles) and Lorentzian line (in
red).
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Figure 48 illustrates the calculated FS values of TS for measurements of the coolant.
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Figure 48: FS of scattered light intensity for coolant (blue circles) and Lorentzian line (in red).

Thus, parameters ap and a: were obtained and using equation (33) the average size of
suspended particles in the analyzed fluids was obtained. | mention that it is about the hydrodynamic

dimension.

Analyzed fluid | a1 | Measured viscosity | Average particle diameter | Measurement error At
[HZ] [daP] [nm] [%]

Brake fluid 64,37 0,0202 231 10,3

Coolant 42,06 0,0102 701 10,3

Figure 49: Samples analysed, parameter al, measured viscosity, identified mean diameter
and measurement error.

Error calculation

The relative error in assessing the diameter d of particles can be estimated, as shown in the
previous chapter, by substituting equation (34) into equation (33) and writing the logarithm of d,

as in equation (35).

If we consider that all constants are grouped as a single factor, the differential of that factor
will be null. If we consider that the quantities we measured - and which were therefore sources of
error - were the thermodynamic temperature T and the angle of measurement 6, the logarithm of

d is according to the equation (36).

If we differentiate equation (36) and consider dT and df to be the experimental errors in
measuring these quantities, under the assumption of the worst case in which the errors are summed,

we obtain equation (45):
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The temperature measurement error was 1K for temperature T, which was 20°C, so
293.15K. The distance between detector and tube was 10cm, and tube diameter was 1cm, which
makes AO:.

A6 = Zatano'si%be (46)

Therefore, the relative error calculated using equation (46) is 10,3 %. The error can be
considered large, but nevertheless remains consistent with the purpose of analysis, which is to use
a simple test configuration and data processing procedure to assess the diameter of suspended
particles in process fluids.
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Conclusions

Different types of fluids were analyzed using both classical laboratory methods and DLS
technique.

The analysis of suspended particles in technological fluids using the stepwise filtration
method is sufficient as long as we follow the characterization of large particles. The minimum size
we can expect to identify should be larger than the holes of the smallest sites. Sieves are usually
available with hole sizes in the range of 0.5um — up to hundreds of pm or larger.

The procedure also requires many test steps and can take up to several hours to perform a
single analysis. The necessary equipment is quite expensive and bulky.

DLS analysis, extensively exposed in this paper and used to characterize suspended
particles in various technological fluids, aqueous solutions or even aerosols in air, involves almost
common laboratory equipment. The sensor designed and manufactured during this study is made
with high-performance components, but produced on a large scale and, consequently, at very low
cost.

The described method represents a concept for the possibility of using a very simple device
consisting of a tube and a laser source, even using a laser diode, for recording a temporal series of
scattered light at small angles with the help of an ordinary computer sound card and processing it.
For all DLS analyses presented in this paper we used as a data acquisition and processing system
a personal computer with average performance and an on-board sound card, capable of acquiring
signal with a sampling rate of 44,000 samples per second. The measurement itself takes a few tens
of seconds for most measurements.

Depending on the specifics of the fluid in which the particles are found, there are different
particularities.

For airborne particles or other gaseous media, DLS results in hydrodynamic diameter, not
physical diameter. Non-spherical or irregularly shaped particles diffuse into the air. If they scatter
a coherent beam of light, the waves interfere producing a DLS time series. If the time series is
analysed with the procedure described, a mean hydrodynamic diameter is obtained for the purposes
of DLS. Such a diameter should be understood as the diameter of equivalent spherical particles
diffusing into the air, as real spherical particles do. A compact and inexpensive sensor, capable of
characterizing particles in the air, can be programmed, for example, to indicate the presence of
particles larger than a trigger size. Such a configuration can be used to indicate that a material
burns with flame or burns muffled. It can be used as a sensor in very clean areas, such as
microfabrication laboratories, in sterile medical rooms, where it can indicate the presence of
viruses or bacteria, or in a technological process, where it can monitor an exhaust of flue gases to
warn of the appearance of particles exceeding a certain size.

As in the case of airborne particles or other gaseous media, the diameter assessed by the
DLS procedure should be regarded as the hydrodynamic diameter, which is the diameter of
spherical particles diffusing as particulate matter; Therefore, the procedure does not indicate the
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actual shape of the particles. In addition, the intensity of diffused light for small particles as found
in suspension increases rapidly with their diameter, and the interference field is dominated by light
diffused by the largest particles. The diameter assessed by the DLS procedure should be taken as
the average of the largest particulate matter found in suspension at beam level; therefore, the
combination of sedimentation and simple DLS procedure can be used to achieve profiling of
suspended particles into liquids. It should also be considered that the fluid to be analysed has a
certain degree of transparency. The lower the degree of transparency, the less light scattered and
tends to zero. This could be compensated for to some extent by increasing the power of the laser
emitter, but we will have hard-to-control changes in experiment parameters during measurements
(such as temperature).

The goal proposed at the beginning of this road, to develop a procedure and device based
on light scattering dynamics in order to assess the size of suspended particles in technological
fluids, has been achieved. We obtained the characterization of particles in fluids in both liquid
and gaseous states and obtained their hydrodynamic diameters using compact, simple and short-
time testing equipment.
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