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Abstract

In oil sands mining operations, water-based mixtures containing coarse sand
grains and fine mineral solids (including clays) are ubiquitous. The clay fraction
can have a detrimental effect on the separation of bitumen from the oil sand
matrix, on the hydrotransport pipelines, and on water recycle. As such, the
particle size and concentration of the colloidal clay particles and the rheology of
aqueous suspension of these particles must be monitored.

The Particle Size Distribution (PSD), along with pH and ion concentration in the
continuous phase, govern particle-particle and particle-continuous phase
interactions. These interactions in turn dictate the overall behavior of mixtures
containing clays. Therefore, any factor that can bias or alter the clay PSD of the
mineral solids must be investigated. For example these mixtures are typically
exposed to sonication before particle size analyses are conducted. In this study,
the effect of sonication on the kaolinite clay PSD - as an analog of the clays found
in the oil sands - was examined. The size measurements were carried out using a
Flow Particle Image Analyzer (Sysmex FPIA-3000). This study demonstrates that
sonication results in a reduction of the number of large particles and also an
increase in the proportion of the smallest particles. Results of experiments
conducted on slurries having different pH, electrolyte concentrations and solids
concentrations showed that these factors, along with sonication time and power,

have a significant effect on the extent of the particle size reduction.
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1. Problem Statement

Alberta’s oil sands deposits are ranked as the third largest crude oil reserves in the
world, after Saudi Arabia and Venezuela'. The initial established reserves are
estimated to have over 170 billion barrels (National Energy Board, 2004).
According to the Alberta Energy Resources Conservation Board (ERCB), in 2011
the production of crude bitumen from the oil sands was 1.7 million barrels per
day. This amount is anticipated to increase to 3.7 million barrels per day by

2021°.

Alberta’s oil sands are comprised of 55-80% inorganic materials (mainly quartz),
4-18% bitumen, 5-34% fines (solid particles smaller than 44 pm), and 2-15%
water™. Bitumen high viscosity and the presence of sands particles make the
bitumen recovery from oil sands reserves more challenging than for conventional

crude oil reserves.

Two methods are currently used for commercial bitumen production from oil
sands: in-situ and open pit mining. Open pit mining is used for deposits buried
less than 75 meters below the surface®. In 2007, the total crude bitumen
production was 1.327 million barrels per day: 0.793 million bbl/d from mining

operations and 0.534 million bbl/d from in-situ operations’.

Currently, the Clark Hot Water Extraction (CHWE) process is used in most
commercial bitumen extraction plants in Alberta to recover bitumen from surface

mined oil sands™®. Figure 1.1 illustrates the process of the hot water bitumen

1



extraction used in open pit mining®. CHWE is a water based process in which
heated water is added to the oil sands ore and the resulting slurry is transported to
the extraction unit with hydrotransport pipelines’. Within the hydrotransport
pipelines bitumen liberation from the sand grains occurs where the size of the oil
sands lumps is reduced because of the shear forces®. The liberated bitumen
droplets attach to the existing air bubbles in the slurry’. When the slurry reaches
the extraction plant, the first stage of separation is then carried out in the gravity

. 9
separation vessel .
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Figure 1.1 Generalized scheme of the hot water extraction process’. Reprinted with
permission of John Wiley & Sons, Inc (©2004), Masliyah, J., Zhou, Z. J., Xu, Z., Czarnecki,
J. & Hamza, H. Understanding Water-Based Bitumen Extraction from Athabasca Oil
Sands. The Canadian Journal of Chemical Engineering 82, 628—654 (2004).

In the separation vessel the aerated bitumen and solids are separated based on
their density’. The aerated bitumen, having low density, floats to the top of

separation vessel and forms oil sands froth stream while the coarse solids, having
2



higher density, settle at the bottom of the vessel and form the tailings stream’. The
froth stream is sent to the froth treatment unit for bitumen recovery and the
tailings will transport and further discharge to the tailings pond®’. The middle
layer, called the middlings, of the separation vessel is also withdrawn for further
bitumen separation’. The middlings are dilute slurries having a low solids content

(10-21 wt %)"*!".

The froth stream normally contains 60% bitumen, 30% water, and 10% solids.
The bitumen in the froth stream is recovered by the addition of solvents in a froth
treatment unit. The recovered bitumen from the froth treatment unit will be sent to
upgrading units. The remaining mixture of solids, water, and un-recovered

bitumen is added to the tailings stream”.

The tailings stream from the extraction plant is typically discharged to the tailings
ponds for solid-liquid separation®”. In the tailings ponds, the coarse solids rapidly
separate from the fine solids and settle at the bottom of the tailings ponds. The

recovered water from tailings ponds is recycled back to the extraction unit®.

As of 2006, the production of oil sands has increased to about 1.2 million barrels
per day'?. To produce 1 barrel of bitumen from oil sands ores by the bitumen
extraction process, 2-4 barrels of fresh water are required. In Alberta, this fresh
water is withdrawn from Athabasca River. The total amount of water used for oil
sands production in 2005 was 359 million cubic meters”. The huge water

consumption and the production of large volumes of tailings at the end of the



bitumen extraction process are two important environmental issues currently

facing the oil sands industry.

The great amounts of produced tailings are discharged into the tailings ponds and
are believed to cause a negative environmental impact on the surrounding soil,
water, and air'>. Currently, tailings ponds cover a land area greater than 50

kmz 14

. The large volumes and resulting environmental impact of tailing ponds
make recycling water from tailings treatments a crucial aspect of the current

. 12
extraction processes ~.

The difficulties in tailings treatment are primarily because of the slow settling of
fine particles, which are mostly clays, in the tailings suspension. It takes many
years of settling to reach a solid concentration of about 30 wt % *'>. At this point

the fine tailings are called mature fine tailings (MFT)’.

The average mineral content of MFT is about 30 wt%. More than 97 wt% of these
minerals are fines (particles smaller than 44 pm)'®. While 22-67% of the clay
fraction of tailings (particles smaller than 2 pm) is kaolinite, illite and
montmorillonite are the next most abundant clay minerals, comprising 7-10 wt%

and 1-8 wt% of clay fraction'’.

Understanding the clay minerals is vital for any oil sands process. The clay
fraction can have a detrimental effect on the separation of bitumen from the oil
sand matrix, pipeline transport of oil sands mixtures, tailings management, and

9,10,18-21

water recycle . Due to these effects, the particle size, concentration and

rheology of colloidal clay slurries must be monitored.



As clay slurries are colloidal systems, Particle Size Distribution (PSD), pH and
continuous phase ion concentration govern particle-particle and particle-
continuous phase interactions®. Further, these interactions dictate the overall

behavior of clay-containing mixtures>.

In the oil sands mining and extraction process, samples (such as ore samples,
primary froth and secondary froth, middlings, extraction tailings, fine tailings, and
mature fine tailings) are collected from various process streams for PSD
analysis''. Light scattering is one of the most common particle size measurement
methods used in the oil sands industry''. Light scattering methods are sensitive to
the presence of aggregates™**; therefore, samples must be pretreated prior to the
size measurement tests. These methods are mostly dispersion methods which de-
aggregate the suspensions. Sonication, dispersant addition, and pH adjustment are

examples of these dispersion methods >,

Because of the importance of accurately determining the PSD of the “fines” (<44
um), factors that can bias the PSD measurement should be investigated. The
parameters that enhance particle agglomeration or de-agglomeration primarily
affect PSD measurements for fine particles. Delgado and Matijevic”® and
Jeeravipoolvam et al*> showed in separate studies that sample preparation and size
measurement techniques can affect the measured PSD of colloidal dispersions®,
specifically oil sands fine particles™. Since mixtures are typically exposed to
sonication before particle size analysis is conducted'', it is important to

investigate the effect of sonication on the PSD.



Most studies done on the clay mineralogy of the Athabasca oil sands agree that
kaolinite is one of the most dominant clay minerals in the oil sands industry '**®
%3 Thus, numerous studies have been done using kaolinite mixtures as surrogate

738 Mihiretu et al’* compared the

materials for oil sands fine solids slurries
rheological behaviour of a kaolinite slurry with that of an actual MFT sample of
the same solids content. The results of their work showed that kaolinite slurries
represent the fine tailings material very well’*. They explained this similarity by
the fact that about 76% of the fine tailings in the oil sands process are kaolinite®*.
Additionally, kaolinite clay slurries have been used extensively in this research
group”*” and their behaviour is well characterized. Consequently kaolinite has
been used as a “model” clay for the present study. The particle size is used as a
surrogate for rheology and proccessability of the slurry in the present study. The

effect of particle size on the rheology of clay slurries is discussed in Section 2.4 of

the present study.

In this work, the effect of the time and intensity of sonication on the kaolinite
suspension PSD was examined. Experiments were conducted using slurries with
various pH, electrolyte concentrations and solids concentrations. The kaolinite
size distribution was analyzed using a Sysmex FPIA-3000 flow particle image
analyzer (FPIA). The FPIA enables characterization of PSD using automated

imaging techniques.



The objectives of the present study are therefore:

e Study the particle size distribution of non-sonicated kaolinite samples at
different solids concentrations, at low and high sample pH, in the absence
or presence of the flocculant

e Compare the particle size distribution of non-sonicated and sonicated
kaolinite mixtures

e Study the extent of size reduction due to sonication at different sonication
time and amplitudes

e Study the extent of size reduction due to sonication for samples with
different kaolinite concentrations, having different pH wvalues, and
flocculated samples comparing to non-flocculated ones

e Validate the conclusions of this study by reproducing the results (variation
of kaolinite PSD) using other methods: laser diffraction method,

cryogenic-SEM studies, and settling behavior observations



2. Literature review

2.1. Overview/Chapter highlights

Kaolinite is studied in the present work as an analog of the clays found in the oil
sands. Clays play an important role in different steps of bitumen extraction and
tailings treatment. The role of clays in the oil sands mining and extraction is
discussed in this chapter under 6 topics: clay content of the ore, clay-bitumen
interaction, sludging in the separation vessel, design and operation of
hydrotransport pipelines, settling behaviour of tailings, and chemistry of recycled
water. The importance of the knowledge of clay minerals in each section is

described.

Among various suspension characteristics, particle size distribution has been
chosen to study in the present work. The importance of solids particle size
distribution and its effect on the suspension rheology are discussed in Sections 2.3

and 2.4.

In the present work, the kaolinite particle size distribution is studied under
different suspension conditions such as high pH values, and the flocculant
addition. Analysis of different behaviours of kaolinite suspensions, as a colloidal
system, at each condition is done using the principles of the behaviour of aqueous
clay suspension. The dominant forces that dictate the particle-particle interactions

in a colloidal suspension are discussed in Section 2.5.



Furthermore, the characteristics of kaolinite as a model clay is discussed in

Section 2.6.

Finally, the principles of sonication as the dispersion method often used in sample
preparation for PSD measurements in the oil sands industry are discussed in

Section 2.7.

2.2. Role of clays in oil sands mining and extraction

Clay-bitumen interactions, sludging in the separation vessel, design and operation
of hydrotransport pipelines, settling behaviour of tailings and the chemistry of
recycled water are some of the topics in which knowledge of clay minerals is

9,10,18-21
necessary .

Various studies have been conducted on the mineralogy of clays in the oil sands
extraction process. The type, particle size, and the amount of the clay minerals
present in different process streams have been studied by numerous

19,28-31,41-44
researchers ’

. The results of these studies can be used to track specific
clay minerals in different process streams and units and thus their impact on the

. .. . . 19
operation of each process unit in the oil sands extraction process .

2.2.1. Clay content of the ore
Traditionally, in addition to the bitumen content, the fine clay content (fines,
which are solid particles < 44 pm in diameter) has been used to classify different

45,46

oil sands ores and also to predict bitumen separation behaviour™ ™. The quantity

of fines is important as it at least partially determines the proccessability of the



ore’. As the percentage of fines present in an ore increases, the bitumen recovery
from that ore typically decreases’’. It has been suggested that the clay fraction
(particles smaller than 2 pm) and the ultrafine clay fraction (particles smaller than

0.2 um) of the fines govern the proccessability of an ore'**.

2.2.2. Clay-bitumen interaction
The clay-bitumen interaction impacts the bitumen flotation in separation vessels,
and the quality of oil sands froth and consequently the efficiency of the bitumen

1920 The study of Sparks et al'® also confirmed that the clay

extraction process
fraction of the fines hinders the bitumen recovery by interfering with the bitumen-
water interactions. The interactions between bitumen and clay are affected by the
presence of different cations on the surface of the clay. Clay-bitumen interactions
change both the clay’s surface and the bitumen composition®*****°. Different
clays play different roles in the process of bitumen extraction, depending on their
type, and the presence of specific cations’'. For example, in the presence of
calcium ions, montmorillonite negatively impacts the conditioning process, while
kaolinite does not”'. In addition to clay type, clay concentration is also important.
Schramm'® carried out in-situ measurements of middlings viscosity in a
commercial size gravity separation vessel. His results demonstrated that low

concentrations of fine solids in the oil sands slurry resulted in a high aerated

. . . . . . 10
bitumen rise velocity, which increased the bitumen recovery rate .

Besides type and concentration of clays, the particle size distribution is another

determining characteristic of the clay that can affect bitumen flotation. Decreased

10



particle size (increased surface area) typically results in an increase in the yield

strength® of the oil sands slurry which hinders the bitumen flotation®”.

2.2.3. Sludging in the separation vessel

Sludging is an operational condition in which a highly viscous suspension is
formed in the primary separation vessel’. This layer of viscous suspension hinders
the flotation of aerated bitumen and thus results in low bitumen separation
efficiency’. A recent study showed that in addition to the fines content, the ultra-
fine fraction (< 0.3 um) can also contribute to the sludging in a separation
vessel®. Slurries containing significant amounts of ultra-fines are colloidal
systems; therefore, the particle-particle interactions can change the rheological
behaviour of these slurries, including middlings, in the separation vessel’. Several
studies investigated possible causes of, and methods to avoid sludge formation in
the separation vessel”'®**. The results from these studies suggested that the
factors causing the sludging are high solids concentration, high concentration of
ultra-fines, high electrolyte content, and the presence of specific clay types”' ***.
Adeyinka et al’ studied the effect of particle size distribution on the rheology of
clay suspensions. Since an increase in viscosity can cause sludging, their results
are useful for predicting the properties of slurries which are at risk of causing

sludging in the separation vessel.

2.2.4. Design and operation of hydrotransport pipelines
Two of the important parameters for design and operation of hydrotransport

pipelines are the minimum operating velocity, also known as the deposition

11



velocity, and the pipeline pressure gradient. To minimize pipe wear rates,
hydrotransport pipelines are operated at velocities just greater than the deposition
velocity®. In the oil sands industry, the SRC Two-Layer model is used to predict

deposition velocity and pipelines pressure drop”*

. Beside particle size and
concentration of fine, the carrier fluid (fine + water) viscosity is one of the
important parameters used in the prediction of pressure drop and deposition
velocity by SRC Two-Layer model’*. The carrier fluid viscosity is a function of
the volume fraction and the particle size distribution of fines*’. Therefore, the
mineral solids particle size distribution (PSD) is required for the design and

operation of hydrotransport pipelines®, particularly if fine particle (clay) size is
P y port p1p P y p y

used as an indicator of the expected viscosity of the (fines + water) fraction.

2.2.5. Settling behaviour of tailings

The flocculation behaviour of clays controls the settling behaviour of tailings***'.
This is due to the fact that sedimentation behaviour of slurries containing sands
and fine clays is affected by sand size distribution, solids content (both fines and
sands), and rheological properties of the (fine + water) mixture®*”>>°. The
rheological properties of fine-water mixtures are, in turn, influenced by the fines
content (concentration), fines size distribution, and water chemistry”. The
particle-particle and particle-fluid interactions are affected by the water chemistry.

These interactions dictate the overall behavior including the settling process of

clay-containing slurries™*.

12



2.2.6. Chemistry of recycled water

The water recycled from the tailings treatment is used in the bitumen extraction
process’’. Water chemistry has an important effect on the charge associated with
the clay particles, which influences their flocculation, settling, and consolidation
behavior’'. In turn, the charge exchange capacity of the clay particles can affect

the water chemistry, causing further changes in the extraction unit*',

Mikula et al*' found that in addition to the effect of water chemistry on the oil
sands tailings behaviour, the role of clays in the chemistry of the process water is
also important. They also show that, in addition to tailings treatment options, the
fines content in the ore also determines the volume of water used to produce a
barrel of bitumen®'. Therefore, the amount of fresh water required depends on the

fine content in the ore?'.

2.3. Solids particle size distributions in the oil sands industry

As described in the previous section, the particle size distribution of the clay
fraction can have a significant effect on the separation of bitumen from oil sand,
on the pipeline transport of oil sands mixtures, on tailings management, and on
water recycle. Furthermore, knowledge of clay mineral behaviour, and
specifically clay particle size distribution, can be used to improve models used in
the design and operation of thickeners, tailings ponds, and the extraction
process*. As such, the particle size distribution of the clay component of different
streams in the oil sands mining and bitumen extraction process must be

monitored. For all these reasons, the measurement of the mineral solids PSD of an

13



oil sands ore is one of the first and most important steps in characterization the oil

6
sands ore’.

Adegoroye™ studied the characteristics of 5 different oil sands ores. Their results
showed that each oil sands ore has a different particle size distribution. In
particular, the fraction of ultra-fine, clay, and fine solids changes with ore typesg,
and the percentage of kaolinite clay are also different for each ore. The Dean
Stark analysis presented in their work showed that the amount of kaolinite is in
the range of 19% to 54% in the clay fraction of each of the 5 ores whereas this

amount is in the range of 8-45% in the silt fraction of these ores™.

Kaminsky™ indicates in her study that the solids particle size distribution of an
ore changes significantly over different steps of the oil sands extraction process.
Therefore, in addition to the measurement of the solids PSD of an oil sands ore,
the analysis of particle size distribution for samples taken from different oil sands
process streams (e.g. primary and secondary froth, middlings, and tailings) is

33
necessary .

Jeeravipoolvam et al* indicated in their study that the particle size distribution of
tailings material is significantly affected by the extraction process. Their results
demonstrated that the particle size distribution of thickened fine tailings is
different from the fine tailings from Clark’s Hot Water Extraction (CHWE). They
studied the particle size distribution, water chemistry and morphology of two
different oil sand fine tailings®. They compared these characteristics of the fine

tailings from Syncrude’s CHWE tailings with those of thickened tailings from

14



Albian Sands Energy Inc. Albian Sands’ plant is a low energy, non-additive
extraction process developed as an alternative to the CHWE. Different operations
carried out in these two extraction processes affect specifically the clay particles,
leading to different tailings behaviour. They showed in their study that the
extraction process, specifically the additive used in the process to alter the pH,
produces significant differences in the structures of clays in tailings. They suggest
that the effectiveness of different extraction processes, and the tailings properties
of each, can be understood and predicted through (i) particle size distribution and
(i) water chemistry measurements™. They also emphasized that these

. .. 25
measurements should be done under the extraction process conditions™.

2.4. Effect of particle size on the rheology of clays
The effect of particle size on the rheology of various suspensions has been studied

73 However, only a few studies focus on the impact of

by many researchers
particle size on the rheological properties of oil sands slurries”’*. Velho and
Gomes” indicated in their study that there is a close relationship between the
rheology of kaolin suspensions and kaolinite particle size. They showed that
suspensions containing larger particles exhibit lower viscosities. Brenner’
showed that particle size reduction leads to an increase in the yield strength of

3934 showed that the addition of sand particles (with

slurries. Separate studies
greater diameter than fines) reduces the yield strength and apparent viscosity of

tailings suggesting that slurries which contain sand and clay are more workable

than suspensions containing only kaolinite.
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Adeyinka et al’ studied the effect of particle size distribution of fine tailings on
the rheology of clay suspensions. They separated three fractions of solids from a
single MFT sample’. The particle size distribution of each fraction is shown in
Figure 2.1. Their results indicate that at a given solids concentration, the sample
with smaller particles (0.03um-2.5 pm, ds=0.14 pm) has higher viscosities
comparing to the sample with larger particles (1pm-25 pm, dsy=5.96 um)’. Their
results also indicate that solids concentration is not sufficient to predict the
rheological behaviour of clay suspensions’. Figures 2.2 show that at the same
solids concentration, the relative viscosity of clay suspensions differ because the

size distribution of solids in the suspensions differs’.

12
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Figure 2.1 Particle size distributions of three solids fractions separated from a sample of
mature fine railings’. Reprinted with permission of John Wiley & Sons, Inc (©2009),
Adeyinka, O. B., Samiei, S., Xu, Z. & Masliyah, J. H. Effect of particle size on the rheology
of Athabasca clay suspensions. The Canadian Journal of Chemical Engineering 87, 422-434
(2009).
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Figure 2.2 Relative viscosity of suspensions comprised of different ratios of fraction 1 and 2°.
Reprinted with permission of John Wiley & Sons, Inc (©2009), Adeyinka, O. B., Samiei, S.,
Xu, Z. & Masliyah, J. H. Effect of particle size on the rheology of Athabasca clay
suspensions. The Canadian Journal of Chemical Engineering 87, 422434 (2009).

2.5. Explanation of the behaviour of aqueous clay suspensions

Overall behaviour of a colloidal system, such as clay suspension, is governed by
various factors such as particle size and shape, physical and chemical properties
of the surface, chemical and physical properties of the continuous phase, particle-
particle, and particle-continuous phase interactions’>. The particle-particle
interactions can be primarily attributed to Van der Waals attractive forces and

. . 22
electrostatic repulsive forces™.

2.5.1. van der Waals and electrostatic forces
van der Waals attractive forces are dominant in the particle-particle interactions of
clay suspensions. These attractive forces are based on the fact that similar

particles are attracted to each other due to the molecular interactions’.

17



The other dominant forces in the clays particle-particle interaction are
electrostatic forces®. Since particles having similar charges repel each other and
clay particles carry a net negative charge, the electrostatic forces between clay

particles in the clay suspensions are mostly repulsive®**.

The magnitude of electrostatic forces is influenced by the thickness of a charged

6,22

atmosphere around the particle called an electric double layer™*. The electric

double layer is developed due to the change in the ionic environment of a charged

particle. The presence of a charged particle in an electrolyte solution influences

the distribution of ions in the environment surrounding the particle®>?.

The thickness of electric double layer is called the Debye length (k~1) and is

defined as:

KTl = (o212 2.1)

2e2z2n4
where:
k~1: Debye length, m
¢: dielectric permittivity of medium, C/Vm
kg: Boltzmann constant (1.38x 10723 J/K)
T: absolute temperature, K
e: elementary charge (1.602x 1071 C)

z: absolute value of valency of the electrolyte
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Ny ionic number concentration in the bulk solution, m ™3

As shown in Equation (2.1), the Debye length is a property of the electrolyte
solution®”. The thickness of the electric double layer of a clay particle suspended
in water is a function of particle charge and the concentration and valence of ions

in the solution®*%7¢,

2.5.2. DLVO theory

The Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory explains the net
interaction of particles in a clay suspension. In this theory, the net force between
particles is calculated as the summation of van der Waals attractive forces and the

electrostatic repulsion ***:

Fret = Fr + Fy (2.2)
where
_ 2meggkaia; [2@1p,e kR _ (<p1—(p2)ze'2kh]
FR - aitap [ 1+e_kh 1_3—2kh (2.3)
_ __Aaqa
Fa= —iran (2.4)
where

a: spherical particle radius, m
¢: dielectric permittivity of medium, C/Vm

£o: permittivity of vacuum, 8.854x10™* C/Vm
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k~1: Debye length, m
@: surface potential (zeta potential), V
h: separation distance, m

When two clay particles with the same sign charges approach one another, an
electrostatic repulsion occurs between their electric double layers. When their
electric double layers overlaps, the required energy to overcome this repulsion
increases. On the other hand, the van der Waals attraction applies to the clay
particles when the distance between them decreases™**. Figure 2.3 illustrates the
attraction, repulsion, and net interaction energy between two charged particles™.
The solid lines (U(1), U(2), and U(3)) show the net interaction energy between
two particles at three different conditions. Each solid line is the summation of van
der Waals attraction energy curve (Ua) and the electrostatic repulsion energy
curve (Ug (1), Ur(2), Ur(3)) at each condition. The peak of curve U(1) represents
the energy barrier for flocculation of two particles with a repulsion energy curve
of Ur (1)*?%". Flocculation occurs when two particles have enough kinetic
energy to overcome the energy barrier. The energy barrier is lowered when the

thickness of the electric double layer is reduced.

20



Interaction Energy
o

U(3)

“*—Rapid flocculation
MY

Primary minimum

A

R —————

o

Distance between particles —
Figure 2.3 Attraction, repulsion, and net interaction energy between two charged

particles’’. Reprinted with permission of John Wiley & Sons, Inc (©2006), Masliyah, J.
H. & Bhattacharjee, S. Electrokinetic and Colloid Transport Phenomena.

2.6. Kaolinite as a model clay
Kaolinite is reported to be one of the most dominant clay minerals in oil sands

192633 Besides being a dominant clay mineral present in oil sands ores,

industry
water-based mixtures, and tailings, kaolinite is an important industrial mineral
having many applications. Kaolinite is used in different industries such as
ceramics production, paper industry, inks and paints manufacturing, and

37778 The size reduction of kaolinite particles

cementation of radioactive waste
is important for some applications because the particle size reduction can improve
the surface reactivity of kaolinite which is a matter of great interest for these

industries /7.

Kaolinite [Al,05.2Si0,.2H,0] is an aluminium phyllosilicate with a 1:1
crystalline structure °. Kaolinite primary particles are thin roughly hexagonal
platelets *. While the largest dimension of a kaolinite primary particle is between
0.1 to 2 pm, its thickness ratio is between 10:1 and 30:1*'. The basal (face)
surfaces of a kaolinite particle carry a permanent negative charge, while the
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charge of the edges is dependent upon on pH, as shown in Figure 2.4*'. Van
Olphen® suggested that kaolinite particles have positively charge edges, based on
the photograph provided by Thiessen®. This photograph was an electron-
microscopic image of dilute slurry of kaolin particles mixed with negatively
charged gold particles. Van Olphen®* explained that the attachment of negatively-
charged gold particles to the edges of kaolin particles confirmed the positive

charge on the edges.

Edge
Basal Plane

Figure 2.4 Kaolinite particle charge distribution®'

The charged kaolin particles flocculate due to the particle-particle interaction
forces. Three main modes of kaolinite particle association are face-to-face, edge-
to-edge and edge-to-face, as shown in Figure 2.5°. The preferred mode of
formation depends on the net particle-particle interaction force, i.e. a balance
between van der Waals attraction forces and electrostatic repulsion forces.
Therefore, different modes of particle association occur at different continuous

. . 1
phase pH and ion concentration values®'.
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(a) edge-to-edge flocculated and aggregated; (b) edge to face flocculated and aggregated;
(c) aggregated but deflocculated; (d) individual particles (dispersed and deflocculated)

Figure 2.5 Different particle-particle association modes 82

Under acidic conditions (pH < 6.5), the edges of the kaolinite particle become
positively charged due to the binding of aluminium (at the edges) and hydrogen
ions in the water™. This causes an electrostatic attraction between the edges and
faces of the kaolinite particles. This leads to an increase in the number face-to-
edge association modes. This floc structure is often called the ‘“card-house”

80
structure .

Under alkaline conditions, the edges become neutral or negatively charged by
adsorbing OH™ ions. Consequently, the net attractive force between edges and

80,81,84

faces is not sufficient to maintain the flocs . Under these conditions, particles

808184 Nasser and James®! reported that at pH 9 flocs were broken

deflocculate
down completely. Michaels and Bolger™ also mentioned that at high pH (pH > 7),

the probability of particle de-flocculation increases rapidly.

At high electrolyte concentrations, the thickness of the electric double layer

decreases. Therefore, the van der Waals attractive forces between faces can
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overcome the electrostatic repulsion. Under these conditions, the face-to-face
association mode is favoured. The floc structure formed in the face-to-face

. . 80,81
configuration is often referred to as the “card-pack™ structure™"".

Ca?* and Mg?* are two dominant ions present in the formation water in the oil
sands matrix. Some studies have shown that the presence of cations such as Ca?*

and Mg?* in the water increases the settling rate of clays®*

, specifically for
kaolinite clays®®. The adsorption of cations such as Ca?*, by neutralizing the
electric charges on the particles, decreases the thickness of the electric double
layer. Under these conditions, the electrostatic repulsion between particles
decreases. The reduction in the repulsive forces leads to strong particle

interactions and thus a high degree of flocculation in the slurry®. In the present

study, CaCl,. 2H,0 is used as a flocculant for this reason.
2.7. Sonication

In the oil sands industry, clay-containing samples are often pretreated prior to the
size measurement tests''. Sonication, as a dispersion method, is often part of the

1224 In this section, the

sample preparation steps for PSD measurements
principles of the ultrasound treatment and the determining parameters of
sonication energy are discussed. Then the results of various studies investigating

the effect of sonication on clays and non-clays are summarized in Sections 2.6.1

and 2.6.2).
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Sonication is the act of applying sound (usually ultrasound) energy to agitate
particles in a sample. The frequency ranges from 20 kHz to 10 MHz of the sonic

spectrum are called ultrasound®’.

When sound passes through an elastic medium as a longitudinal wave, it creates

an acoustic pressure in the medium, P,, which varies with time, t :
Py = Paxsin (2mvt) (2.5)
where,
v : Frequency (Hz)
Pax: Maximum pressure amplitude (Pa)

Therefore, we can define an acoustic intensity, I, as the energy transmitted

through 1 m?of fluid per unit time:

Pmax 2
[ = Pom? (2.6)

where,
p: Density of the fluid in which the speed of sound is ¢
c: speed of sound in the sample fluid

The intensity of ultrasound varies with distance, d, from its source due to the
attenuation caused by viscous forces resulting in heat generation in the fluid.

Ultrasound intensity can be defined as:
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I = lyexp (—2ad) 2.7)

where o is the absorption coefficient which depends on factors such as the
viscosity and thermal conductivity of the medium®. As the attenuation and
dissipation of acoustic energy can be influenced by suspension viscosity it is

. . . . . . . 88. 89
important to keep the suspension viscosity constant during sonication™ " "".

The acoustic energy passing through the medium as sound waves vibrates the
molecules of the medium. This vibrational motion changes the distances between
molecules. When the ultrasound intensity increases, there is a point at which the
molecular structure breaks down in some locations and cavitational bubbles are

87,88

created in the medium . The origin of ultrasound effects is the acoustic

cavitation®”. Cavitation is the process of the formation, growth, and implosive

collapse of bubbles in the liquid medium”™ .

Sonication of slurries consisting of solid particles in a liquid medium leads to
shock-waves and microjets which are caused by cavitational bubble collapse. The
impacts of the shock-waves and the production of microjets, along with increased
inter-particle collisions, can result in solids particle size reduction®’. Because of

this effect, sonication has been used for many years as a dispersion method.

Ultrasonic treatment can be conducted either by immersing an ultrasonic probe
into the suspension (direct sonication) or by dipping the sample container into a
liquid bath where ultrasound waves travel through liquid to reach the sample’.
Delgado and Matijevic> showed that the sonication effect is more significant

when an ultrasonic probe is used. Sonication with an ultrasonic probe (direct
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method) is more effective because it does not have to overcome the barriers bath
sonication has to reach the sample. Figure 2.6 shows a sonication probe immersed
in a sample. Ultrasound is produced by the piezoelectric ceramic located in the
ultrasound horn. The piezoelectric transducer converts electrical energy to
mechanical energy’’ . The sonication probe transfers the sound energy from the
transducer to the suspension®. The probe vibrates at a fixed frequency (usually 20

kHz) but the intensity can be variable’'.

Bubble breakage results in extreme local heating which leads to an overall bulk
heating of the sonicated suspension®’. Increased temperature of the suspension
will cause evaporation, which changes the sample volume as well as sample
physical properties (such as viscosity)®”. On the other hand, it is important to keep
suspension viscosity constant during sonication, because the attenuation and
dissipation of acoustic energy can be influenced by suspension viscosity™>. A
higher suspension viscosity results in the greater attenuation of sonication
energy’’. A cooling bath can be used to avoid temperature increase in the
sonicated sample. In the present study, the kaolinite suspension is placed in a
jacketed beaker connected to a cooling bath. The circulation of cold liquid
between the walls of beaker maintains the suspension temperature constant

at/about 20°C.

The total amount of energy delivered to the sample is a function of sonication

power and sonication time.

E=P *t (2.8)
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=1~ Sample

Cooling Bath

Figure 2.6 Sonication probe immersed in a sample *'

Therefore, the effect of sonication on two samples that are sonicated with the
same sonication power for different time periods will not be the same®.
Sonication time and power, as instrument parameters, determine the amount of
energy delivered to the sample. On the other hand, sample volume and solids
concentration, as system parameters, determine the response of the sample to the

. . 89
delivered acoustic energy .

Assuming constant sample volumes, a sample with a higher solids concentration
will be more affected by the higher frequency of particle collisions than the more
dilute sample will. Increased collision frequency can lead to agglomeration of
particles or breakage of aggregates® . In this study samples with three different
solids concentration (c=10, 20, 40 g/L) have been investigated to study the

influence of solids concentration on the sonication effect on the kaolinite PSD.
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The impact of sample volume on the disruptive effect of sonication can be
measured as energy density. Energy density is defined as the amount of delivered
energy per unit of sample volume (J/mL). This means that the disruptive effect of
sonication is greater for samples with smaller volumes®’. The sample volume is

kept constant at 140 mL for all samples tested in the present study.

2.7.1. Effect of sonication on the particle size of solids

The effect of ultrasound treatment on the particle size of different materials (clays
. 24,75,95-100

and non-clays) has been studied for years . Since the focus of the current

study is the effect of sonication on the particle size of kaolinite as an analog of the

clays found in the oil sands, a few examples of studies on non-clay materials are

explained. Studies that analyzed the particle size reduction of clays due to

sonication are then described.

Hassanjani-Roshan et al’® showed that ultrasound treatment dispersed Titania
(Ti0,) nano-particles. They explained that the particle size reduction caused by
sonication results from the shock-waves created by acoustic cavitation. Desroches
et al** used sonication, pH adjustment, and dispersant addition to obtain primary
particle size of CeO, powder suspensions. They reported that sonication decreases
the size of particles by enhancing particle de-agglomeration®*. Keenan et al”
studied the effect of sonication on the size and rheology of fruit smoothies. They

reported that sonication caused a reduction in the particle size as well as a

. . ., 95
decrease in viscosity .
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2.7.2. Effect of sonication on the particle size of clays
Recently, various researches have studied sonication as a technique for particle

77,97,98,100-109

size reduction of clay materials . They observed that sonication

produces delamination and particle size reduction of the clay platelet

. 97,98,100-109
particles’"""?%

. Delamination decreases the particle thickness and increases
the number of particles and thus the specific surface area. In fact, sonication is

part of an accepted delamination method for kaolinite clays ”°.

Table 2.1 summarizes the clay types and the sonication time and intensity used by
various studies investigating the effect of sonication on the particle size of

different clays. The results of these studies are as follows:

1) Lapides and Yariv’’, Pacula et al’®, and Poli et al'™ studied the effect of
ultrasound treatment on the size and morphology of montmorillonite clays.
Lapides and Yariv’’ studied the effect of ultrasound treatment on dilute
and concentrated suspensions of Wyoming bentonite (Na-
montmorillonite). Sonication resulted in production of small (submicron)
particles in the dilute suspension. In the concentrated sample, the volume
percentage of submicron particles decreased from 90% to 10%, while the
population of larger particles (1-7 um) increased °’. For the dilute samples
de-aggregation and delamination of clay particles were reported °’. In the
other two studies sonication resulted in a decrease in the size and volume
percentage of larger particles. At the same time, the population of the

smallest particles increased **'**. They suggested that sonication caused
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disruption of clay aggregates and delamination of clay particles.

Furthermore, Poli et al (2008) reported that by increasing the sonication

time the size reduction increases gradually '**.

4

Table 2.1 Summary of literature on the sonication of clay materials

Sonication
Refs Clay type Sonication time Results
Power
Wyoming Total Energy:
Lapides and Yariv’’ - (1)
bentonite 13 to 130 kJ
Pacula et al*® montmorillonite | 100 W 100 minutes (1
70 W and
Poli et al'* montmorillonite 5 to 60 minutes (1
35W
Perez-Magqueda et al'” vermiculite 750W 10 to 100 hours 2)
Perez-Rodriguez et al'”' vermiculite 600W 10 to 150 hours 2)
Wiewiora et al'® vermiculite 600W 10 to 150 hours )
Perez-Magqueda et al'”’ talc 600W 10 to 100 hours 3)
Muscovite and
Perez-Magqueda et al'%*'" 750W 10 to 100 hours 4)
biotite
Perez-Rodriguez et al'”’ mica 750 W 10 to 100 hours 4
Franco et al'® dickite 750 W 10 and 20 hours (5)
600 and
Franco et al”’ kaolinite 10 and 20 hours (6)
750 W
Perez-Magqueda et al™ kaolinite 600 W 5 to 100 hours (7
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2)

3)

Perez-Maqueda et al'®

reported that two populations of micron-sized and
submicron particles appeared in the vermiculite samples after sonication
for 10 to 40 hours. Their results showed that while the size and volume
percentage of larger particles decreased with sonication time, the volume
percentage of smallest particles increased. They also found that the
crystallite size of vermiculite particles reduces significantly in the first
stage of sonication (10 hours) while from 10 to 30 hours the vermiculite
plates’ size remain unchanged (delamination of clays was still happening.)
Their study demonstrated that longer sonication times promoted
flocculation and aggregation of vermiculite particles. They added that
even after 100 hours of ultrasound treatment vermiculite clay particles

100 . . .
. Perez-Rodriguez et al'”' and Wiewiora

retained their crystal structure
et al'” completed previous studies with examining the effect of 10 to 150
hours of sonication on the vermiculite clays PSD. Their results confirmed
delamination and degradation of clay particles as well as the primary
particles size reduction, while the crystalline structure of vermiculite did
not damage'*''*,

Perez-Maqueda et al'” indicated in their study of talc particles that
sonication caused both delamination and plate diameter reduction. The
crystalline structure of the parent mineral did not change. The volume
percentage of the smallest particles increased while the volume percentage
of the largest ones decreased. For prolonged sonication times re-

aggregation of particles was detected'”.
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4)

5)

Perez-Maqueda et al'*'’, Perez-Rodriguez et al'”’ examined the effect of
sonication on different clay materials in the mica group. They investigated
the ultrasound treatment effect on muscovite, biotite, and

106107110 Their results showed that sonicated samples had two

phlogopite
kinds of particles: micron-sized and submicron particles. The volume
percentage of micron-sized particles decreases while the volume
percentage of submicron particles increases after sonication. A gradual
particle size reduction occurred when the sonication time was increased. A
significant delamination and a reduction in the plate diameter in the lateral
dimension were detected. Even after 100 hours of sonication the
crystalline structure was not damaged and the sonicated particles retained
the plate-like shape characteristic of micas. Sonicated samples (even after
100 hours) did not contain any aggregates'**'"’".

Franco et al'® indicated in their study that sonication completely exfoliates
the book-like piles of dickite particles. They reported that in addition to
the exfoliation of flocs lateral breakage of particles happened after

10

sonication %, Ultrasound treatment did not cause any changes in the

108 . . .
. Sonication caused a decrease in the

crystalline structure of dickite
volume percentage and the size of the largest particles from 12 yum to 3.4
um and 3 pm after 10 and 20 hours treatments, respectively. The
population of smallest particles increased significantly, while their modal

1% The particle size

size increased slightly from 0.4 pm to 0.5 um
distribution of untreated sample showed that dickite particles were in the
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6)

size range of 0.2 to 70 um. The sonicated samples PSD showed no
particles larger than 30 pm'®.

Franco et al”’

suggested that sonication is an effective method for particle
size reduction of kaolinite clays. They expressed that sonication reduces
the particle size of kaolinite to the submicron range without any major
changes in the crystalline structure and lamellar morphology of these clay
particles’’. They also showed that different variables can control the effect
of sonication on the size reduction of kaolinite clays. Sample volume,
sonication time and power were reported as controlling parameters in their
study’’. They reported that sonication significantly reduces the particle
size of kaolinite clay by delamination and lateral breaking of clay
aggregates which result in a reduction in other particle size dimension.
They suggest that the size reduction by sonication can be controlled by
three variables: sonication time, power, and the sample volume. They
studied the effect of sample volume, sonication time, and sonication power
on two kaolinite samples’’. Two samples had same proportion of mass of
kaolinite to the volume of de-ionized water in their study’’. The particle
size analyses were conducted using a low-angle laser light scattering
(Malvern Mastersizer) which estimates the percentage of particle volume
vs particle size '’. Samples were continuously sonicated from 10 to 75
hours with two different sonicators of output 700 and 600 W’'. The

particle size distributions of both samples were the same before

sonication, and each had particles in the size range of 0.1 to 30 um. In
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each sample there were three populations of particles with maxima at 0.5,
~1.8, and 9.9 pm "’. Sonication decreased the population of ~1.8 and 9.9
pm while the proportion of the smallest particles (0.5 pm) increases
significantly. Higher sonication power (700 W) and lower sample volume
can lead to a reduction in the size of smallest particles and produce
kaolinite particles with sizes smaller than 0.5 pm. Results from a scanning
electron micrograph (SEM) and a transmission electron micrograph
(TEM) of the non-sonicated and sonicated samples confirmed the results
obtain by Malvern Mastersizer’’. In the conditions of lower sonication
power (600 W) and higher sample volume the effect of sonication is less
comparing to the other conditions 7. Their results also showed that long
sonication time results in appearance of large size particles (10.4 pm and
17.5 pm). They suggested that prolonged sonication of kaolinite can lead
to agglomeration of some particles that were activated by acoustic
energy’’. Delgado and Matiyevic” also confirmed that prolonged
sonication may promote aggregation of colloidal particles®. Franco et al
(2004) showed that when sample is sonicated with the sonicator with
output power of 600 W, the effect of sonication on the particle size of
kaolinite is less comparing to sonicator with 700W output power. Size
reduction occurs in both conditions but the lower power sonicator cannot
decrease the size of smallest particles while the higher power sonicator

can produce particles smaller than 0.5 pm’’.
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7) Perez-Maqueda et al”® confirmed Franco et al’’ results by comparing the
effect of sonication on the particle size of kaolinite and pyrophyllite .
Non-sonicated sample of both kaolinite and pyrophyllite contains wide
particle size ranges from submicron to the flocs and aggregates of particles
of several tens of microns. After 40 hour sonication with a sonicator of
600 W output significant size reduction in all directions occurred for both
samples. Sonication caused delamination and breakage of the plates which
led to narrower particle size distributions for both samples’®. They
reported that sonication yielded to production of plate-like particles having

the same shape and crystalline structure of the original clays ’*.

As the results of the above mentioned studies indicate sonication resulted in a
reduction of particle size of different clays. Most of these studies investigated the
influence of long periods of sonication (up to 150 hours). In this study the effect
of 10 seconds to 60 minutes of sonication on the kaolinite PSD has been
investigated, (Chapter 6). Kaolinite clay has been chosen as an analog of the clays
found in the oil sands. Furthermore, the effect of sonication amplitude has been
studied (Section 6.4). In all the studies mentioned above, clay suspensions are
prepared by adding the clays powder to de-ionized water i.e. natural pH values
and no flocculant added. In the present study, the influence of sonication on the
kaolinite suspensions with different pH values and with the presence of Ca?* ions,
as flocculant, has been studied (Sections 6.5 and 6.6). Finally, the sonication
effect on a sample of industrial clay-containing tailings is discussed in Section

6.7.
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3. Experimental method

3.1. Materials

3.1.1. Kaolinite clay

The kaolinite clay used in this study was obtained from Dry Branch Kaolin Clay
Company, Georgia, USA. All the kaolinite powder used in this study to make
suspensions for experimental tests was collected from a single bag in attempt to
minimize possible inconsistencies in the experimental results because of

differences in the source clay.
3.1.2. De-ionized water

All samples were prepared using de-ionized water since tap water contains
different mineral ions which would affect floc/aggregate size. Freshly de-ionized
water collected from “Elix Advantage Water Purification System” (Millipore

SAS, France) was used.
3.1.3. Calcium chloride

Calcium chloride, CaCl,, (0.3 M solution) was added as a flocculant to selected
kaolinite suspensions. Ca®* is one of the dominant ions present in oil sands
matrix. The addition of divalent cations such as Ca?* to the clay suspensions
result in aggregation of clay particles'''. As previously discussed in Section 2.5,
the presence of calcium ions in the clay suspensions enhances the attractive forces
between the clay particles due to the associated decrease of the surface charge and

collapse of the electric double layer''".
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3.1.4. Sodium hydroxide

Sodium hydroxide, NaOH (0.25 M solution) has been used for pH adjustment of

selected kaolinite suspensions.

3.1.5. FPIA Consumables

Sheath liquid

The FPIA uses sheath liquid in the Sheath-Flow cell to press the sample flow in
the way that the largest surface of each particle in the sample faces the camera ''*.
The sheath liquid is an electrolytic sheath solution composed of sodium chloride

(7.1 g/L), surfactant (0.6 g/l), Tris buffer (2.0 g/l), and EDTA-2K (0.2 g/l).
Polymer microspheres

Uniform size polystyrene latex microspheres (Model 5200A) from Duke
Scientific Corporation with 2.0 pm in diameter have been used for calibration
purposes (focus adjustment step; see Section 3.3.2). The polystyrene latexes have
been previously used by others for calibration of size measurement instruments *>.
The polystyrene latex particles are dispersed in the sheath fluid with the 10 wt%
concentration. These latex microspheres have a density of 1.05 g/cm® and

refractive index of 1.59'12,

3.1.6. Industrial oil sand tailings
Samples of industrial oil sand tailings used to study the effect of sonication on
“real” clay-containing suspension. The results of the experiments conducted are

described in Section 6.7 of the present study. These industrial tailings samples
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were kindly provided by Andrea Sedgwick, Sr. Engineer Tailings Processing at
Total E&P Canada. Tailings materials were produced with the Batch Extraction
Unit (BEU) methodology'"”. Sample preparation procedure of the tailings raw
slurry is explained in Section 3.3.7. Considering the FPTA-3000 limitations on
particle size and concentration, particles larger than 75 microns were removed by
sieving the tailings prior to measurements. In addition, by using RHS beads (Re-
usable Hydrocarbon Sorbent), much of the bitumen in the tailings was also
removed. The sieved, bead treated samples used in this study are prepared by my
colleague in pipeline transport process group, Jessie Smith. The results of Dean
Stark analysis for sieved, bead treated samples are provided in Table 6.5 and 6.6
in Section 6.7. The Dean Stark analysis is done by Jessie Smith as a part of her
MSc thesis''*. The particle size distribution for the sieved, bead treated tailings

sample diluted with the filtrate water (c=10 g/L) is shown in Figure 3.1.

6

Frequency (%)

0.1 1 10 100
Area based particle diameter (um)

Figure 3.1 Particle size distribution of sieved, bead treated tailings sample measured

by FPIA: ¢=10 g/L
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3.2. Equipment

3.2.1. Sonication test system
Direct sonication was performed by using a Misonix Sonicator-4000 which is
shown in Figure 3.2'"°. Sonicator-4000 has a 20 KHz converter, a high intensity
tapped probe and a maximum power output of 600 W. The standard tapped
titanium probe is 2 inch in diameter and produces maximum amplitude of 120
um'"”. During all the experiments, the probe tip is directly immersed about 1.5 ~

2 cm below the sample surface in the jacketed beaker.

Figure 3.3 shows different parameters which appear on the Sonicator-4000’s
screen during each test. The output amplitude can be adjusted between 1%-100%
before each test and the sonication time can be controlled by the start and pause
buttons. The values for sonication power (Watts) and energy (Joules) are

displayed during each test.

The principles of operation of probe sonicator were explained in Section 2.6 of
this work. In Section 2.6, sonication time and sonication power were introduced
as the two controlling parameters which dictate the total amount of acoustic
energy. It is important to note that operation of the Sonicator-4000 in “manual”
mode allows the user to set the amplitude of sonication at any value between 1-
100%. As such, the sonication power cannot be adjusted and thus the relationship
and difference between sonication power and amplitude needs further

explanation.
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Figure 3.2. Misonix Sonicator-4000 and its components

Sonication power (Watts) is the amount of electrical energy that is being delivered
to the convertor. The value of sonication power can be read on the Sonicator-4000
LCD (Figure 3.3) during each test. The Convertor transforms the electrical energy
to mechanical energy by means of a piezoelectric. This mechanical energy causes
the probe to move up and down. The amplitude represents the distance of one
movement up and down. The amplitude is manually controlled by the user
changing the settings on the Sonicator’s touchscreen (see Figure 3.3)''®. When the

output amplitude is set at 100%, the distance of probe movement will be 120 pm.

While the amplitude and intensity have a direct relationship, their relationship
with sonication power varies with sample characteristics. For example, when the
output amplitude is set at 100% for two samples having different viscosities, the
intensity for both samples will be the same, but the sonication power will be
different. For the sample with the higher viscosity, the sonicator needs more

power to move the probe over the same distance (keeping the amplitude at 100%).
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Therefore, the sonication power will be greater for the sample with the higher

. . 11
Viscosity 6

Probe
pe!

Figure 3.3. View of the Sonicator-4000’s screen

As explained in Section 2.6, high power sonication causes an increase in the
sample temperature. Sample temperature is one of the parameter that can affect
the total amount of delivered energy. Therefore, in this work the sample
temperature was kept constant at 20 °C during sonication. The cooling system
required for this purpose is composed of a cylindrical jacketed beaker connected
to a refrigerated circulator. This system has been used in other studies as

105,10
1105-108

wel . Sample temperature was checked with a thermometer to ensure that it

remained at/near 20 °C during sonication.

The cooling system of this work was comprised of the following components:

1. The digital (Model 3016 D) Fisher Scientific Isotemp Refrigerated

Circulator with a temperature range of -20 to +200°C. The circulator
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reservoir was filled with a 50/50 mixture, by volume, of laboratory grade

ethylene glycol and filtered tap water.

. Kontes Reaction-Jacketed beaker: Two hose connections, 250 mL

capacity, 47mm [.D. x 73mm inner height; 80mm O.D. x 85mm outer
height, Figure 3.3.

. Fisherbrand Pure Natural Rubber Tubing: Amber, Thick Wall, I.D. x O.D.
9.5 x 15.9 mm, Wall thickness 3.2 mm.

. Fisher Scientific Traceable Kangaroo Thermometer which is shown in the

photograph of Figure 3.4.

Figure 3.4. Cooling system components
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3.2.2. Sysmex Flow Particle Image Analyzer-3000 (FPIA)
Particle size analyses were conducted using a Sysmex FPIA-3000. The FPIA
(Malvern Instruments Ltd., UK) provides visualization and characterization of the
particle size and shape, using an automated imaging technique''?. The FPIA can

measure particles in the size range of 0.8-300 um''*.

The sample is fed into the sample chamber of the FPIA, which is equipped with
an ultrasonic probe and a mixing rotor, both of which can be used for sample
dispersion. The sample is passed through the measurement cell (Sheath-Flow cell)

by means of a jet nozzle''?

. In the Sheath-Flow cell, sheath liquid flows parallel to
the sample flow, pressing it in a manner so that the sample flow becomes

sandwiched and flat. This ensures all particles in the sample lay in the same

focusing plane and are oriented with their largest surface facing the camera''>.

Next, a strobe light illuminates the particles as they pass through the transparent
measurement cell, and their images are captured by a charge coupled device
(CCD) camera''”>. The CCD camera captures 60 images per second. The
generated images of the individual particles are next automatically analyzed by

. . . 112
the instrument’s image analysis software “.

The image analysis software uses a mathematical grey-scale calculation method.
In this method, a threshold value is applied to separate the image of each particle
from the background. In this way, the edges of each particle are defined and with
these data the particle image analyzer is able to calculate the desired parameters,

e.g. actual area and perimeter of the particles, their length, width, and maximum
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distance, as well as other morphological parameters like size and shape
distributions. The particle size and shape information is generated from analysis
of up to 360,000 particles in the sample. The results, such as size distribution and
particle shape distribution, are displayed in histograms. In addition, images of all
particles are stored as part of the data file to provide further visual understanding

of the measurement data.

The FPIA has different modes of detection which differ primarily by
magnification. The particle size ranges of each measuring mode are described in
Table 3.1. When the standard primary lens (10x) is used, the low-power field
mode (LPF) allows for analysis of coarse particles in the size range of 6 to 160
pm. The high-power field (HPF) mode allows analysis of fine particles in the size

range of 1.5 to 40 pm.

Table 3.1. Particle size range for each FPIA-3000 measuring mode 12

High power field- HPF
(2x secondary lens)

Low power field-LPF

Measuring mode (0.5x secondary lens)

High-mag unit:
Primary lens = 20x

Particle size range:

0.8-20pm

Particle size range:
4-80um

Standard unit:
Primary lens = 10x

Particle size range:

1.5-40um

Particle size range:
8—-160um

Low-mag unit:
Primary lens = 5x

Particle size range:

3-80pm

Particle size range:
16-300pum
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The FPIA mixer speed can be adjusted from 50 to 750 RPM. Both low and high
speeds of mixing motor may cause problems in the FPIA performance or the
accuracy of measurements. Low speed mixing can result in blockage inside the
sample chamber, nozzle or sheath-flow cell which will cause malfunction of the
FPIA instrument. High speed mixing may change the size and/or structure of the

kaolinite aggregates.

All the FPIA measurements of this study have been done with 10x objective lens
and High Power Field (HPF) magnification mode. The internal sonication of the
FPIA has been turned off and the mixer speed has been set at 300 rpm for all the

samples.

The FPIA software provides particle size frequency tables for each sample. In the
provided particle size frequency table the measurement range is divided to 226
segments. As an example, Table 3.2 shows the first and last rows of the particle
size frequency table for a sample of 10 g/L kaolinite in water. The first column of
this table presents the size range of each segment and the second column presents
the number of particles detected by the FPIA camera in the size range of each
segment. The third column shows the frequency percentage of each segment,

which is calculated as:

Number of particles in each segment 4.1)

Freq. (%) =100x - -
Total number of detected particles in the sample

The fourth column of the particle size frequency table indicates cumulative

percentage of particles detected in each segment. The cumulative percentage of
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particles is defined as the percentage of particles finer than the size range of each

segment.
CE Diameter(l) CE Diameter(lN)

Range Num. | Freq.(%) Cuml (%) A Range Num. | Freq.(%) Cuml.(%) ~
0500->0.513 @ 75 017 o171 | | 81.20->83.38 0 0.00 100.00
051350527 | 312 0.70 0.87 83.38->85.62 0 0.00 100.00
052750541 | 35 008 0.95 85.62->87.92 ] 0.00 100.00
054150556 25 0.06 100| 87.92->90.29 0 0.00 100.00
055650571 | 851 141 2.01 90.29->92.71 0 0.00 100.00
057150596 93 0.21 312 92.71->95.20 0 0.00 100.00
0.586-50.602 625 1.40 452 95.20->97.76 0 0.00 100.00
0602-50618 67 0.15 4867 97.76->100.4 0 0.00 100.00
061350635 20 0.07 474 100.4->103.1 0 0.00 100.00
063550652 | 410 092 586 103.1->105.9 0 0.00 100.00
065250660 55 0.12 578 105.9->108.7 i 0.00 100.00
0.669-50.687 402 0.90 668 1087>11186 | 0 0.00 100.00
0.687->0.706 ‘ [i] 0.15 6.83 1116->11486 o 0.00 100.00
0.706->0.725 ‘ 533 1.20 8.03 1146->117.7 1] 0.00 100.00
0.725->0.744 ‘ 153 034 8.37 17.7->120.9 1] 0.00 100.00
0.744->0.764 ' 279 063 9.00 120.9->124.1 o 0.00 100.00
0.764->0.785 ' 572 1.28 10.28 124.1->127 4 0 0.00 100.00
0.785-50.806 76 0.17 10.45 127.4>130.9 0 0.00 100.00
0.808->0.827 450 1.03 11.48 130.9->134.4 0 0.00 100.00
0.827-50.350 | 341 0.76 12.24 134.4->138.0 0 0.00 100.00
0.850->0.872 399 089 13.14 138.0->141.7 0 0.00 100.00
0.872->0.896 87 0.19 13.33 141.7->146.5 0 0.00 100.00
0.896->0.920 | 382 0.36 14.19 145.5->149.4 0 0.00 100.00
0.020->0.945 194 0.64 14.82 149.4->153.4 0 0.00 100.00
0.945->0.970 [ 461 1.03 15.86 153.4->157 5 0 0.00 100.00
0.970->0.996 ’ 404 091 16.76 157 .5->161.8 0 0.00 100.00
0.996->1023 | 294 0.66 17.42 161.8->166.1 0 0.00 100.00
1.023->1.050 348 0.78 18.20 166.1->170.6 0 0.00 100.00
1.050->1.079 367 0.52 19.03 170.8->175.2 0 0.00 100.00
1.079->1.108 597 134 2037 175.2->179.9 0 0.00 100.00
1.108->1.137 | 334 0.75 211 179.9->184.7 0 0.00 100.00
1.137->1.188 | 320 0.72 2183 184.7->189.7 0 0.00 100.00
1.168->1.199 508 1.13 2297 189.7->194.8 0 0.00 100.00
119951231 305 0.68 2365 [ 194.8->200.0 0 0.00 100.00 |

Table 3.2 Particle size frequency table produced by FPIA software

The particle size calculated by the FPIA is an Area based particle diameter. The
FPIA detects each particle, captures a 2D image of that particle and calculates the

actual area of the particle. The FPIA then provides the diameter of a circle with
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the same area as the particle (i.e. the area based particle diameter is called CE

Diameter in the FPIA software).

The area based particle diameter is calculated as:

A 1/2
d =2><(—}’J
pa

(4.2)
Where:
d: Area based particle diameter
A,: actual area of the detected particle

In this study, we used the number-weighted diameter (CE Diameter (N)). All

particles are weighted equally in the particle size distribution.

To draw each PSD graph in the present study, first the mid-point of each size

region in frequency tables (provided by the FPIA software) is calculated as:
1 :
EX (x, + x,) for the size range X, — x,

These mid-points are used as the X-axis values of the PSD graphs. For each point
on the X-axis the corresponding Y-axis value is the frequency percentage of
particles as calculated using Equation 4.1, which can be derived from the third

column of the size frequency table (from the FPIA measurements).
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3.2.3. Application of the FPIA in literature

The FPIA has been recently used for measurements of size and morphological
parameters of different materials. Several researchers in food process science,
microbiology and health science utilized the FPIA to measure size and shape of

different biomaterials and carbohydrates. Red cells “7, DNA nanoparticles “8,

12 124

. 119-121 . 2 . 123 . .
protein aggregates , bacteria ~°, pollen species °°, viral suspensions ",

125

Lipomyces lipofer '*°, Maltodextrins and cyclic dextrin '*® are examples of these

materials examined by the FPIA.

The FPIA has been used to study size and shape parameters of inorganic materials
as well. Komabayashi et al (2008a&b, 2009) used Sysmex-FPIA3000 in their
studies of particle size and shape analysis of calcium hydroxide, mineral trioxide
aggregates (MTA) and Portland cement. The particle sizes reported in these
articles range from 0.5 to 40 um '*7'*°. Krause et al (2009) assessed the shape of
carbon nanotubes agglomerates in aqueous surfactant dispersions using the
Sysmex-FPIA. The results of the particle size distribution showed that particle
sizes range from 1.6 pm to 20 um *°. Tanaka et al (2008) utilized Sysmex-FPIA-
2100 to determine the shape of toner powder particles. Toner powder is a polymer
composite consisting of polyester resin, carbon black and wax. The mean particle
diameter of the toner varied within the range 5.5-6.5 um "', In a study by Arnold
et al (2003) the particle size distribution of crystallized lithium iron phosphate
before and after a heat treatment in nitrogen was determined with a Sysmex-

FPIA2100 "*2. The shape of LTCC powder, which is mixture of glass and alumina
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powders, have been measured by the FPIA in two studies by Besendorfer and
Roosen (2008) and Rauscher and Roosen (2009) "**'** Brugger et al (2007)

measured the droplet size of emulsifier microgels using the FPIA '*°.

Although the FPIA has been used by in numerous studies on the size and shape of
organic and inorganic materials, the only work available in the literature which
shows the use of the FPIA for size and shape study of clay minerals is done by
Lape et al (2004). They used the Sysmex-FPIA 2100 to measure the size

distribution of exfoliated muscovite mica >°.

While dilute clay slurries, being an aqueous suspension of particles with specific
gravity of less than 3, meet some important the FPIA-3000 constraints, there is
some concern about the instrument particle size limit. The FPIA manual indicates

that the size range of particles measured by the FPIA should be 0.8 to 300 um.

Clay slurries contain particle size ranges of the colloidal domain. In complete
dispersed conditions the particle sizes are of the order of 10" um *. Clay particles
flocculate under most circumstances and can grow in size to as much as “several

hundred microns or larger” >’

and become too large to be tested by the FPIA-
3000. Therefore, the instrument should be used cautiously for flocculated clay

slurries. This is more important for polymer-induced flocculated clay slurries.
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3.3. Procedures

3.3.1. Sample preparation
The sample preparation procedure steps for the kaolinite in water mixtures are

listed below:

1. Turn on the cooling bath and set the bath liquid temperature at 10 °C.

2. Weigh the proper amount of kaolinite clay powder and pour it into the
jacketed beaker.

3. Add 140 mL of distilled water to the kaolinite powder

4. Place the beaker under the mixer and adjust the height of the shaft so that
the distance between the bottom of the beaker to the bottom of the
impeller is equal to the diameter of impeller

5. Set the mixer speed at 500 RPM and mix the sample for 30 minutes.

6. Make the FPIA ready for measurements; see Section 3.3.2.

3.3.2. FPIA tests
The FPIA needs to be prepared for measurements before each series of tests. The
background check and the auto focus (calibration) must be completed before the

FPIA is ready to make measurements.

In the background check, the FPIA software checks the initial background of
images and shows the number of particles detected before any sample is injected
into the instrument. The FPIA manual mentions that the maximum number of

particles detected is 10. If the number of particles detected is larger than 10, the
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background check should be repeated. After running the background check, the

FPIA software will define the initial background as the original background for

the upcoming tests. It is recommended that users run the background check before

each series of measurements.

The calibration step (the focus adjustment) should be done using the polystyrene

latex microspheres (d=2.0 um). The FPIA software runs the auto focus adjustment

automatically. If there is a problem with auto focus adjustments, the focus

adjustment should be done manually.

The preparation steps for the FPIA measurements are listed below:

1.

Check all the connections of the tubes to the FPIA apparatus, the sheath
liquid container, and the liquid waste container.

Turn on the FPIA and open the FPIA software on the connected computer.
Run the “Background Check”.

Run the “Auto focus”.

Add 5 mL of fresh diluted polystyrene latex microspheres suspension.
Adjust the testing parameters such as sample name, magnification mode
(set at HPF), RPM (set at 300), and sonication power (set at “not
applied”).

Use the large-tip opening transfer pipette and cut off the tip of the pipette,
as shown in Figure 3.5.

Take first sample for size measurement after it has been mixed for 30

minutes. Use the open tip pipette.
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9. While the FPIA is running the measurement for the first sample, quickly
place the jacketed beaker under the sonicator probe while it is still

connected to the bath with two tubes.

Figure 3.5. Large-tip opening transfer pipette (13-711-5B Fisher Scientific)

3.3.3. Sonication tests
After samples are mixed for 30 minutes and the FPIA is ready for tests, start the

sonication step of the tests as follows:

1. Put the sonication probe into the sample. The depth of the probe tip should
be the same for all experiments (1.5~2 cm). The probe should be exactly
at the center of the beaker.

2. Put the thermometer into the sample. Turn on the thermometer and record

the sample temperature at the beginning and during the sonication period.
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Use tape to attach the thermometer to the sonication probe. In this way the
thermometer location is always the same for all samples (see Figure 3.3).
Turn on the sonicator and set the amplitude (100%, 75%, or 50%) but do
not start sonication.

Make the FPIA ready for measurement (Section 3.3.2).

Push the start button of the sonicator and be ready to take samples 10
seconds after starting the sonicator.

. Use the open tip pipette to obtain a sample. Pour the sample into the FPTA
chamber.

Take samples at 5, 10, 20, 30, 40, 50 and 60 minutes of sonication.

During the 60 minutes of sonication, monitor the sample temperature and
ensure it is about 20°C. If necessary, alter the bath liquid temperature to

keep the sample temperature at/near 20°C.

3.3.4. Mastersizer tests

The particle size distributions of two samples before and after sonication were

analyzed using a Malvern Mastersizer 2000. Malvern Mastersizer-2000 uses the

laser diffraction technique. During measurements, particles pass through the laser

beam and scatter light at different angles and intensities depending on their size.

Lower intensity light will be scattered by smaller particles at wide angle while

larger particles scatter the light of higher intensity at a narrow angle.

Transmission of light occurs as well, which can be computed by considering the

refractive index in the measurements. In this study, Kaolinite was chosen as the
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reference for refractive index of samples. The map of scattering intensity versus

light angle is the source used to calculate the particle size distributions'>*"*’,

The samples tested using Malvern Mastersizer had kaolinite concentrations of 10
and 40 g/L and were prepared as explained in Section 3.3.1. Both samples were
sonicated at 100% amplitude for as long as 60 minutes, as explained in Section

3.3.3.

3.3.5. Cryo-SEM tests
Cryogenic Scanning Electron Microscope (SEM) studies were carried out on two
samples of kaolinite clays. Samples with concentrations of 10 g/L and 20 g/L
were prepared as explained in Section 3.3.1 and sonicated for 30 minutes at 100%
amplitude as explained in Section 3.3.3. Table 3.3 lists the characteristics of the

four samples that were studied using the Cryo-SEM.

Numerous examples of SEM images of clay suspensions can be found in the
literature””"*%19419 " A1l were taken using a drying technique, which can alter the
structure of flocs and aggregates during the ice formation step. Du et al'*’ suggest
that cryo-vitrification can overcome the limits of freeze-drying techniques. For
this reason, the cryogenic SEM is used in this study to obtain the images of

kaolinite particles before and after sonication.

The SEM used for the present study was a JEOL model, JSM.6301F located in the
Scanning Electron Microscope Laboratory of Earth and Atmospheric Sciences

Department at University of Alberta.
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Table 3.3. The characteristics of samples used for cryo-SEM studies and settling tests

Sample name and Kaolinite Sonicated for
number concentration (g/L) (minutes)
Not-sonzclzitle)d 20 g/L 20 0
Soniczztle_c; )20 g/L 20 30
NOt-SoniC;tle)d 10 g/L 10 0
Soniczztze_c;)lo g/L 10 30

Four kaolin samples (Table 3.2) were prepared for cryogenic SEM studies in our
lab and 10 mL of each sample was put in a glass jar. The jars were then
transported to the SEM laboratory. A rectangular copper specimen mount
(31x9.5x7 mm, LxWxH) with four similar cavities of 2 mm in diameter and 1
mm in depth was used (see Figure 3.6). Each glass jar was turned end over end by
hand four times before sampling. Then, using an open tip pipette, a drop of each
sample was taken from the middle of the jar and mounted on the top of the copper
stage. The copper stage was then submerged immediately in a cup of liquid
nitrogen slush. The liquid nitrogen had been cooled to its freezing point using the
Emitech K1250 cryogenic system. The frozen samples were then fractured (below
the surface of the liquid nitrogen) using hand-held pliers to expose a fresh surface.
This preparation technique is known as freeze-fracturing. Next, the stage was
removed from the liquid nitrogen cup and placed within the SEM vacuum
chamber for the sublimation step. The temperature of the chamber was kept below
—40°C, which prevents recrystallization of the ice on the surface. After the sample

kept in the SEM chamber for complete sublimation (about 1 hour), it is
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bombarded with gold in a process known as sputtering. Samples were then ready
for observation at a vacuum pressure of 8x107 torr and a temperature of -130°C.
The images were collected at magnifications ranging from 1000 to 20,000 times

and are shown in Section 6.7.2.

O
() ()

Figure 3.6 Cryo-SEM copper stage
3.3.6. Tailings tests

Effect of sonication on the industrial tailings sample PSD is discussed in Section
6.8 of this work. Sample preparation steps for the industrial tailings, provided by

Jessie Smith as a part of her MSc thesis' ', are as follows:

1. Pour the raw slurry mixture onto a 75 micron (200 mesh) sieve. Place a
pail beneath to collect fluid and fine particles.

2. Add around 200 mL of sieved sample to the glass jar.

3. Add RHS beads (approximate ratio of 6:1 by weight beads to bitumen) to
each jar of tailings.

4. Place the jar containing the RHS beads and tailings sample in a hot water

bath (about 45°C) for 5 minutes.
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5. Place the jar in rotating mixer and mix for 10 minutes. Remove from
mixer and allow jar to stand until RHS beads rise to the top of the
container. Remove beads using metal strainer.

6. Repeat Steps 2 through 5 an additional 5 times for the same sample to
ensure maximum bitumen removal.

7. Vacuum filter the bead-treated sample using a Buchner funnel and 2.5 pm
filter paper (Whatman 5 Qualitative Paper). Repeat three times to ensure
total solids removal.

8. Use the filtrate water (prepared in Step 7) to dilute samples prior to testing

in the FPIA.
3.4 Experimental programme

3.4.1 Test parameter selection and development

The sonication process need to be investigated from two points of view: the
energy source and the energy target. The energy source is the Sonicator-4000. The
energy target is the kaolinite clay suspension. The effect of sonication on the
kaolinite PSD is a direct function of total effective acoustic energy received by
the kaolinite suspension. The amount of energy received by kaolinite suspension
is affected by instrument parameters as well as system-specific parameters® .
Sonication time and amplitude dictate the total amount of acoustic energy

delivered to the sample.

The system-specific parameters, on the other hand, are the sample volume, the

sample temperature, and the controlling parameters which dictate the nature of
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initial kaolinite PSD. The particle size distribution of kaolinite clay (before
sonication) is controlled by three dominant factors: kaolinite concentration,

sample pH, and flocculant addition.

In this work, the sample volume and temperature are kept constant. Sonication
time and amplitude, kaolinite concentration, suspension pH and the addition of

flocculant are selected as the test parameters.

A preliminary investigation was carried out to verify that the experimental setup
or measuring device is not influencing the measured PSD’s. The results of this
preliminary investigation are discussed in Chapter 4. This chapter also includes
the results of an investigation on the Sysmex-FPIA 3000 operations, the effect of

mixing and the effect of pre-test cooling on measured PSD’s.

3.4.2 Benchmarking data — Effect of solids concentration, pH, and flocculant
addition on kaolinite PSD (no sonication)

For a comprehensive study of sonication effect on the kaolinite PSD, samples
with different initial particle size distributions needed to be studied. Solids
concentration, sample pH, and the addition of flocculant as three system-specific
parameters are investigated in this work. As explained in section 2.4 and 2.5,

these are the main parameters which can influence the initial kaolinite PSD.

The aim of this set of experiments is to discover at which conditions kaolinite clay
samples have the largest and smallest particle sizes. These conditions will define

the boundaries of the size of initial samples (not-sonicated samples). Samples will
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be selected within these boundaries for further investigation of sonication

impacts.

The preliminary evaluation of factors affecting kaolinite PSD is explained in

Chapter 5 of the present study.

3.4.3 Sonication tests (time and amplitude)

Selected samples from investigation in Chapter 5 will be treated by ultrasound
and their PSDs after sonication will be compared to the initial ones. The test
parameters explained in section 3.4.1 will be studies in Chapter 6. In this chapter,

the main objective of the present study will be addressed.

Three samples with the kaolinite concentration of 40 g/L, 20 g/L, and 10 g/L will
be sonicated. The pH of these samples is about 4.6 and there is no flocculant

addition.

The effect of sonication time and amplitude will be studied for three sonication
amplitudes of 50%, 75%, and 100% (discussed in section 6.3) and for sonication

times from 10 seconds to 60 minutes (discussed in section 6.2).

The effect of solids concentration will be explained in section 6.4. The effect of
sonication on the samples with different pH will be discussed later in section 6.5.
In addition, the changes in the flocculated samples PSD due to sonication will be

studied in section 6.6.
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4. Evaluation of experimental setup

4.1. Introduction and test objectives

In this chapter, the performance of the experimental setup is evaluated to verify
that neither the current experimental setup nor the measuring device is influencing
the measured PSD. In the evaluation of the experimental setup performance the

following factors are investigated:

e Reproducibility of the FPIA measurements

e Sample preparation techniques

e The FPIA internal mixing

The repeatability of the experimental results and the possible effects of FPIA
operation on the kaolinite PSD are discussed in Section 4.2. The effects of two
important parts of the sample preparation procedure, sample mixing and pre-

cooling, on kaolinite PSD are discussed in Section 4.3.

Systematic effects of flow through the FPIA chamber are not considered in this
study because any effect would be similar for both sonicated and non-sonicated
samples. However, the results produced with the FPIA were validated using other
techniques such as laser diffraction and scanning electron microscopy. These

results are described in Section 6.3.
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4.2. Sysmex-FPIA 3000 operations

In this section the repeatability of the experimental results is investigated. The
repeatability of sample preparation procedures and reproducibility of the FPIA
measurements are discussed in section 4.2.1. The repeatability of sample
preparation procedure is investigated by comparing the PSD’s of multiple
different samples made under the same conditions (same solid concentrations and
sample pH). Additionally, the reproducibility of the FPIA measurements is
studied by comparing the measured PSD’s for samples taken from a single
kaolinite mixture. The effect of the FPIA internal mixer on the kaolinite PSD is

explained in section 4.2.2.

4.2.1. Repeatability of FPIA results

In this section, two series of experiments were carried out to assess the
repeatability of the FPIA results. In the first series of experiments, ten consecutive
measurements were carried out on samples from a single kaolinite suspension to
test the reproducibility of the FPIA measurements. Figure 4.1 illustrates the
results of these tests for a single mixture, with c=10 g/L. Similar results for higher

concentrations (20 g/L and 40 g/L) are shown in Appendix A.

In the second series of experiments, six separate mixtures were prepared to test
the repeatability of the sample preparation procedures. Each mixture PSD was
measured separately and compared to that of the other mixtures. Figure 4.2 shows
the results of these measurements for 6 mixtures with c=10 g/L. Similar results

for higher concentrations (20 g/L. and 40 g/L) are shown in Appendix A.
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Figure 4.1 Repeatability tests: Cumulative Particle size distributions for 10 samples from a

single mixture (c= 10 g/L)
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Figure 4.2. Repeatability tests: Cumulative particle size distributions for 6 different

mixtures having the same concentration (c=10 g/L)
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Figures 4.1 and 4.2 indicate that the FPIA results are very repeatable and show
only small variations, which may be related to the colloidal nature of the kaolinite
mixtures. In colloidal suspensions, the continuous random motion of particles
results in the collision between particles leading to the formation of flocs and
aggregates™”. The success of these collisions (i.e. coagulation) is strongly affected
by the slurry conditions (solids concentration, pH, and electrolyte concentration)
22 The collision frequency, on the other hand, depends on the solids concentration
and the random motion of the particles®*. The random nature of particles motion
and collision supports the idea that slurries with the same conditions (solids

concentration, pH, and ionic strength) may have slightly different PSDs.

To test whether the differences between particle size distributions shown in
Figures 4.1 and 4.2 are statistically significant, the chi-square goodness of fit test
has been carried out separately for the each set of results. The chi-square statistic
is a measure of how far the measured values are from the expected values
(expectation for random variations)'*". The null hypothesis in this study is that
there is no significant difference between the particle size distributions of samples
prepared at the same conditions. If the null hypothesis is true, the differences

141

between the size distributions are just due to the random variations *. To test the

null hypothesis the observed value and expected values are compared'*'.

The expected and chi-square values are calculated as'*':

row totalxcolumn total
table total

expected value = 4.1)
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2 _ Z (measured value—expected value)?

X 4.2)

expected value

The probability of occurrence of the calculated chi-square value for specific

degree of freedom (df) of the data set is defined as P-value. df is calculated as'*":
df = (number of rows — 1) X (number of columns — 1) (4.3)

The P-value verifies if the null hypothesis is true or it should be rejected'*'. If the
P-value is equal or less than 0.05 the null hypothesis will be rejected which means
the difference between the populations is not due to random variations'*'. On the
other hand, if the P-value is larger than 0.05 (up to 1), the null hypothesis is true
which means the difference between the compared populations are not statistically

141

significant . In this study the chi-square and the P-value are calculated with

Microsoft Excel.

The test statistics for two sets of experiments are shown in Table 4.1.

Table 4.1The chi-square test statistics for results shown in Figures 4.1 and 4.2

Results shown in Results shown in
Figure 4.1 Figure 4.2
Chi-Square 13.8174 4.2759
df (degree of
freedom) 1953 1085
P-Value 1.000 1.000

As shown in Table 4.1 the calculated P-value for both of the results shown in
Figures 4.1 and 4.2 is equal to 1.000 which verifies the null hypothesis that the

differences among the populations shown in each figure are not statistically
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significant and the differences between them are due to random variations. The

detailed calculations of chi-square tests are provided in Appendix B.

4.2.2. Effect of FPIA mixer speed on kaolinite PSD

As described in Chapter 3, the FPIA sample chamber is equipped with an
ultrasonic probe and a mixer to help disperse the sample. The FPIA allows the
operator to adjust the speed of the mixing motor and the sonication power of the
ultrasound probe. Both the probe and mixer may influence the measured kaolinite

PSD.

Since the objective of the present study is to investigate the effect of sonication on
the kaolinite PSD, it is important to control all sources of sonication of the
sample. To accurately characterize the applied sonication only the Misonix
Sonicator-4000 was used and for all the measurements carried out by the FPIA

the internal ultrasound treatment is set to “Not Apply” (off).

With the internal sonicator of FPIA turned off, the effect of the FPIA internal
mixer on the sample PSD is studied. The PSD of a single kaolinite suspension
sample was measured with four different mixer motor RPM settings to investigate
the influence of mixer speed on the measurements carried out by FPIA. Figures
4.3a through 4.3c show the PSD of a 10 g/L kaolinite in water sample, for four
different RPM targets (internal mixer speeds) of 50, 300, 550, and 700 RPM.
Figure 4.5 illustrates the cumulative particle size distributions for the same series
of measurements. Similar results for higher concentrations (20 g/L and 40 g/L)

are shown in Appendix C.
66



5

vvvvv 10 g/L, RPM target 50

—10g/L, RPM target 300

Frequency (%)
i

05

0.1 1 10 100
Area based particle diameter (um)

Figure 4.3a Effect of FPIA mixer speed on the measured PSD (c=10 g/L, RPM=50, 300)
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Figure 4.3b Effect of FPIA mixer speed on the measured PSD (c=10 g/L, RPM=300, 550)
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Figure 4.3c Effect of FPIA mixer speed on the measured PSD (c=10 g/L. RPM=50, 300, 550,
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The results presented in these figures demonstrate that the RPM setting of the

internal mixing motor of the FPIA does not have a significant effect on the

kaolinite PSD.
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Figure 4.4 Effect of RPM target on the cumulative partice size distribution (c=10 g/L)

Based on these results, the FPIA mixer speed was set at N=300 RPM for all
experiments. This value was chosen because it was high enough to prevent

blockages from forming in the FPIA chamber.
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4.3. Effect of mixing and pre-test cooling

High intensity ultrasound treatment introduces a large amount of energy to the
suspensions, which increases the sample temperature dramatically in a short time.
An increase in the temperature alters important physical properties of the sample
(i.e. viscosity). Additionally, surface evaporation caused by sudden increases in
temperature can lead to changes in sample volume and solids concentration
during the experiments. In this study, the temperature was kept constant to avoid

these issues.

Recall that the sample preparation procedure requires that a sample be mixed for
30 minutes. The sample is also cooled during the mixing step. Either or both of
these steps (i.e. mixing and cooling) could impact the kaolinite PSD. Therefore,
tests were conducted to evaluate the potential effect(s) that these steps had on the

kaolinite PSD.

In order to maintain the sample temperature at 20°C during sonication, the
samples need to be cooled during the mixing stage. A set of experiments was
conducted to make sure that the pre-test cooling of the kaolinite samples does not
change their PSDs. In this set of experiments, the mixing and the cooling of the
samples began simultaneously. The PSD of a 40 g/L kaolinite suspension was
then measured during the cooling process from room temperature (23°C) to 5°C.

Figures 4.5a through 4.5¢ show the kaolinite PSD’s at different temperatures.
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Figure 4.5a Effect of pre-test cooling (23 °C-18°C) on the kaolinite PSD (c=40 g/L)
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Figure 4.5b Effect of pre-test cooling (18 °C-11°C) on the kaolinite PSD (c=40 g/L)
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Figure 4.5¢ Effect of pre-test cooling (23 °C-5 °C) on the kaolinite PSD (c=40 g/L) 70



Figures 4.5a through 4.5¢ show that by cooling the sample from 23 °C to 18 °C (5
°C decrease) the PSD changes significantly. It should be noted that it took 11
minutes for the sample to reach 18°C from room temperature. Unlike the first 11
minutes, Although further mixing and cooling of the sample for 26 minutes (from
the eleventh minute) decreases the sample temperature by 13 °C (from 18 °C to 5
°C) the sample PSD does not change significantly. The fact that the PSD changes
during the mixing and cooling process only occur during the first 11 minutes
(when the sample temperature is decreased by 5°C from room temperature)
suggests the possibility of having another cause for the PSD changes. Besides pre-
test cooling and mixing another possible cause of this change could be the fact
that the sample is not at its stable state in the beginning of the mixing (the first 11

minutes).

Two sets of experiments were designed to distinguish which of these factors
caused the change in PSD. In the first series of experiments, the variations of the
kaolinite PSD were tracked during mixing at constant temperature. In the second
series of experiments, the sample was cooled to 5°C and then heated to room
temperature. The variations in the PSD during both the cooling and the heating

steps were investigated.

4.3.1. Effect of mixing

The Sauter mean diameter (ds;2) of kaolinite mixtures have been studied in this
section to investigate the overall changes of kaolinite particle size during mixing

time. However, the entire particle size distributions of these samples are also
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studied later in this section. Figure 4.6 shows the changes in the Sauter mean
diameter of two kaolinite samples (c=40 g/L) during mixing. The Sauter mean

diameter is the average diameter based on unit surface per unit volume of the

particles in the solution:

226 43
i=1 1idj (4.1)

d,, ===t 11
32 226 2
=1 nidj

where n; is the number of detected particles in the it segment in the frequency

table provided by the FPIA software and d; is the mean diameter of the i"

segment.
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Figure 4.6 Effect of mixing on the Sauter mean diameter of kaolinite samples:

c=40 g/L

Sample 1 was mixed for 80 minutes and the values of ds, after different mixing
times were obtained. It can be seen from the results of Figure 4.6 that there is a

dramatic increase in ds; during the first 10 minutes of mixing and then the Sauter
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mean diameter does not vary significantly with continued mixing (t > 10

minutes).

The very low mean diameter of the sample at time t= 0 is due to the initial settling
of the kaolinite particles at the bottom of the beaker, making a two-phase
suspension. The samples were collected from the same depth of the beaker for all
data points. At time t=0, sampling from the same depth resulted in a significantly
lower mean diameter due to the low concentration of small particles suspended in
the supernatant phase. Additionally, changes in the sample PSD of another
kaolinite in water sample with the same solids concentration (c=40 g/L) were
studied over first 18 minutes of mixing. The squares in Figure 4.6 show the Sauter
mean diameter of this sample at different mixing times. These results indicate that
the Sauter mean diameter dramatically increases during the first 6 minutes of
mixing and does not change significantly with continued mixing (from 6 to 18

minutes).

Since the Sauter mean diameter (ds;») of a suspension is single value meant to
represent an entire particle size distribution, a fuller picture of the effect of the
mixing process is probably obtained by studying the changes in the sample PSD
with mixing. The PSD’s for the 40 g/L kaolinite suspension are shown in Figures

4.7a and 4.7b.

73



3.5

— t=0min
3
== t=2min
2.5
----t=6min
£
)
=
@
=
@15
w
T A R N 1
f" 4
- NS,
[ ISEA ) Y
i ' A LV
0.5 et Y, \
-"\l
i '\‘
‘~\\\~
0
0.1 1 10 100
Area based particle diameter (um)
Figure 4.7a Effect of mixing on the kaolinite PSD (c=40 g/L)
3.5
—_—t=0
——1t=2min
3
---—-t=6min
------ t=10min
2.5
- t=14min
g 5 = =1t=18 min
&
=
@
=
@15
w
1
0.5
0
0.1 1 10 100

Area based particle diameter (pm)

Figure 4.7b Effect of mixing on the kaolinite PSD (c=40 g/L)

74



Figures 4.7 a and 4.7b show that it takes approximately 6 to 10 minutes for each
sample to reach the stable state and after this state is reached, mixing does not
affect the PSD. Therefore, it can be concluded that the mixing that is applied for
30 minutes during the pre-test cooling step does not have any impact on the
kaolinite PSD. Although based on these findings 10 minutes of mixing is
sufficient for sample preparation, in this study, samples are mixed for 30 minutes
to be consistent with the experimental procedures used for preparation of similar

mixtures by other researchers (in oil sands industry and literature).

These findings suggest that the significant change in the PSD between 23°C and
18°C samples, shown in Figures 4.5a through 4.5c¢, is a result of the sample not
being in a stable state. In other words, changes in the PSD were not caused by
pre-test cooling or the mixing. Furthermore, the similarity of sample PSD’s at
18°C, 11°C and 5°C, shown in Figure 4.5c, reinforces the above-mentioned

reasoning.

4.3.2. Effect of cooling and heating during the mixing

A second series of experiments was designed to provide a better understanding of
possible effects caused by changing the temperature of the samples prior to
sonication. In this set of runs, cooling and mixing were started simultaneously.
While continuously mixing the sample, the sample was first cooled from room
temperature (23°C) to 5°C. In the second phase the sample was heated until the

original temperature (23°C) was reached.
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In Figure 4.8 changes in the Sauter mean diameter can be seen only in the first 10
minutes of the cooling and mixing. This finding reinforces the idea that sample
PSDs are unstable in the first 10 minutes of sample preparation. Therefore, the
changes in the measured ds, are not related to cooling or mixing. Additionally,
Figure 4.8 illustrates that heating the sample from 5°C to 23°C does not affect the

Sauter mean diameter.
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Figure 4.8 Effect of sample temperature variation on the Sauter mean

diameter during sample preparation

4.4. Summary

The performance of the experimental setup has been evaluated in this chapter.

The results presented in this chapter demonstrate that:

e The FPIA results are highly repeatable and show only small variations
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e The sample preparation procedure used in this study allows us to produce
repeatable results for the same sample conditions (same solids

concentration and sample pH)

e The FPIA internal mixer does not have a significant effect in the measured

kaolinite PSD

e The sample mixing and pre-test cooling do not influence the kaolinite

suspension PSD

Therefore, it has been shown that neither the experimental setup nor the

measuring device (FPIA) has a significant effect on the measured PSD.

77



S. Preliminary evaluation of factors affecting kaolinite PSD

5.1 Introduction and objectives

Factors that affect kaolinite PSD are known to include the sample concentration,

the sample pH, and the addition of CaCl, as a flocculant *%-8-56:142

. Increasing the
solids concentration increases the particle size of the kaolinite suspensions by
increasing the number of large particles’*>'**. As previously discussed in Chapter
2, increasing the sample pH results in de-flocculation of kaolinite flocs and thus
leads to a reduction in particle size of kaolinite suspensions®”®'. The addition of
CaCl,, as a flocculant, results in strong particle interactions and high flocculation

degrees*®. Therefore, the addition of CaCl, significantly increases the particle size

of kaolinite suspensions.

In the present study, a set of experiments was performed to study the effect of
each parameter on the sample PSD. The results of these tests are compared to
those available in the literature. The consistency of these results with previous
studies provides confidence in the ability of the FPIA to make reliable size

measurements for kaolinite mixtures.

Furthermore, the results of this set of experiments determine the conditions at
which kaolinite clay samples have the largest and smallest particle sizes. These
conditions define the boundaries of the particle size found in un-sonicated
samples in this work. For a comprehensive study of the effect of sonication,
samples with different initial PSDs (within the particle size boundaries defined

below) were treated by ultrasound. The PSDs after sonication are compared to the
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initial PSDs to show the effect that sonication has on different initial kaolinite
PSDs, and on different modes of particle aggregation (see Section 2.3, 2.4, and

2.5).

5.2. Effect of sample concentration on measured PSD

The particle size distributions of four samples, with kaolinite concentrations of 2,
8, 24, and 40 g/L, were measured to determine the effect of solids concentration
on the particle size distribution. The results are shown in Figures 5.1 through 5.3.
It should be mentioned that the pH of all these samples is about 4.6 and is roughly
the same for all samples. For the sample with c=2 g/L (Figure 5.1), nearly all of
the particles are finer than 10 pm. Compared to the 2 g/L sample, the sample with
c=8 g/L (Figure 5.2) has more particles that are larger than 6 pm and fewer
particles in the size range of 1 to 6 um. Figure 5.3 shows that compared to the 8
g/L sample, the sample with c=24 g/L has more particles that are larger than 5 pm

and fewer particles that are smaller than 5 pm.

The population of particles larger than 25 um is similar for the samples with c=24
g/L and ¢=40 g/L, but the sample with the higher solids concentration has a larger
number of particles in the size range of 2 pm to 20 pm and fewer particles finer

than 2 pm.
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Figure 5.4 Effect of solids concentration on the kaolinite PSD (c¢=2, 8, 24, and 40 g/L)
(pH~ 4.6)
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Figure 5.4 compares the PSD’s of all four samples. It can be deduced from this
figure that for samples with higher concentrations, the population of large
particles (5 um < d) is greater and the number of fine particles (d < 2 pm) is
lower. It can be concluded that by increasing the kaolinite concentration, the

population of larger particles increases.

This conclusion is consistent with the findings of previous studies. When a
kaolinite slurry solids concentration increases, the interparticle distances decrease

>1%2 " The higher number of

which leads to more collisions between particles
collisions between particles increases the chance of successful collisions **. Such
collisions result in the formation of larger flocs and aggregates *>. The greater

number of large particles observed for samples with high concentrations is the

result of more frequent and more successful collisions between particles.

5.3. Sample pH

Another factor that can change the kaolinite PSD is the sample pH. The addition
of sodium hydroxide (NaOH) to the samples increases the pH by increasing the
concentration of OH" in the suspension. By adsorbing OH" ions, the edges of a

80,81
d B

particle become neutral or negatively charge . Under these conditions the

electrostatic forces between edges and faces are no longer attractive, resulting in

808184 Nasser and James®' reported that at

de-flocculation of flocs and aggregates
pH=9, flocs were broken down completely. Michaels and Bolger'* also
mentioned that at a high pH, above 7, the probability of de-flocculation increases

rapidly.
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Here, the sodium hydroxide (NaOH, 0.25 M) was added to the four samples
described in Section 5.2 to investigate the effect of pH on kaolinite PSD. The pH
of these samples was adjusted to pH=11 (approximately) and then size
distributions were measured with the FPIA. The results are shown in Figures 5.5
through 5.8. As the PSD’s shown in Figures 5.5 through 5.8 demonstrate,
increasing the sample pH decreases the particle size of the kaolinite suspension.
This reduction in size appears in the figures as a significant decrease in the
number of particles larger than 2 um and an associated increase in the population
of particles finer than 2 pm. These findings verify the results found in the
literature, which indicate that kaolinite particles de-flocculate at high pH and the
E-F (edge-to-face) associations will no longer exist in the suspension . At high
pH values, kaolinite suspensions contain a large number of individual primary
particles along with a small number of flocs, mostly produced through of F-F

(face-to-face) associations .
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Figure 5.5 Kaolinite PSD at natural and high pH (pH~4.6 and 11), ¢=40 g/L.
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Figure 5.6 Kaolinite PSD at natural and high pH (pH~4.6 and 11), ¢=40 g/L.
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Figure 5.8 Kaolinite PSD at natural and high pH (pH~4.6 and 11), c=2 g/L
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5.4. Flocculant addition

Flocculant addition can drastically alter the kaolinite suspension PSD’s #8144,

Here, CaCl, is added as a flocculant to the same samples described in Sections 5.2
and 5.3. The mass ratio of CaCl,.2H,O to kaolinite was constant at 0.1 for all of
the samples. The addition of CaCl, was done after increasing the sample pH to
about 11. At that high sample pH most of the aggregates and flocs are broken to
individual particles ', as described in Section 5.3. The addition of CaCl,
decreases the thickness of the electric double layer surrounding the particles and
results in a reduction in the electrostatic repulsion between faces®™. Under these
conditions, high density aggregates produces through F-F (face-to-face)
associations are expected. These associations are sometimes referred as “card-
pack” flocs. Figures 5.9 through 5.12 compare the samples PSD’s at a natural pH
(no NaOH addition) with that of samples with the addition of CaCl, at a high pH.
It can be seen from these graphs that the population of large particles significantly
increases after flocculant addition. It is also noticeable that samples with low
concentrations are more affected by the addition of CaCl, compared to the sample
with c=40 g/L. These results are consistent with previous studies in the

literature®®.
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Figure 5.9. Effect of flocculant addition on the kaolinite PSD (c=40 g/L)
pH = 4.6 (no flocculant), pH~11 (flocculant added)
CaCl2.2H20: Kaolinite (mass ratio) = 0.1
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Figure 5.10. Effect of flocculant addition on the kaolinite PSD (c=24 g/L)
pH ~4.6 (no flocculant), pH~11 (flocculant added)
CaCl2.2H20: Kaolinite (mass ratio) = 0.1
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Figure 5.11. Effect of flocculant addition on the kaolinite PSD (c=8g/L)
pH ~4.6 (no flocculant), pH~11 (flocculant added)
CaCl2.2H20: Kaolinite (mass ratio) = 0.1
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Figure 5.12. Effect of flocculant addition on the kaolinite PSD (c=2g/L)
pH ~4.6 (no flocculant), pH~11 (flocculant added)

CaCl2.2H20: Kaolinite (mass ratio) = 0.1 28



Figure 5.13 illustrates the Sauter mean diameter (d3;) for the samples used in this
section. The solid circles show the ds;» of samples with different kaolinite
concentrations (no NaOH addition, no flocculant addition,). The solid triangles
show the dj;, of the same samples at high suspension pH and the solid squares
show the ds, of these samples after flocculant addition (at high pH). The results of
Figure 5.13 indicate that at each concentration, samples with high pH (no
flocculant addition) have the smallest particle sizes while the flocculated samples
contain the largest particles. Figure 5.13 shows the conditions at which the
kaolinite suspensions studied here have the largest and smallest particle sizes.
These conditions were used to select the samples for the study of the effect of

sonication on the kaolinite suspension PSD.

-~ CaCl2 Added - pH™46 «-As pH~11
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Figure 5.13. Sauter mean diameter of kaolinite suspensions (c=2, 8, 24, 40 g/L)
at three conditions: a) pH~4.6, no NaOH addition, no flocculant addition;

b) pH ~11 (NaOH added); c¢) pH ~11 and flocculant addition, CaCl2.2H20:
Kaolinite (mass ratio) = 0.1
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The selection of solids concentrations for the sonication tests has two limitations.
The fact is that water-based mixtures containing clays in the oil sands extraction
process usually have high solids concentrations. However, the FPIA is not able to
produce reliable measurements at concentrations above 40 g/L. Therefore, the
upper limit of solids concentration is chosen as 40 g/L in this work. The lower
limit of the kaolinite concentration is chosen as 10 g/L. An intermediate solids
concentration of 20 g/ was also selected for testing. By selecting a range of
kaolinite suspension concentrations, it is possible to investigate the combined

effects of concentration and sonication on kaolinite PSD’s (Section 6.5).

5.5. Summary

The main factors that affect the kaolinite PSD are studied in this chapter. The
results presented in this chapter are used to determine appropriate conditions at
which the main samples need to be tested for the study of sonication effect on the
kaolinite PSD. Furthermore, presented results indicate that the kaolinite PSD can
be significantly affected by sample pH and the flocculant addition. Therefore, in
addition to the study of the samples with different solids concentration, effect of
sonication on the particle size of samples with different pH values and different

flocculant additions should be investigated.

On the other hand, the consistency of the results presented in this chapter to the
previous studies in the literature indicates that the FPIA produces reliable results

in the solids concentration range and the sample conditions applied in this work.

90



6. The effect of sonication on kaolinite PSD

6.1 Introduction and objectives

In the previous chapters of this study, three important results were described:

e It was proven that the sample preparation procedure and subsequent

analysis with the FPIA yields reproducible results;

e Critical pre-sonication procedures, including mixing and sample cooling,

do not impact the sample PSD; and

e The sample PSD responds in an expected way to changes in pH and/or

flocculant addition

The main objective of the present study will be addressed in this chapter. With the
effects of the experimental parameters characterized, it is now possible to study
the effect of sonication on the kaolinite PSD. Three samples with concentrations
of 10 g/L, 20 g/L, and 40 g/L are selected to study the effect of sonication. Figure
6.1 shows the sample PSD at each concentration before sonication. It should be
noted that the pH of these samples is about 4.6 (no electrolyte addition) and there

in no flocculant addition.

The sonication process should be investigated from two points of view: energy
source and energy target. The energy source is a Sonicator-4000 which delivers
sonication energy. Recall that the two controlling parameters are sonication time

and sonication amplitude. The energy target is the kaolinite clay suspension. As
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discussed in Chapter 5, the nature of the initial particle size distribution of the
kaolinite clay is controlled by three dominant parameters: kaolinite concentration,
mixture pH, and flocculant addition. Therefore, the influence of each of these
parameters need to be investigated along with the effect that sonication has on the

kaolinite PSD.

Section 6.2 describes the effect of sonication time on the kaolinite clay PSD.
After validating these results with other techniques (Section 6.3), the effect of
sonication amplitude on the kaolinite PSD is discussed in Section 6.4. All of the
experiments described in Section 6.2 and 6.4 are carried out on samples with three
different concentrations. In Sections 6.5 and 6.6 two case studies have been used
to investigate the sonication effect on samples having different pH values and on
flocculated samples, respectively. Finally, the effect of sonication on the PSD of

an industrial tailings sample is evaluated.
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Figure 6.1 Kaolinite PSD for non-sonicated samples: ¢=10, 20, and 40 g/L; pH~4.6
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6.2. Effect of sonication time

Different concentrations of kaolinite clay in de-ionized water were continuously
sonicated for periods ranging from 10 seconds to 60 minutes to measure the
impact of sonication. For this set of experiments, the experimental matrix shown
in Table 6.1 was designed. As Table 6.1 indicates, three different concentrations
of kaolinite clay (10, 20, and 40 g/L) with a total sample volume of 140 mL were
prepared. These three samples were subjected to continuous sonication with three
amplitudes of 50%, 75%, and 100%. For each of these amplitudes, the PSD was
measured at 9 sonication times: 0 seconds, 10 seconds, and 5, 10, 20, 30, 40, 50,
and 60 minutes.

Table 6.1 Experimental matrix for the investigation of the effects of sonication time,

sonication amplitude and sample concentration on kaolinite PSD

. Sonication
Concentration . o . .
amplitude Sonication time (minutes)
(g/L) 0

(%)
100% 0 0.17 5 10 | 20 30 | 40 50 | 60

40 75% 0 0.17 5 10 | 20 30 | 40 50 | 60
50% 0 0.17 5 10 | 20 30 | 40 50 | 60
100% 0 0.17 5 10 | 20 30 | 40 50 | 60

20 75% 0 0.17 5 10 | 20 30 | 40 50 | 60
50% 0 0.17 5 10 | 20 30 | 40 50 | 60
100% 0 0.17 5 10 | 20 30 | 40 50 | 60

10 75% 0 0.17 5 10 | 20 30 | 40 50 | 60
50% 0 0.17 5 10 | 20 30 | 40 50 | 60
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6.2.1. Comparison of particle size distributions

Figures 6.2 through 6.4 illustrate the differences in the PSD’s for samples with

concentrations of 10, 20, and 40 g/L, with PSD’s measured after specific

sonication times. The sonication amplitude is set at 100% for these tests. Results

for lower amplitudes (50% and 75%) are shown in Appendix D.

These graphs show a decrease in the percentage of particles in the size range of

2.5t0 25 pm (40 g/L), 1.5 to 15 um (20 g/L), and greater than 1.5 um (10 g/L). It

can be seen from Figures 6.2 through 6.4 that the number of particles smaller than

stated concentration-specific size ranges increases after sonication. Additionally, a

slight increase in the number of particles larger than 25 pm in the 40 g/L sample,

and 15 pm in the 20 g/L. sample occurs.
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Figure 6.2 Effect of sonication time on the kaolinite PSD: ¢c=40 g/L; pH~4.6; Sonication

amplitude: 100%

94



10

Frequency (%)
w

—t=0
—t =10 seconds
—t =5 minutes
—t =10 minutes
—t =20 minutes
—t =30 minutes
—t =40 minutes
t =50 minutes

—t = 60 minutes

1 ‘J\_ ‘ W
B

‘ I AN

R
Jy

1 10
Area based particle diameter (pm)

Tt

)

100

Figure 6.3 Effect of sonication time on the kaolinite PSD: ¢=20 g/L; pH~4.6; Sonication

amplitude: 100%

12

10

Frequency (%)
()]

—t=0
—t =10 seconds
—t=5 minutes
—t =10 minutes
—t =20 minutes
—t =30 minutes
—1t =40 minutes
t = 50 minutes

—t = 60 minutes

e .

0.1

1 10
Area based particle diameter (um)

100

Figure 6.4 Effect of sonication time on the kaolinite PSD: ¢=10 g/L; pH~4.6; Sonication
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These results illustrate that sonication alters the kaolinite clay PSD such that the

proportion of large particles decreases while the proportion of the fine particles
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increases. This overall reduction of particle size occurred for all the sonication

times and amplitudes tested here.

Size reduction due to sonication was most noticeable within the first 10 minutes
of sonication. The sample PSD did not change for sonication times greater than 10
minutes. As discussed in Section 2.6, sonication of slurries consisting of solid
particles in a liquid leads to agitation of particles and formation of shock-waves
and microjets in the liquid medium®’. The agitation of particles results in an
increased frequency of inter-particle collisions®’, which can lead to agglomeration
of particles or breakage of aggregates™. On the other hand, the shock-waves and
microjets can cause particle size reduction®’. Therefore, both particle-size
reduction and agglomeration of particles should be expected. This can explain the
formation of a small number of “large” particles (greater than 25 pm), as seen in
Figures 6.2 and 6.3. In some cases, the ultrasound-activated particles form large

77 which has been observed in previous studies’’. Delgado and

aggregates
Matiyevic” suggested that prolonged sonication, especially with a probe

sonicator, can promote the aggregation of colloidal particles. Similar results were

obtained in subsequent study by Peters®’.

Sonication time and power determine the amount of energy delivered to the
sample®. Table 6.2 shows the amount of energy delivered to each sample during
the experiments. Sonication power is displayed on the Sonicator-4000 screen
during each treatment. The total amount of energy delivered to the sample is

calculated based on Eq 2.8. The results of Table 6.2 show that by increasing the
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sonication time, the amount of sonication energy delivered to the sample increases
significantly. However, this does not result in continued size reduction. Figures
6.2 through 6.4 show that a certain number of particles (in the size range of 2 to
20 pm) remain intact after sonication. Although the delivered sonication energy
during 60 minutes is about six times greater than that delivered during the first 10
minutes, the population of this fraction of particles does not change after 10
minutes of sonication. The effect of sonication on the kaolinite clay PSD is a
function of the number of particle-particle attachments in the flocs and aggregates

structures and the energy required to break down any such attachments.

Table 6.2 The amount of sonication energy delivered to each sample as a function of

sonication time and amplitude

Sonication time
Conc(t;r/lgation Am([();i)t)ude Power (W) | 10 sec | S5min | 10 min [ 60 min
Sonication energy (J)

100 73 730 | 21900 | 43 800 ([ 248 000

40 75 57 570 17 100 | 34200 | 196 000
50 42 420 12600 | 25200 | 142 000

100 75 750 | 22500 | 45000 [ 253000

20 75 56 560 16 800 | 33600 | 192 000
50 41 410 12300 | 24 600 | 139 000

100 77 770 | 23100 | 46200 [ 252000

10 75 56 560 16 800 | 33600 | 192 000
50 41 410 12300 | 24 600 | 141 000
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The platelet-shaped kaolinite particles can associate in edge-to-edge (EE), edge-
to-face (EF), and face-to-face (FF) modes®. The energy required to separate two
kaolinite particles attached in the F-F association is greater than that for E-F,
which in turn is greater than the separation energy required for the E-E

- 145,146
configuration

. The reason why sonication cannot separate some of the
particle-particle linkages may be related to the fact that the delivered sonication

energy is not sufficient to separate F-F associations.

6.2.2. Comparison of populations of primary particles, flocs, and aggregates

Up to this point, it was qualitatively observed that sonication altered the kaolinite
PSD such that large particles were broken down into smaller particles. Comparing
the PSD graphs (Figures 6.2 through 6.4), it can be observed that the influence of
sonication on the PSD is not the same for all of the conditions tested. The full size
range of particles was divided into three regions, which are shown in Table 6.3, to
better quantify the effect of sonication on the kaolinite samples. The first size
region (< 2 um) is defined based on the kaolinite primary particle size, reported as

80,81

0.1 to 2 um™"". Particles smaller than 2 um are defined as individual or primary

particles in this study.

The results of Section 6.2.2 showed that particles larger than 2 pm can be divided
to two size range based on their response to the sonication. Specifically, the
proportion of particles in the size ranges of 2 to 20 um decreases significantly
after sonication, while the proportion of particles larger than 20 pm increases
slightly during the first 10 minutes of sonication and remains approximately
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constant afterwards. The different responses of these particles to sonication is the
reason that two additional size ranges are defined in Table 6.3. The particles in
these size regions are larger than individual particles. This means they are flocs or
aggregates of primary particles. There is not a clear particle size range defined (or
calculated) for flocs and/or aggregates in the literature. Both flocs and aggregates
are groups of individual particles joined together to form a larger cluster.
Michaels and Bolger® defined flocs as small clusters of particles and aggregates
as clusters of flocs grouped together. Considering this definition, the particles in
the size range of 2 to 20 um are defined as flocs in this study. Particles larger than
20 um are defined as aggregates. An exact boundary does not exist so a

reasonable value was selected for this study.

Table 6.3 Particle size range classifications used in the present study

Classification Definition

Individual particles d<2pm
Flocs 2um<d<20pum

Aggregates 20 pum <d

Figures 6.5 through 6.7 illustrate the proportions of these regions for the 10 g/L,
20 g/L and 40 g/L. samples as a function of sonication time. The sonication
amplitude is 100% (120 um) in these tests. Similar results for lower amplitudes

(75% and 50%) are shown in Appendix E.
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Figure 6.5 demonstrates that the percentage of individual particles always
increases after sonication. While the extent of this increase depends on the
kaolinite concentration and the sonication time, it occurs in every sample.
Furthermore, Figure 6.5 illustrates that although there is a sharp increase in the
percentage of individual particles during the first 10 minutes of sonication, this
percentage does not change significantly with continued sonication (t > 10

minutes).

Figure 6.6 also indicates that the percentage of flocs always decreases after
sonication. The extent of this reduction also depends on the solids concentration
and sonication time. As was the case for the individual particles, a significant
reduction in the number of flocs occurs during the first 10 minutes of sonication.
Between 10 minutes and 60 minutes of sonication, the percentage of flocs

changes very little compared to the initial decrease in their population.

It is notable that even 10 seconds of sonication has a significant impact on the

percentage of flocs in all three samples.

The results of Figure 6.7 indicate that the percentage of aggregates also increases
through sonication. It is worth noting that the aggregates constitute a small
portion of the entire particle size distribution for each of the three samples tested
in this study. Before sonication, approximately 0.5% to 10% of the population is
aggregates, while 56-66% is flocs and 24-42% is individual particles. After 60

minutes of sonication, the percentage of aggregates increases so that they now
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represent 1.7% to 16% of the population, while this range is 16-32% of the

particles are in the ‘floc’ size range, while 53-82% are individual particles.
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Figure 6.5 Proportion of the dispersed phase population of primary particles, expressed in
%, as a function of sonication time, for sample concentrations of 10, 20, and 40 g/L.

Sonication amplitude: 100%

In summary, Figures 6.5 through 6.7 illustrate that through sonication the
percentage of flocs is reduced. They are mostly broken down to individual
particles, except for a few which form aggregates. Equation 6.1 shows the
relationship among the three size classifications used in this study. The total
percentage of the three regions adds to 100%. Based on Equation 6.1, the

variation in the percentage of flocs at any time is equal to the summation of
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variations in the percentage of individual particles and the percentage of

aggregates (see Equation 6.2).

% Individual particles + % Flocs + % Aggregates = 100 (6.1)
A(%Flocs) = A(%Individual particles) + A(%Aggregates 6.2
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Figure 6.6 Proportion of the dispersed phase population of flocs, expressed in %, as a
function of sonication time, for sample concentrations of 10, 20, and 40 g/L. Sonication

amplitude: 100%

Considering the results shown up to this point along with Equations 6.1 and 6.2,

the floc population is selected as the parameter which best represents the size
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reduction due to sonication. The percentage of flocs universally decreases

regardless of sonication time, sonication amplitude, and solids concentration.

6.2.3. Evaluation of the Floc Reduction Ratio (FRR)

To quantify the effect of sonication on particle size reduction, the floc reduction
ratio (FRR) is defined as the ratio of the percentage of flocs at each time to the
percentage of the flocs in the sample before sonication. The FRR parameter
allows for the analysis of changes in the floc population independent of the initial

values:

%Flocs (t)

FRR =
%Flocs(t=0)

(6.3)

Figure 6.8 illustrates the calculated FRR at each sonication time, for the three
different concentrations. The amplitude in these tests is set at 100% (120 pm).
Similar results for lower amplitudes (75% and 50%) are shown in Appendix F. It
should be noted that in contrast to graphs showing the number of flocs (as a % of
the population), the FRR graphs start with an initial value of one. All values fall

between zero and one for all sonication times.

The results shown in Figure 6.8 indicate that for the 10 g/L sample, sonication
breaks down 75% of the flocs that were initially in the suspension. Additionally,
58% of the flocs are broken during the first 10 seconds of sonication. The
remaining 17% are broken down between 10 seconds and 5 minutes of sonication.

Sonication time longer than 10 minutes did not change the FRR significantly.
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Figure 6.7 Proportion of the dispersed phase population of aggregates, expressed in %, as a
function of sonication time, for sample concentrations of 10, 20, and 40 g/L. Sonication

amplitude: 100%

For the 20 g/L sample, 40% of the flocs are broken during the first 10 seconds of
sonication. This number increases to 56% at 5 minutes and 59% at 10 minutes of
sonication. After 10 minutes, continued sonication results in a slight increase in
the FRR, with the final value approaching 48%. As discussed earlier, the
ultrasound-activated particles experience more inter-particle collisions; in other

words, flocs and aggregates can also form during sonication.

For the 40 g/L sample, the percentage of flocs in the sample after sonication is

50%. During first 10 seconds of sonication, 32% of the flocs are broken. Between
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10 seconds and 5 minutes the remaining 18% also disappear from the floc size

range, through size reduction (primarily) and aggregation.
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Figure 6.8 Floc reduction ratio (FRR) at each sonication time: c¢=10, 20, and 40 g/L;

Sonication amplitude: 100%

6.2.4. The influence of solids concentration

The experimental results presented thus far demonstrate that the sonication effect
on the kaolinite PSD is dependent upon sample concentration. It can be seen in
Figures 6.5 and 6.6 that the 40 g/L sample has the lowest change in the percentage
of individual particles and flocs while the 10 g/L sample has the greatest. These
observations suggest that dilute samples are more affected by sonication than
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more concentrated ones. Additionally, the variation of floc reduction ratio (FRR)
with sonication time is shown in Figure 6.8. The results shown in this figure
indicate that at all sonication times, the size reduction has its highest value in the

sample with c=10 g/L and its lowest value in the sample with c=40 g/L.

Recall that Figure 6.1 compares the initial sample PSD (non-sonicated samples)
for three kaolinite mixtures that are the primary focus of this study. This figure
shows that the 40 g/L sample contains more flocs and aggregates (particles larger
than 5 um) than the 20 g/L sample. It also illustrates that there are no aggregates
(larger than 20 pm) in the 10 g/L sample prior to sonication. Furthermore, the
number of flocs in the size range of 8-20 pum is the lowest in the dilute (10 g/L)
sample. The results shown in Figure 6.1 verify that by increasing the
concentration of samples the chance of particle-particle collision increases and

this leads to production of more randomly formed flocs and aggregates.

Since the total amount of sonication energy is similar for three samples, the same
amount of energy is introduced to samples with different populations of flocs and
aggregates. Under these conditions, the sample with fewer flocs and aggregates
will be more greatly affected by sonication because the energy received by each
floc or aggregate is higher. This finding supports the aforementioned theory that

samples with lower concentrations are more strongly affected by sonication.

106



6.3. Validation of results
6.3.1. Laser diffraction method

Particle size distribution of a kaolinite mixture was analyzed with a Malvern
Mastersizer-2000 before and after sonication. A set of experiments which were
previously done using the FPIA (Section 6.2) were repeated. The sample PSD’s
for mixtures with c=40 g/L and c=10 g/L were measured with the Mastersizer.
This sample was then sonicated with the Sonicator-4000 with 100% amplitude for
periods of time up to 60 minutes. Only the results obtained for the 40 g/L are
presented here. The results for the 10 g/L sample are provided in Appendix G.

They follow similar trends as shown here for the 40 g/L sample.

Figures 6.9 show the particle size distributions in terms of percentage of total
particle volume versus particle diameter for the 40 g/L kaolinite suspension

subjected to sonication for different amounts of time.

Before sonication, the kaolinite particle size distribution is broad but monomodal,
with modal size centered at 8 pm. After 3 min of sonication the curve still shows
monomodal particle size distribution but it is narrower compared to the initial
PSD (sample with no sonication) and the modal size is shifted to 4.08 pm. After
10 minutes of sonication the size distribution becomes a bimodal with the modal
sizes centered at 4.7 pm and 0.15 pm. A small volume that represents very large
particles (with the particle size around 780 um) is detected in the sample after 10

minutes of sonication.
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Figure 6.9 Kaolinite PSD after different sonication times measured by Malvern Mastersizer

c¢=40 g/L, Sonication times: 0, 3, 10, 20, 30, 40, 50 and 60 minutes, Sonication amplitude:
100%

After 20 minutes of sonication, the curve is bimodal with the same modal sizes as
at 10 minutes. Comparing the two last curves (10 minutes and 20 minutes
sonication), very large particles sizes shifted from 780 pm to 450 pm with a slight
decrease in their volume percentages (from 0.35% to 0.32%). Furthermore,
between 10 and 20 minutes of sonication, a decrease in the volume percentage of
particles in the size range of 10 pm to 75 pm occurs. At the same time, there is an
increase in the volume percentage of particles in the size ranges of 2 pm to 10 pm
and 0.13 pm to 0.5 pm. Between 20 and 60 minutes of sonication, there is not a
significant change in the particle size distribution of the sample; however, there is
a slight decrease in the volume percentage of particles in the size range of 5 um to
60 pm and an increase in the volume percentage of particles in the 2 pm to 7 pm

range. In this same time interval, the population of smaller particles (with modal

108



size centered at 0.15 pm) continuously increases from 4.05% to 4.60%. In
addition the portion of very large particles shifts from modal size of 450 um to
390 pm with a slight decrease in the particles’ volume percentages from 0.32% to

0.23%.

Figure 6.10 shows the Sauter mean diameter (ds,) of the kaolinite clay sample as a
function of sonication time. The Sauter mean diameter (ds,) in this graph is
calculated by the Malvern Mastersizer 2000 software. It can be seen that there is a
significant decrease in the mean diameter of the sample after 10 minutes of
sonication. Although there is a slight decrease in the mean size of the samples
between 10 and 60 minutes of sonication, changes in the mean diameter are

negligible.

The results presented here are in agreement with the FPIA results discussed in
Section 6.2: specifically, that sonication breaks flocs into the individual particles.
The modal size of 0.15 um shown in Figure 6.9 is approximately the primary
particle size of kaolinite used in this study (as reported by the producer). This
verifies that the production of individual particles is the dominant effect of
sonication. In addition, the formation of large aggregates is also confirmed by the
results obtained using a laser diffraction method. Finally, the Mastersizer
measurements are in good agreement with the FPIA results, as both show that a
significant size reduction occurs in the first 10 minutes of sonication (see Figure

6.10).
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Figure 6.10 Sauter mean diameter (d32) of kaolinite sample at different sonication times

measured by Malvern Mastersizer software; c=40 g/L; Amplitude: 100%

6.3.2. Cryogenic SEM studies

Cryogenic Scanning Electron Microscope (Cryo-SEM) studies were conducted
using kaolinite suspensions with c=10 and 20 g/L. These samples were sonicated
for 30 minutes with 100% amplitude. Table 3.3 in Chapter 3 shows characteristics
of four samples visually studied by Cryo-SEM. Because the results obtained at the
two concentrations are similar, only the results obtained at 20 g/L are discussed
here. The results for the more dilute samples (10 g/L) are presented in Appendix

H.

Figures 6.11 through 6.14 show images of the kaolinite clay particles, before and
after sonication, at magnifications of 1000 and 2000X. Comparing each pair of

images (Figure 6.11 with 6.12 and Figure 6.13 with 6.14), it can be seen that there
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is a significant change in the size of the kaolinite particles. Figures 6.12 and 6.14
show that after 30 minutes of sonication the networks of particles break down to

smaller flocs and aggregates.

It is noticeable in both Figure 6.12 and Figure 6.14 that the number of particles
detected is increases after sonication. This suggests that aggregates and flocs are
broken down to a number of smaller flocs and individual particles. In Figure 6.11
and Figure 6.13 (before sonication), the particles appear to be mostly in the 10 to
20 pum size range, whereas in Figure 6.12 and Figure 6.14 (after sonication)
particle sizes are reduced to < 5 pm. It should be noted that although some large
aggregates can still be seen in Figures 6.12 and 6.14, the number of detected
particles smaller than 2 um has increased significantly. Comparing the overall
sizes of particles in Figures 6.11 through 6.14 with the sample PSD measured
with the FPIA, shown in Figure 6.15, it can be seen that there is good agreement

between the FPTA 3000 measurements and the Cryo-SEM images.

111



SEI 5.0kV  X1,000 10pm WD 10.0mm

Figure 6.11 Cryo-SEM image of non-sonicated Kkaolinite sample; sample (1-1);
¢=20 g/L, 1000X

™

"

SEI 50kvy  X1,000 10um WD 10.0mn

Figure 6.12 Cryo-SEM image of sonicated kaolinite sample; sample (1-2); ¢=20 g/L; 1000X;

sonication time: 30 minutes; amplitude: 100%
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SEI 5.0kV  X2,000 10pm WD 10.0mm

Figure 6.13 Cryo-SEM image of non-sonicated kaolinite sample; sample (1-1); ¢=20 g/L,
2000X

SEI 50kvy  X2,000 10um WD 10.0mm

Figure 6.14 Cryo-SEM image of sonicated kaolinite sample; sample (1-2); ¢=20 g/L; 2000X;

sonication time: 30 minutes; amplitude: 100%
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Figure 6.15 Sample PSD measured by FPIA; Sample (1-1) and (1-2); ¢=20 g/L; Sonication

time: 30 minutes; amplitude: 100%

6.3.3. Settling behavior

The settling behavior of non-sonicated and sonicated kaolinite clay samples is
shown and described in this section. Samples with concentrations of 20 g/L and
10 g/L were sonicated for 30 minutes with 100% amplitude. Table 3.2

summarizes the characteristics of four samples shown in the following images.

Figures 6.16 through 6.19 show all four samples at start of the settling test (t=0,
Figure 6.16), after 30 minutes of settling (Figure 6.17), after 90 minutes of

settling (Figure 6.18), and after 24 hours of settling (Figure 6.19).

After 30 minutes of settling, it can be observed that the particles in the non-
sonicated samples started to settle whereas the sonicated samples appear in the

photo to be one phase. After 90 minutes of settling, the non-sonicated 20 g/L
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sample shows a sedimented bed and almost clear supernatant whereas both

sonicated samples appear in the photo to remain in one phase.
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Figure 6.16 Settling behaviour of 4 kaolinite samples at t=0; Sample (1-1): non-sonicated,
¢=20 g/L; Sample (1-2): ¢=20 g/L, sonicated for 30 minutes, amplitude: 100%;

Sample (2-1): non-sonicated, c=10 g/L; Sample (2-2): ¢=10 g/L, sonicated for 30 minutes,
Sonication amplitude: 100%

After 24 hours of settling, sedimentation is clearly observed for the non-sonicated
samples and there is a distinct interface between the sediment beds and the clear
supernatant. Sonicated samples also started to settle after 24 hours. Their

interfaces are still near the top of the suspension and the supernatant is not clear.
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Figure 6.17 Settling behaviour of 4 kaolinite samples at =30 minutes;

Sample (1-1): non-sonicated, c=20 g/L;

Sample (1-2): ¢=20 g/L, sonicated for 30 minutes, Sonication amplitude: 100%;
Sample (2-1): non-sonicated, c=10 g/L;

Sample (2-2): ¢c=10 g/L, sonicated for 30 minutes, Sonication amplitude: 100%

Nasser and James®' suggest that kaolinite particles settle as individual particles in
the dispersed form and the interface is not clear under this condition. The
flocculated particles, however, settle together, producing a sharp interface
between the sediment bed and the supernatant®'. Therefore, it can be said that the
settling results shown in Figures 6.16 to 6.19 are in a qualitative aggreement with
the results obtained in Section 6.2. Comparison of the settling behavior of non-
sonicated with sonicated samples shows that kaolinite particles are in the

dispersed form after sonication. Due to their small sizes, the applied gravity force
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cannot overcome the buoyancy and drag forces, which keep them suspended in

the supernatant phase for long periods of time.

Figure 6.18 Settling behaviour of 4 kaolinite samples at =90 minutes;

Sample (1-1): non-sonicated, c=20g/L;

Sample (1-2): ¢=20g/L, sonicated for 30 minutes, Sonication amplitude: 100%;
Sample (2-1): non-sonicated, c=10g/L;

Sample (2-2): c=10g/L, sonicated for 30 minutes, Sonication amplitude: 100%
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Figure 6.19 Settling behaviour of 4 kaolinite samples at t=24 hours;
Sample (1-1): non-sonicated, ¢c=20g/L;

Sample (1-2): ¢=20g/L, sonicated for 30 minutes, amplitude: 100%;
Sample (2-1): non-sonicated, c=10g/L;

Sample (2-2): ¢c=10g/L, sonicated for 30 minutes, amplitude: 100%

6.4. Effect of sonication amplitude on kaolinite PSD measurements

Sonication amplitude is another parameter of ultrasound treatment that determines
the amount of sonication energy. As previously explained (in Section 3.2.1), the
amplitude of the Misonix Sonicator-4000 can be adjusted from 1 to 100% (where
100% represents 120 pm tip displacement). Values of 50%, 75%, and 100% of
the maximum sonication amplitude were examined in this study to investigate the
influence of sonication amplitude on the measured kaolinite PSD. For this
purpose the three main samples, described in Section 6.2, with the solids
concentrations of 10, 20, and 40 g/L, were subjected to ultrasound treatment using

different sonication amplitudes. Figure 6.20 illustrates the changes in kaolinite
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PSD after 60 minutes of treatment for the sample with c=40 g/L. Similar results

for samples with c=10 g/L and ¢=20 g/L are shown in Appendix I.

—t=0

5 - =60 minutes, amplitude 100%

— - t =60 minutes, amplitude 75%

— + t =60 minutes, amplitude 50%
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w
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Area based particle diameter (um)

Figure 6.20 Effect of sonication amplitude on the kaolinite PSD: c=40 g/L; Sonication
amplitude: 50%, 75%, and 100%

The results presented in this figure indicate that decreasing the amplitude to 50%
or 75% does not alter the sonicated sample PSD. To study the reason behind this
finding, it is necessary to calculate the total amount of sonication energy
introduced to the sample during 60 minutes of treatment.

The screen of the Sonicator-4000 continuously displays the sonication power (in
Watts) and the delivered sonication energy (in Joules) during the ultrasound
treatment. Table 6.4 shows the values of these parameters for each test. It should
be noted that sonication power is not constant during sonication period (as

explained in Section 3.2.1) and it decreases slightly during the 60 minute
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treatment period. The values shown in the third column of Table 6.4 represent the

range of sonication power during each 60 minute test.

Table 6.4 Calculations of total sonication energy for three kaolinite samples

. Sonication Sonication Total T.ota!
Concentration . e . Sonication
(g/L) Amplitude Power Sonication Energy
& (%) (W) Energy (J) o
(%)
100 73-65 248 000 100
40 75 57-53 196 000 80
50 42-37 142 000 57
100 75-67 253 000 100
20 75 56-52 192 000 76
50 41-37 139 000 55
100 77-65 252 000 100
10 75 56-52 192 000 76
50 41-38 141 000 56

The fourth column in this table shows the total amount of energy introduced to
sample during 60 minutes (calculated by Sonicator-4000). As can be seen, the
amount of sonication energy does not change linearly with amplitude. Hence, the

percentage of total sonication energy is calculated as:

Total Sonication Energy (at each amplitude)

Total Sonication Energy (%) =

x100  (6.4)

Total Sonication Energy (atapmlitude 100%)
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The percentage of total sonication energy is shown in the last column of Table
6.4. The values of the last column indicate that by decreasing the sonication
amplitude from 100% to 75% or 50%, the sonication energy decreases to 80% or
57% of the total amount of energy, respectively. For 40 g/L. sample, the total
sonication energy at an amplitude of 75% can be 80% of the total sonication
energy introduced to the sample at amplitude 100%. Similarly, the total sonication
energy at amplitude of 50% can be 57% of the total sonication energy introduced
to the sample at amplitude 100%. These percentages are different for 20 g/L and

10 g/L samples (see Table 6.4).

Although a 25% or 50% reduction in sonication amplitude means decreasing the
sonication energy to ~78% or ~56% of its initial value, it seems that this reduction
in the sonication energy does not have a significant effect on the size of the
kaolinite particles. By comparing the values shown in Table 6.2 with those of
Table 6.4, it can be seen that the amount of energy provided at 50% amplitude is
still greater than the energy required to break a certain fraction of flocs in the
samples. Therefore, decreasing the sonication amplitude to 50% or 75% does not

significantly change the sonication effect on the kaolinite clay PSD.

The FRR values for the samples with c= 40 g/L after sonication with 50%, 75%,
and 100% amplitude are calculated and shown in Figures 6.21. Similar results for
lower concentrations (¢c=10 and 20 g/L) are provided in Appendix I. The results
shown in Figure 6.21 indicate that the reduction in the floc population does not

change when decreasing the sonication amplitude (from 100% to 75% or 50%).
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Figure 6.21 Effect of sonication amplitude on the floc reduction ratio (FRR): ¢=40 g/L

6.5. Case study I: effect of sample pH

A sample with 40 g/L kaolinite concentration is used to investigate the sonication
effect on the kaolinite PSD at different pH values. Figures 6.22 through 6.24 show

the variations in sample PSD due to 10 minutes of sonication at pH values of 4.6,
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8.2 and 11.4. Similar results for longer sonication times are provided in Appendix

J.

The results shown in these figures indicate that the sonication effect changes
when the sample pH is increased. At sonication periods of 10, 20, and 30 minutes,
the sample at pH 8.2 is less affected by sonication than the sample at pH of 4.6.
The percentage of individual particles increases and percentage of flocs decreases
with sonication. The magnitude of the changes is greater for the sample at pH 4.6
than the sample at pH 8.2. It can be observed that the trend of changes in the
sample PSD at pH 8.2 is similar to the natural kaolinite in water sample (pH=4.6);
however, the magnitudes of the reduction in the percentage of flocs and the
increase in the percentage of individual particles are lowed. The third sample,
having a high pH of 11.4 is not affected by sonication because it mostly consists

of individual particles and small flocs prior to the sonication.

As explained in Section 5.3, increasing the sample pH leads to breakage of E-F
linkages and de-flocculation of the kaolinite particles. The remaining flocs in the
sample, at high pH, are mostly produced through F-F associations®'. The initial
sample PSD (for non-sonicated samples) shown in Figures 6.22 through 6.24
confirm this finding. The reason why sonication does not significantly change the
kaolinite PSD at pH 8 can be due to the fact that there is only a small number of
E-F and E-E linkages that sonication can break. The rest of the flocs have F-F
associations, which sonication cannot break. At pH 11.4, it can be seen in Figure

6.24 that there are no flocs or aggregates larger than 10 um. It seems that, at this
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high pH, the suspension no longer contains flocs with E-F or E-E associations.

The existing flocs are formed from the strong attachments of the F-F mode and

thus are not affected by sonication.
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Figure 6.22 Influence of pH on the sonication effect: c= 40 g/L; pH=4.6; Sonication
amplitude: 100%
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Figure 6.23 Influence of pH on the sonication effect: c= 40 g/L; pH=8.2; Sonication
amplitude: 100%
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Figure 6.24 Influence of pH on the sonication effect: c= 40 g/L; pH=11.4; Sonication
amplitude: 100%

Figures 6.25 and 6.26 illustrate the reduction of the flocs percentage and floc
reduction ratio (FRR) for three samples with pH of 4.6, 8.2, and 11.4. Figures
6.25 and 6.26 show that the sample with pH 4.6 is more affected by sonication
than the sample with pH=8. In comparison with these samples, the sample with
pH=11, which mostly consisted individual particles and small flocs, was not
affected by sonication. Even after 30 minutes of sonication, less than 3% of the

flocs were either broken down to individual particles (or formed aggregates).
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An increase in the population of “large” aggregates after sonication has been
shown in different graphs in this chapter. The reason suggested in this work for
the increase in the number of large aggregates is that due to sonication, some
ultrasound-activated kaolinite particles encounter one another and form large
aggregates. There might be another possibility for the existence of large
aggregates in the sample after sonication: specifically, that these large aggregates
are formed of inert (non-flocculating) particles such as silica that have larger
primary particle sizes compared to kaolinite particles. If that is the case, it should
be expected that sonication would not change the size of these large, inert
particles. It is important to determine if these larger particles are aggregates

formed through sonication or if they are inert particles that are always present.

To distinguish between these two possibilities, we investigated the images of
particles captured by the FPIA in a 40 g/L sample after sonication. The sample
studied here has a high pH value of 8.2. As previously discussed, at high pH
values most kaolinite particles deflocculate and the overall particle size decreases.
This means that there is a very small number of large aggregates of kaolinite
particles before sonication. Figures 6.27(a) through 6.27(c) illustrate the images
of the largest aggregates in the sonicated kaolinite sample (c=40 g/L, pH=8.2). It
can be seen in these figures that although some of the largest aggregates contain
inert particles (most likely silica particles), most of the large aggregates in the
sonicated sample are formed of kaolinite particles. This verifies the reason
suggested in this study that large aggregates are a result of collision of ultrasound-

activated kaolinite particles.
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In addition, Malvern Mastersizer measurements also confirm this finding by
showing no large aggregates in the sample before sonication and the production of

very large aggregates after sonication (see Figure 6.9).

Figure 6.27(a) FPIA images of largest aggregates (71.328 pm < d < 63.241 pm) in the
sonicated kaolinite sample: c¢=40g/L; pH=8.2; Sonication time of 30 minutes; Sonication
amplitude of 100%.
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Figure 6.27(b) FPIA images of largest aggregates (63.172 pm < d < 61.123 pm) in the
sonicated kaolinite sample: ¢c=40g/L; pH=8.2; Sonication time of 30 minutes; Sonication

amplitude of 100%.
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Figure 6.27(c) FPIA images of largest aggregates (61.072 pm < d < 58.206 pm) in the
sonicated kaolinite sample: c=40g/L; pH=8.2; Sonication time of 30 minutes; Sonication
amplitude of 100%.
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6.6. Case study 1I: effect of flocculant addition

A sample with 20 g/L kaolinite concentration is used to study the effect of
sonication on a flocculated sample of kaolinite. CaCl, is added to the sample at

pH of approximately 11. The mass ratio of CaCl, to kaolinite is kept at 0.1.

At high pH, the addition of Ca®", as a divalent cation (with the opposite charge to
the basal surface and edge surface of kaolinite clay) results in reduction of the
thickness of both electric double layers (on the face and edge surface). In
addition, high Ca®>" concentration (0.3 M calcium chloride used in this study)
makes the kaolinite zeta potential less negative by increasing the ionic strength of
the suspension. These two phenomena will reduce the electrostatic repulsion
between particles and make the van der Waals forces dominant. The van der
Waals forces at the surfaces of kaolinite platelets cause attraction between basal

. 81,84
surfaces and formation of “card-pack” flocs™ .

The results of Figures 6.27 and 6.28 show the changes in the (non-flocculated)
kaolinite PSD and flocculated sample PSD after 10 seconds of sonication. Similar
results for longer sonication times are provided in Appendix K. These figures
show that changes in the flocculated sample PSD are similar to the non-
flocculated sample PSD. In both conditions the percentage of particles in the size
range of 2 pm to 20 um decreases whereas there is an increase in the populations
of particles smaller than 2 um and of particles larger than 20 um. However, the
sonication effect on the flocculated sample PSD is negligible compared to effect

on the non-flocculated sample PSD. The reason why sonication does not
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significantly change the flocculated sample PSD is related to the structure of the
flocs and aggregates found in the sample. The addition of CaCl, at high pH results
in the formation of denser flocs and aggregates, with a greater fraction produced
through F-F associations. As discussed in previous sections, sonication cannot
break F-F linkages. Figures 6.29 through 6.31 show the percentage of individual
particles, flocs, and aggregates in the flocculated and non-flocculated samples at
each sonication time. These figures confirm that flocculated samples have more
flocs and aggregates and less individual particles. The flocculated sample is less

affected by sonication.

Figure 6.32 shows the changes in the floc reduction ratio (FRR) of both the
flocculated and non-flocculated samples. It can be seen that in the flocculated
sample only 15-30% of the flocs are broken due to sonication while this number is

about 60% for the non-flocculated samples.
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6.7. Sonication of Oil Sands Tailings samples

In this section, the effect of sonication on an industrial tailings sample is
discussed. This sample was kindly provided by Andrea Sedgwick, Sr. Engineer
Tailings Processing at Total E&P Canada. Tailings were produced with the Batch

Extraction Unit (BEU) methodology'"?

. For the PSD measurements, the FPIA-
3000 was used again to investigate the sonication effect. Samples were prepared
following the procedure described in Section 3.3.7. Considering the FPIA-3000
limitations on particle size and sample concentration, particles larger than 75
microns were removed by sieving the tailings prior to making FPIA

measurements. In addition, some of the bitumen in the tailings was removed using

the RHS beads.

Table 6.5 and 6.6 show the results of Dean Stark analyses for sieved, bead treated
samples. These results indicate that 87.92 g of tailings sample contains 84.76 g of
water, 2.90 g of solids (including clays), and 0.26 g of bitumen. A sample of 10
g/L solid concentrations is prepared using the filtered process water to study the
sonication effect on the tailings sample. Filtered process water (98 g) is added to
42 g of sieved and bead treated tailings sample (containing 40.5 g water, 1.4 g

solids, and 0.12 g Bitumen).

A 10 g/L tailings sample was mixed and sonicated for 60 minutes with 100%
amplitude. The mixing, sonication, and PSD measurement procedures are similar

to those used for the kaolinite samples.
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Table 6.5 Dean Stark Results for tailings sieved, bead treated sample, mass basis

Sample Bitumen Water Mineral dry Cumulative
name wt (g) wt (g) wt (g) wt (g)
Tailings 0.26 84.76 2.90 87.92

Table 6.6 Dean Stark Results for tailings sieved, bead treated sample, percentages

Sample name % Bitumen % Water % Minerals

Tailings 0.296 96.406 3.298

Figures 6.33(a) through 6.33(f) show the effect of sonication on the tailings
sample PSD. Figure 6.33(a) demonstrates that after 10 seconds of sonication, the
number of particles larger than 1.5 pm decreases which results in an increase in
the number of particles smaller than 1.5 pm. Although the change in the
percentage of large particles is small, most of the large particles, especially
particles larger than 10 pm, were broken to smaller particles. The percentage of
aggregates (particles larger than 20 pm) decreases from 9.17% to 3.45% after 10
seconds of sonication. On the other hand, the percentage of individual particles
(particles smaller than 2 pm) increases from 63% to 84% after 10 seconds of

sonication.

Figure 6.33(b) illustrates that after 5 minutes of sonication, the number of
particles larger than 2 um decreases which results in an increase in the number of

particles smaller than 2 pm. The percentages of aggregates (particles larger than
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20 pm) decreases from 9.2% to 0.4%. The population of individual particles

(particles smaller than 2 pm) increases from 63% to 87%.

Figures 6.33(c) through 6.33(f) show that from 5 minutes to 60 minutes of
sonication, the tailings sample PSD does not change significantly. This suggests
that most of the changes in the tailings sample PSD, caused by sonication, happen

in the first 5 to 10 minutes of treatment.

Results presented in Figure 6.33 indicate that 60 minutes of sonication decreases
the particle size of solids. The percentage of large particles (larger than 20 pm)
decreases from 9.2% to 0.4%. On the other hand, after 60 minutes of sonication,

the percentage of small particles (smaller than 2 pm) increases from 63% to 89%.

The changes in the industrial tailings sample PSD and the kaolinite in water
sample PSD (as an idealized fine tailings sample) are compared in Figures 6.34(a)
through 6.34(d). Both samples have the same concentration and are sonicated for

the same amount of time, using the same sonication amplitude.

Figures 6.34(a) through 6.34(d) illustrate the effect of 30 minutes of sonication on

the two types of suspensions.
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Figure 6.34(a) shows how the PSD of the industrial tailing sample changes after
30 minutes of sonication. As previously explained, the large particles are broken
to small particles. While the population of particles larger than 20 um becomes
negligible after sonication, the percentage of individual particles (particles smaller
than 2 pm) increases from 63% to 91%. The portion of flocs (particles in the size

range of 2 pm to 20 um) also decreases from 28% to 8.5%.

Figure 6.34(b) shows how the kaolinite sample PSD changes after 30 minutes of
sonication. Particles in the size range of 1.5 pum to 20 pm (flocs) are broken down
to particles smaller than 1.5 pum with sonication. The population of aggregates
(particles larger than 20 pm) is negligible before and after sonication in this
sample. Therefore, 30 minutes sonication appears to break most of the flocs down

to the individual particles.

The results shown in Figure 6.34(c) compare the kaolinite in water PSD and
industrial tailings sample PSD after 30 minutes of sonication. There is not a
significant difference between the idealized and actual tailing samples PSDs, after

ultrasound treatment.

The results shown in Figure 6.34(d) verify that although the initial (non-
sonicated) kaolinite PSD and tailings PSD are different, sonication decreases the
size of particles in both samples in the way that the particle size distributions of
both kaolinite and tailings become quite similar after 30 minutes of ultrasound

treatment.
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Figure 6.35 illustrates the changes in percentage of flocs of both kaolinite and
industrial tailings samples after 60 minutes of sonication. The trends of changes
are similar: both have a sharp decrease during the first 5 minutes of sonication. In
both samples, there is no significant change in the percentage of flocs after 10
minutes of ultrasound treatment. Furthermore, similar to Figures 6.34(c) and
6.34(d) the values of flocs percentage in both samples are similar after 5 minutes
of sonication. Although the difference in the flocs percentages of samples prior to
sonication is 30%, the values converge after 5 minutes of sonication; so that the
differences in the flocs percentage of the two samples becomes less than 8% at all

points in time after 10 minutes.

Figure 6.36 shows the changes in the floc reduction ratio (FRR) of both kaolinite
and tailings samples. This figure confirms the findings that changes in the
kaolinite PSD and tailings sample PSD are similar in trends of variations as well
as in the extent of size reduction. The percentage of initial flocs that remained in
the sample after sonication is about 35% for the industrial tailings sample whereas

this number is about 25% for the kaolinite sample.
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6.8. Summary

The results of this chapter show that sonication results in a significant particle size
reduction in kaolinite suspensions. This reduction occurs primarily through the
breaking of flocs into individual particles. In addition, a small fraction of the

ultrasound-activated particles group together to form big aggregates.

The influence of different parameters on the effect of sonication on the kaolinite

PSD was studied. The results can be summarized as follows:

e Effect of sonication time

The most significant size reduction effect occurs during the first 10 minutes of
sonication. Continued treatment (after ten minutes) does not have a significant

additional effect on the particle size distribution of kaolinite samples.

e Effect of sonication amplitude

Decreasing the sonication amplitude to 75% or 50% does not significantly change
the extent of sonication effect on the kaolinite clay PSD. The reason behind this is
that the amount of sonication energy provided at 50% amplitude (sonication time
> 10 seconds) is greater than the energy required to break a certain fraction of

flocs in the samples.

e Effect of solids concentration

The size reduction is most significant in the dilute sample (c=10 g/L). The effect,
while still important, is not as strong in the most concentrated sample (c=40 g/L).
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In the dilute sample, with lower number of flocs and aggregates, the energy

received by each floc or aggregate is higher than the more concentrated samples.

e Effect of sample pH

The sample at pH 4.6 is more affected by sonication than the sample at pH 8.2. In
comparison with these samples, the sample at pH~11 was not affected by
sonication. Since increasing the sample pH results in breakage of E-F associations
and de-flocculation of kaolinite particle, samples at pH 8.2 contain only a small
number of E-F and E-E linkages that sonication can break. At pH 11.4, the
kaolinite suspension no longer contains flocs with E-F or E-E associations.

Therefore, sonication has no effect on this sample.

e Effect of flocculant addition

Non-flocculated kaolinite suspensions are more affected by sonication than
flocculated suspensions. Flocculated samples contain denser flocs and aggregates,
with a greater fraction produced through F-F associations and sonication cannot

break these strong linkages.

Furthermore, the FPIA results have been validated using other independent
measuring techniques. The results from laser diffraction method, cryo-SEM
studies, and study of settling behavior were in good qualitative agreement with
the FPIA results. All showed that sonication produces a significant reduction in

kaolinite particle size.
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Finally, the effect of sonication on the particle size of an industrial tailings sample
has also been studied. The results showed that although the non-sonicated
kaolinite PSD and tailings PSD are different, the particle size distributions for

both kaolinite and tailings become quite similar after the ultrasound treatment.
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7. Conclusions and recommendations

7.1. Conclusions

e The particle size distribution of non-sonicated kaolinite suspensions at
three different solids concentrations (c=10, 20, and 40 g/L), at pH values
of 4.6 and 11.4, and in the presence of CaCl,, as a flocculant, was studied.
The consistency of these results produced here to previous studies found
in the literature indicates that the size measurement instrument used for
this study provides meaningful results in the solids concentration range

and the sample conditions applied in this work.

e The particle size distributions of non-sonicated and sonicated kaolinite
suspensions were compared. The results showed that sonication resulted in
a significant reduction in kaolinite particle size. This reduction occurred
primarily by breaking down flocs to individual (primary) particles. In
addition, some of the ultrasound-activated particles formed large

aggregates.

e The extent of size reduction due to sonication was studied at different
sonication times (t=0, 10 seconds, 5, 10, 20, 30, 40, 50, and 60 minutes)
and amplitudes (amplitude: 50%, 75%, and 100%). The results of this
study showed that most of the size reduction occurred within the first ten
minutes of sonication. Continued ultrasound treatment (t > 10 minutes) did
not have a significant effect on the kaolinite suspension PSD. On the other

hand, decreasing the sonication amplitude to 75% or 50% did not
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significantly change the extent of sonication effect on the kaolinite
suspension PSD’s. Sonication at 50% amplitude still provides the energy
required to break down the flocs.

The extent of size reduction due to sonication for samples with different
kaolinite concentrations (c=10, 20, and 40 g/L), having different pH
values (pH 4.6, 8.2, and 11.4), and flocculated samples comparing to non-
flocculated ones was also studied. The results of this study showed that:

» Samples with lower concentrations were more affected by
sonication. At all sonication times, the maximum size reduction
was observed for the most dilute sample (c=10 g/L) and the size
reduction effect was less pronounced in the most concentrated
sample (c=40 g/L).

» Samples with pH 4.6 were more affected by sonication than the
samples with pH 8. The sample with pH 11.4 was not affected by
sonication. Sample with high pH values contain only a small
number of weak particle linkages (E-F and E-E associations) that
sonication can break.

» The non-flocculated kaolinite suspension PSD was more affected
by sonication than the flocculated suspension was. Flocculated
samples contain denser flocs and aggregates, with a greater
fraction produced through F-F associations and sonication cannot

break these strong linkages.
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e The conclusions of this study were validated qualitatively using other
measuring methods: laser diffraction method, cryogenic-SEM studies, and
settling behavior observations. The results from these methods were in
good agreement with the FPIA results, with all methods indicating that
sonication produces a significant reduction in kaolinite particle size. The
results from laser diffraction size analysis tests confirmed the finding of
this study; namely, that the size reduction due to sonication occurred
primarily over the first 10 minutes of treatment and continued sonication
beyond that time did not significantly alter the kaolinite suspension PSD.

e The primary objective of this study was to investigate the sonication effect
on the kaolinite clay PSD. In addition to this investigation on the kaolinite
suspension, as a model clay, the effect of sonication on the particle size
distribution of a real industrial tailings sample was also studied. The
results showed that although the non-sonicated kaolinite PSD and tailings
PSD were different, sonication decreased the size of particles in both
samples such that the particle size distributions for both kaolinite and

tailings became quite similar after the ultrasound treatment.

7.2. Recommendations

e Additional studies should be conducted to study the changes caused by
sonication on other characteristics of kaolinite clay particles such as floc

structure/morphology, specific surface area, and the thermal behaviour.
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e Additional experiments should be carried out to study the sonication effect
on particle size of real industrial clay-containing suspensions. For this
purpose, samples taken from different process streams and different

tailings ponds should be analyzed.
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Appendix A: Repeatability of FPIA results

Concentration: 20 g/L
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Figure A.1 Repeatability tests: Cumulative Particle size distributions for 10 samples from a

single mixture (c= 20 g/L)
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Figure A.2. Repeatability tests: Cumulative particle size distributions for 6 different

mixtures having the same concentration (c=20 g/L)
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Concentration: 40 g/L
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Figure A.3 Repeatability tests: Cumulative Particle size distributions for 10 samples from a

Figure A.4. Repeatability tests: Cumulative particle size distributions for 6 different

mixtures having the same concentration (c=40 g/L)

173



Appendix B: calculations of chi-square tests

Calculations for results presented in Figure 4.1, c=10 g/L

Table B.1 Observed values of cumulative particle size distributions presented in Figure 4.1
for 10 samples from a single mixture (c= 10 g/L)

Observed values: cumulative %

Size

sample

sample

sample

sample

sample

sample

sample

sample

sample

sample

m) | 3-1 3. 33 34 3.5 3.6 3.7 3.8 3.9 310 total
;0'6 2475 | 2155 | 2147 | 2134 | 2241 | 2393 | 2265 | 2273 | 2072 | 2199 | 22354
0.644 | 6.01 534 538 5.43 56 5.85 556 554 516 54 5527
0661 | 6.15 5.46 5.49 556 573 597 5.68 5.65 527 555 56.51
0678 | 7.01 627 635 63 6.61 6.83 657 651 6.15 6.4 65
0697 | 7.13 6.41 6.47 6.42 6.74 7 6.69 664 | 629 6.5 66.29
0716 | 8.43 757 7.69 758 7.99 82 7.88 789 | 7.44 7.65 78.32
0.735 | 8.77 7.9 7.98 787 828 852 822 817 | 775 7.92 81.38
0.754 | 9.48 8.5 8.69 851 8.95 92 8.86 887 836 857 87.99
0775 | 1082 | 9.71 9.86 9.74 1016 | 105 1005 | 1014 | 9.53 9.84 100.35
0796 | 11.01 | 9.88 1006 | 9.93 1035 | 1069 | 1024 | 1033 | 9.68 1003 | 1022
0817 | 1212 | 1001 | 11.07 | 1098 | 1138 | 1182 | 1124 | 1133 | 1069 | 11.05 | 112.59
0839 | 1291 | 116 1179 | 117 2.1 1261 | 119 2.1 114 1175 | 119.86
0861 | 13.88 | 12.6 1271 | 1261 | 13.07 | 13.58 | 1286 | 1312 | 1233 | 1277 | 129.53
0884 | 1409 | 1283 | 1296 | 12.85 | 13.3 1385 | 1311 | 1336 | 1257 | 12.99 | 13191
0908 | 1496 | 1364 | 1381 | 13.65 | 1411 | 1473 | 1401 | 1419 | 13.4 138 1403
0933 | 1561 | 143 1449 | 1432 | 1473 | 1538 | 1468 | 1485 | 1402 | 1448 | 14686
0958 | 1667 | 1532 | 1546 | 1534 | 1578 | 1647 | 1565 | 1588 | 1496 | 1555 | 157.08
0983 | 1756 | 1619 | 1633 | 1618 | 1659 | 1737 | 1653 | 1678 | 1581 | 1634 | 16568
101 | 183 16.9 1705 | 1684 | 1732 | 18.08 | 1726 | 1751 | 1646 | 17.06 | 172.76
1037 | 19.00 | 1774 | 17.9 1760 | 1817 | 1896 | 18.03 | 1829 | 1722 | 17.87 | 18096
1065 | 1994 | 1853 | 18.64 | 1849 | 19.02 | 198 1886 | 19.07 | 1808 | 1867 | 189.1
1094 | 2125 | 1978 | 1988 | 1975 | 2022 | 20.11 | 20.09 | 2031 | 1932 | 19.93 | 201.64
1123 | 2196 | 2039 | 2057 | 2044 | 2092 | 2182 | 2075 | 21.07 | 1998 | 2055 | 20845
1153 | 2260 | 2105 | 2129 | 2124 | 2173 | 22.65 | 21.51 | 2184 | 2072 | 2124 | 21606
1184 | 23.9 2223 | 2245 | 2236 | 2288 | 2386 | 2272 | 22.97 | 219 23 2757
1215 | 2461 | 2298 | 23.19 | 23.1 23.65 | 2461 | 2341 | 23.66 | 22.58 | 22.98 | 234.77
1248 | 25.77 | 24.04 | 243 2422 | 2472 | 2579 | 2455 | 24.83 | 236 2211 | 24593
1282 | 2658 | 2491 | 25.11 | 25 25.6 2667 | 25.4 25.64 | 2442 | 2487 | 2542
1316 | 27.53 | 2538 2598 | 2595 | 2652 | 2757 | 2634 | 26.56 | 2524 | 2582 | 26331
1351 | 28.59 | 269 2697 | 27 2759 | 2859 | 2737 | 2752 | 2625 | 268 273.58
1388 | 29.56 | 27.89 | 27.9 2795 | 28.68 | 29.63 | 2831 | 2857 | 2721 | 27.84 | 283.54
1425 | 3058 | 28.86 | 28.88 | 2894 | 29.6 30.67 | 2922 | 2954 | 28.19 | 289 29338
1464 | 3152 | 2980 | 29.79 | 2994 | 3059 | 31.64 | 3022 | 3055 | 29.18 | 29.89 | 30321
1503 | 32.54 | 3088 | 30.75 | 3088 | 31.6 3271 | 3121 | 3158 | 3014 | 3083 | 313.12
1543 | 3377 | 3205 | 3195 | 3208 | 32.86 | 33.96 | 32.38 | 3277 | 3133 | 31.99 | 32524
1584 | 3475 | 3305 | 3287 | 3296 | 33.77 | 3491 | 3334 | 337 | 3222 | 329 33447
1627 | 3595 | 34.18 | 34.14 | 3402 | 35 3616 | 3451 | 3481 | 3332 | 3407 | 346.16
1671 | 37.13 | 3532 | 3533 | 3519 | 3615 | 37.25 | 3561 | 3595 | 3437 | 3523 | 357.53
1716 | 38.13 | 3633 | 3629 | 36.18 | 37.14 | 3827 | 3655 | 369 | 3532 | 3621 | 36732
1762 | 3927 | 3744 | 3743 | 373 3821 | 3946 | 37.69 | 38.02 | 3653 | 37.31 | 37866
1809 | 4037 | 3846 | 3858 | 3836 | 3924 | 4055 | 38.79 | 39.07 | 37.60 | 3839 | 3895
1858 | 4135 | 3949 | 397 3938 | 4027 | 41.62 | 39.83 | 40.17 | 3871 | 39.52 | 400.04
1908 | 42.61 | 4071 | 40.87 | 4058 | 41.46 | 4283 | 41.12 | 4132 | 3993 | 40.74 | 41217
1959 | 43.64 | 4181 | 4201 | 4171 | 426 4402 | 4221 | 4239 | 41.02 | 4178 | 423.19
2012 | 4472 | 4276 | 4301 | 4277 | 43.58 | 45.03 | 4325 | 4331 | 42.03 | 427 433.16
2066 | 4581 | 4338 4412 | 4384 | 4473 | 4617 | 4426 | 4427 | 3.5 | 43.73 | 44388
2121 | 46.68 | 4465 | 4507 | 4477 | 4573 | 4717 | 452 450 | 4416 | 4471 | 45334
2178 | 4773 | 4564 | 4615 | 4584 | 4681 | 48.15 | 4622 | 46.15 | 45.17 | 4576 | 463.62
2037 | 4875 | 4672 | 4728 | 4692 | 47.82 | 4928 | 4736 | 4721 | 4624 | 46.79 | 47437
2297 | 4978 | 4775 | 4834 | 47.97 | 4893 | 5033 | 4842 | 4827 | 473 4781 | 4849
2358 | 5091 | 4878 | 4939 | 4895 | 49.93 | 5134 | 4949 | 4922 | 4829 | 4881 | 495.11
2421 | 5199 | 4981 | 5047 | 4998 | 5094 | 52.35 | 5051 | 5026 | 49.34 | 49.79 | 50544
2486 | 53.06 | 5089 | 515 5100 | 5197 | 5339 | 5155 | 513 5043 | 5085 | 51595
2553 | 5417 | 5198 | 5256 | 5212 | 53.11 | 5455 | 5267 | 5234 | 5155 | 5192 | 52697
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2.622 55.19 52.99 53.56 53.18 54.11 55.62 53.73 53.2 52.59 52.89 537.06
2.693 56.28 54 54.73 54.29 55.21 56.73 54.81 54.25 53.7 53.96 547.96
2.765 57.25 55.11 55.8 55.4 56.15 57.87 55.86 55.29 54.74 55.06 558.53
2.839 58.37 56.2 56.95 56.53 57.27 59.07 57.06 56.41 55.83 56.17 569.86
2915 59.44 57.23 58.07 57.72 58.29 60.04 58.13 57.44 56.84 57.2 580.4
2.99%4 60.37 58.23 59.12 58.75 59.27 61.1 59.11 58.4 57.78 58.2 590.33
3.074 61.26 59.11 60.09 59.81 60.2 62.05 60.02 59.26 58.7 59.15 599.65
3.157 62.23 60.05 61.03 60.75 61.13 62.89 60.9 60.06 59.62 60.02 608.68
3.241 63.13 61.02 61.95 61.63 62.09 63.79 61.79 60.9 60.49 60.91 617.7
3.328 64.09 62.01 62.96 62.69 63.05 64.69 62.73 61.84 61.44 61.85 627.35
3.418 65.01 62.95 63.99 63.66 63.98 65.55 63.64 62.71 62.33 62.75 636.57
3.51 65.95 63.9 64.99 64.55 64.95 66.47 64.62 63.59 63.25 63.64 64591
3.604 66.93 64.88 65.98 65.49 65.92 67.43 65.51 64.47 64.18 64.52 655.31
3.701 67.91 65.82 66.95 66.49 66.87 68.29 66.54 65.32 65.11 65.43 664.73
3.8 68.86 66.74 67.86 67.45 67.74 69.18 67.44 66.18 66.03 66.37 673.85
3.902 69.73 67.72 68.84 68.42 68.72 70.15 68.35 67 66.97 67.23 683.13
4.007 70.7 68.72 69.87 69.41 69.74 71.09 69.28 67.9 67.98 68.15 692.84
4.115 71.66 69.79 70.88 70.43 70.7 72.08 70.3 68.91 69 69.14 702.89
4.225 72.67 70.84 71.87 71.46 71.62 73.06 71.31 69.85 69.94 70.08 712.7
4.339 73.63 71.85 72.87 72.49 72.64 74.05 72.27 70.77 70.97 70.98 722.52
4.455 74.59 72.88 73.86 73.42 73.61 74.98 73.25 71.61 71.94 71.86 732
4.575 75.54 73.98 74.78 74.42 74.54 75.93 74.2 72.54 72.88 72.75 741.56
4.698 76.47 75.01 75.78 75.42 75.45 76.87 75.09 73.41 73.74 73.67 75091
4.824 774 76 76.8 76.4 76.38 71.73 76.03 74.25 74.71 74.53 760.23
4.954 78.37 76.92 77.75 77.36 77.22 78.59 76.92 75.08 75.62 75.35 769.18
5.087 79.26 77.85 78.75 78.22 78.08 79.49 77.81 75.91 76.53 76.19 778.09
5.224 80.16 78.76 79.72 79.16 78.9 80.37 78.76 76.73 77.45 77.09 787.1
5.364 80.97 79.68 80.67 80.03 79.76 81.19 79.71 77.61 78.31 77.89 795.82
5.508 81.78 80.63 81.58 81.02 80.59 81.99 80.54 78.49 79.14 78.72 804.48
5.656 82.6 81.57 82.45 81.89 81.45 82.82 81.39 79.34 79.95 79.51 812.97
5.808 83.38 82.41 83.33 82.78 82.25 83.57 82.13 80.12 80.69 80.33 820.99
5.964 84.23 83.29 84.23 83.61 83.04 84.28 82.94 80.95 81.5 81.09 829.16
6.124 85.01 84.16 85.05 84.45 83.78 84.98 83.72 81.66 82.27 81.77 836.85
6.289 85.71 84.92 85.75 85.26 84.51 85.72 84.48 82.38 83.06 82.47 844.26
6.458 86.42 85.7 86.51 86.07 85.25 86.41 85.18 83.14 83.82 83.19 851.69
6.631 87.12 86.47 87.21 86.83 85.93 87.1 85.93 83.89 84.53 83.89 858.9
6.809 87.79 87.16 87.97 87.61 86.61 87.73 86.6 84.65 85.21 84.61 865.94
6.992 88.45 87.88 88.7 88.31 87.25 88.41 87.29 85.31 85.91 85.28 872.79
7.18 89.09 88.62 89.42 88.95 87.87 89.02 87.99 85.97 86.58 85.89 879.4
7.373 89.71 89.26 90.06 89.64 88.53 89.58 88.61 86.58 87.28 86.48 885.73
7.571 90.3 89.93 90.69 90.31 89.2 90.19 89.25 87.16 87.9 87.1 892.03
7.774 90.91 90.54 91.28 90.92 89.72 90.77 89.86 87.79 88.52 87.7 898.01
7.983 91.44 91.14 91.87 91.55 90.3 91.29 90.39 88.4 89.13 88.33 903.84
8.198 91.97 91.7 92.44 92.05 90.82 91.78 90.89 88.96 89.65 88.85 909.11
8.418 92.46 92.22 92.97 92.57 91.38 92.27 91.39 89.49 90.2 89.36 91431
8.644 92.93 92.71 93.53 93.1 91.91 92.75 91.91 90.04 90.76 89.88 919.52
8.877 93.43 93.25 94.02 93.61 92.42 93.2 92.42 90.57 91.26 90.37 924.55
9.115 93.91 93.75 94.42 94.09 92.94 93.65 92.82 91.06 91.76 90.88 929.28
9.36 94.34 94.13 94.82 94.56 93.37 94.07 93.26 91.57 92.24 91.34 933.7
9.611 94.74 94.59 95.2 94.94 93.79 94.42 93.71 92.01 92.72 91.82 937.94
9.869 95.09 95 95.59 95.32 94.18 94.83 94.13 92.46 93.15 92.27 942.02
10.135 | 9547 95.39 95.94 95.72 94.56 95.19 94.55 92.9 93.55 92.75 946.02
10.405 | 95.79 95.74 96.25 96.07 94.93 95.52 94.92 93.31 93.95 93.14 949.62
10.685 | 96.14 96.1 96.56 96.4 95.31 95.86 95.31 93.74 94.33 93.52 953.27
10.975 | 96.46 96.42 96.86 96.74 95.65 96.16 95.64 94.12 94.71 93.84 956.6
11.27 96.75 96.68 97.17 97.01 95.92 96.44 95.95 94.52 95.08 94.2 959.72
11.57 97.01 96.97 97.44 97.27 96.21 96.68 96.24 94.89 95.42 94.55 962.68
11.88 97.23 97.2 97.68 97.49 96.5 96.91 96.52 95.22 95.74 94.87 965.36
12.2 97.48 97.43 97.89 971.7 96.74 97.11 96.81 95.52 96.06 95.17 967.91
12.525 | 97.67 97.63 98.08 97.91 96.98 97.36 97.06 95.8 96.36 95.44 970.29
12.865 | 97.85 97.84 98.26 98.07 97.19 97.58 97.29 96.13 96.61 95.73 972.55
13.215 | 98.03 98.03 98.44 98.24 97.42 97.8 97.51 96.39 96.85 96 974.71
13.57 98.18 98.2 98.6 98.4 97.65 97.99 971.73 96.62 97.11 96.32 976.8
13.93 98.35 98.35 98.79 98.56 97.85 98.17 97.92 96.85 97.36 96.53 978.73
143 98.53 98.5 98.93 98.71 98.04 98.35 98.06 97.07 97.55 96.79 980.53
14.685 | 98.65 98.64 99.06 98.84 98.19 98.5 98.22 97.3 97.78 97.04 982.22
15.08 98.77 98.76 99.14 98.95 98.34 98.63 98.37 97.52 97.95 97.24 983.67
15.485 | 98.87 98.88 99.22 99.05 98.5 98.75 98.51 97.71 98.09 97.48 985.06
15.905 | 98.96 99.01 99.3 99.15 98.6 98.85 98.67 97.92 98.24 97.68 986.38
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16.335 | 99.06 99.09 99.38 99.24 98.73 98.95 98.79 98.08 98.38 97.82 987.52
16.77 99.13 99.19 99.45 99.32 98.86 99.05 98.91 98.29 98.52 97.99 988.71
17.22 99.21 99.26 99.51 99.38 98.97 99.14 98.99 98.45 98.67 98.16 989.74
17.685 | 99.28 99.33 99.58 99.45 99.05 99.22 99.08 98.58 98.8 98.31 990.68
18.16 99.34 99.39 99.65 99.51 99.14 99.3 99.2 98.69 98.9 98.46 991.58
18.645 | 99.4 99.46 99.68 99.56 99.23 99.37 99.28 98.79 99.01 98.62 9924
19.145 | 99.46 99.5 99.72 99.6 99.31 99.42 99.35 98.89 99.11 98.73 993.09
19.66 99.52 99.55 99.75 99.63 99.39 99.51 99.4 99 99.18 98.85 993.78
20.19 99.57 99.6 99.78 99.66 99.44 99.56 99.46 99.1 99.26 98.95 994.38
20.735 | 99.6 99.64 99.81 99.69 99.5 99.61 99.51 99.19 99.33 99.04 994.92
21.29 99.66 99.68 99.84 99.73 99.55 99.66 99.57 99.27 99.43 99.13 995.52
21.86 99.71 99.71 99.85 99.77 99.6 99.69 99.62 99.33 99.48 99.21 995.97
22.45 99.74 99.75 99.87 99.81 99.64 99.72 99.67 99.39 99.53 99.27 996.39
23.055 | 99.77 99.79 99.88 99.84 99.7 99.75 99.7 99.46 99.59 99.34 996.82
23.675 | 99.79 99.81 99.9 99.86 99.72 99.78 99.72 99.52 99.63 99.42 997.15
24.31 99.82 99.83 99.9 99.88 99.75 99.8 99.76 99.55 99.66 99.46 997.41
24.96 99.84 99.85 99.92 99.89 99.77 99.83 99.8 99.62 99.71 99.52 997.75
25.63 99.86 99.86 99.93 99.89 99.8 99.85 99.83 99.66 99.74 99.58 998
26.32 99.88 99.88 99.94 99.9 99.82 99.88 99.86 99.7 99.77 99.63 998.26
27.03 99.89 99.91 99.94 99.92 99.83 99.9 99.88 99.73 99.8 99.67 998.47
27.755 | 99.91 99.92 99.95 99.93 99.85 99.91 99.9 99.76 99.83 99.69 998.65
28.5 99.93 99.93 99.97 99.93 99.87 99.93 99.91 99.77 99.86 99.75 998.85
29.265 | 99.93 99.94 99.97 99.94 99.89 99.94 99.92 99.82 99.88 99.77 999
30.05 99.94 99.95 99.97 99.95 99.9 99.94 99.94 99.84 99.89 99.8 999.12
30.86 99.95 99.96 99.98 99.95 99.92 99.95 99.94 99.86 99.91 99.83 999.25
31.69 99.96 99.96 99.98 99.95 99.93 99.95 99.95 99.87 99.92 99.85 999.32
32.54 99.98 99.97 99.98 99.96 99.96 99.96 99.96 99.89 99.94 99.88 999.48
33.415 | 99.98 99.97 99.98 99.97 99.96 99.97 99.97 99.91 99.95 99.9 999.56
34.31 99.99 99.98 99.98 99.98 99.97 99.98 99.97 99.92 99.97 99.93 999.67
35.23 99.99 99.98 99.99 99.98 99.97 99.98 99.98 99.92 99.97 99.94 999.7
36.18 99.99 99.98 99.99 99.99 99.98 99.98 99.98 99.93 99.98 99.96 999.76
37.15 99.99 99.99 99.99 99.99 99.98 99.98 99.98 99.95 99.99 99.97 999.81
38.145 | 100 99.99 99.99 99.99 99.98 99.98 99.99 99.95 99.99 99.97 999.83
39.17 100 99.99 99.99 99.99 99.98 99.99 99.99 99.96 100 99.98 999.87
40.225 | 100 100 100 99.99 99.99 99.99 99.99 99.96 100 99.98 999.9
41.305 | 100 100 100 99.99 99.99 99.99 99.99 99.97 100 99.99 999.92
42.415 | 100 100 100 99.99 99.99 99.99 100 99.98 100 99.99 999.94
43.555 | 100 100 100 99.99 99.99 100 100 99.98 100 100 999.96
44.725 | 100 100 100 100 99.99 100 100 99.99 100 100 999.98
45.93 100 100 100 100 99.99 100 100 99.99 100 100 999.98
47.165 | 100 100 100 100 99.99 100 100 99.99 100 100 999.98
48.43 100 100 100 100 99.99 100 100 99.99 100 100 999.98
49.73 100 100 100 100 100 100 100 99.99 100 100 999.99
51.065 | 100 100 100 100 100 100 100 99.99 100 100 999.99
52.435 | 100 100 100 100 100 100 100 99.99 100 100 999.99
53.845 | 100 100 100 100 100 100 100 99.99 100 100 999.99
55.29 100 100 100 100 100 100 100 99.99 100 100 999.99
56.775 | 100 100 100 100 100 100 100 100 100 100 1000
58.305 | 100 100 100 100 100 100 100 100 100 100 1000
59.87 100 100 100 100 100 100 100 100 100 100 1000
61.475 | 100 100 100 100 100 100 100 100 100 100 1000
63.13 100 100 100 100 100 100 100 100 100 100 1000
64.825 | 100 100 100 100 100 100 100 100 100 100 1000
66.565 | 100 100 100 100 100 100 100 100 100 100 1000
68.355 | 100 100 100 100 100 100 100 100 100 100 1000
70.19 100 100 100 100 100 100 100 100 100 100 1000
72.075 | 100 100 100 100 100 100 100 100 100 100 1000
74.01 100 100 100 100 100 100 100 100 100 100 1000
76 100 100 100 100 100 100 100 100 100 100 1000
78.045 | 100 100 100 100 100 100 100 100 100 100 1000
80.14 100 100 100 100 100 100 100 100 100 100 1000
82.29 100 100 100 100 100 100 100 100 100 100 1000
84.5 100 100 100 100 100 100 100 100 100 100 1000
86.77 100 100 100 100 100 100 100 100 100 100 1000
89.105 | 100 100 100 100 100 100 100 100 100 100 1000
91.5 100 100 100 100 100 100 100 100 100 100 1000
93.955 | 100 100 100 100 100 100 100 100 100 100 1000
96.48 100 100 100 100 100 100 100 100 100 100 1000
99.08 100 100 100 100 100 100 100 100 100 100 1000
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101.75 | 100 100 100 100 100 100 100 100 100 100 1000
104.5 100 100 100 100 100 100 100 100 100 100 1000
107.3 100 100 100 100 100 100 100 100 100 100 1000
110.15 | 100 100 100 100 100 100 100 100 100 100 1000
113.1 100 100 100 100 100 100 100 100 100 100 1000
116.15 | 100 100 100 100 100 100 100 100 100 100 1000
119.3 100 100 100 100 100 100 100 100 100 100 1000
122.5 100 100 100 100 100 100 100 100 100 100 1000
12575 | 100 100 100 100 100 100 100 100 100 100 1000
129.15 | 100 100 100 100 100 100 100 100 100 100 1000
132.65 | 100 100 100 100 100 100 100 100 100 100 1000
136.2 100 100 100 100 100 100 100 100 100 100 1000
139.85 | 100 100 100 100 100 100 100 100 100 100 1000
143.6 100 100 100 100 100 100 100 100 100 100 1000
14745 | 100 100 100 100 100 100 100 100 100 100 1000
1514 100 100 100 100 100 100 100 100 100 100 1000
15545 | 100 100 100 100 100 100 100 100 100 100 1000
159.65 | 100 100 100 100 100 100 100 100 100 100 1000
16395 | 100 100 100 100 100 100 100 100 100 100 1000
168.35 | 100 100 100 100 100 100 100 100 100 100 1000
172.9 100 100 100 100 100 100 100 100 100 100 1000
177.55 | 100 100 100 100 100 100 100 100 100 100 1000
182.3 100 100 100 100 100 100 100 100 100 100 1000
187.2 100 100 100 100 100 100 100 100 100 100 1000
19225 | 100 100 100 100 100 100 100 100 100 100 1000
197.4 100 100 100 100 100 100 100 100 100 100 1000
Total 16740. | 16586. 16651. | 16617. | 16618. 16746. | 16597. | 16495. | 16464. | 16461. 165979
58 75 38 11 47 81 26 8 06 03 3
Table B.2 Expected values for data presented in Table B.1
Expected values
Size Sample Sample Sample Sample Sample Sample Sample Sample Sample Sample
(nm) 3-1 3-2 3-3 3-4 3-5 3-6 3-7 3-8 3-9 3-10
<=0.6 | 22.5440 | 22.3405 | 22.4277 | 22.3808 | 22.3808 | 22.5529 | 22.3517 | 22.2154 | 22.1751 | 22.1706
27 09 88 68 25 25 51 65 05 68 972
0.644 | 5.57397 | 5.52368 | 5.54523 | 5.53363 | 5.53363 | 5.57619 | 5.52644 | 5.49273 | 5.48278 | 5.48167
95 38 91 24 24 03 73 26 4 86
0.661 5.69903 | 5.64760 | 5.66964 | 5.65778 | 5.65778 | 5.70129 | 5.65043 | 5.61596 | 5.60579 | 5.60466
35 94 83 12 12 39 49 38 2 18
0.678 | 6.55525 | 6.4961 6.52145 | 6.5078 6.5078 6.55785 | 6.49935 | 6.4597 6.448 6.4467
0.697 | 6.68534 | 6.62502 | 6.65087 | 6.63695 | 6.63695 | 6.68799 | 6.62833 | 6.58790 | 6.57596 | 6.57464
65 26 57 48 48 81 71 02 8 22
0.716 | 7.89857 | 7.82730 | 7.85784 | 7.84139 | 7.84139 | 7.90170 | 7.83121 | 7.78344 | 7.76934 | 7.76777
2 08 56 84 84 48 68 16 4 76
0.735 | 8.20717 | 8.13311 | 8.16485 | 8.14776 | 8.14776 | 8.21042 | 8.13718 | 8.08754 | 8.07289 | 8.07126
3 72 54 56 56 82 62 44 6 84
0.754 | 8.87379 | 8.79372 | 8.82803 | 8.80955 | 8.80955 | 8.87731 | 8.79812 | 8.74444 | 8.72860 | 8.72684
15 06 67 88 88 11 01 62 8 82
0.775 10.1202 | 10.0289 | 10.0681 | 10.0470 | 10.0470 | 10.1243 | 10.0339 | 9.97278 | 9.95472 | 9.95271
98 79 16 42 42 12 97 3 3
0.796 10.3068 | 10.2138 | 10.2537 | 10.2322 | 10.2322 | 10.3109 | 10.2189 | 10.1566 | 10.1382 | 10.1361
7 68 26 64 64 58 78 36 4 96
0.817 11.3547 | 11.2522 | 11.2961 | 11.2725 | 11.2725 | 11.3592 | 11.2578 | 11.1891 | 11.1689 | 11.1666
02 45 55 11 11 05 74 94 28 762
0.839 12.0878 | 11.9788 | 12.0255 | 12.0003 | 12.0003 | 12.0926 | 11.9848 | 11.9116 | 11.8901 | 11.8877
81 08 54 83 83 75 01 87 12 148
0.861 13.0631 | 12.9452 | 12.9957 | 12.9685 | 12.9685 | 13.0682 | 12.9517 | 12.8726 | 12.8493 | 12.8467
01 28 45 44 44 82 05 91 76 854
0.884 13.3031 | 13.1830 | 13.2345 | 13.2068 | 13.2068 | 13.3084 | 13.1896 | 13.1092 | 13.0854 | 13.0828
24 85 3 29 29 81 16 72 338
0.908 14.1492 | 14.0215 | 14.0762 | 14.0468 | 14.0468 | 14.1548 | 14.0285 | 13.9430 | 13.9177 | 13.9149
55 82 99 36 36 67 97 14 6 54
0.933 14.8108 | 14.6771 | 14.7344 | 14.7036 | 14.7036 | 14.8167 | 14.6845 | 14.5949 | 14.5685 | 14.5655
31 88 64 23 23 05 31 47 12 748
0.958 15.8415 | 15.6985 | 15.7598 | 15.7268 | 15.7268 | 15.8478 | 15.7064 | 15.6106 | 15.5823 | 15.5791
18 75 36 5 5 01 29 1 36 944
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0.983 16.7088 | 16.5580 | 16.6226 | 16.5878 | 16.5878 | 16.7154 | 16.5663 | 16.4652 | 16.4354 | 16.4321
28 59 74 82 82 55 43 78 56 424
1.01 17.4228 | 17.2656 | 17.3330 | 17.2967 | 17.2967 | 17.4297 | 17.2742 | 17.1688 | 17.1377 | 17.1343
46 34 11 31 31 56 72 89 92 368
1.037 18.2498 | 18.0851 | 18.1557 | 18.1177 | 18.1177 | 18.2570 | 18.0941 | 17.9838 | 17.9512 | 17.9476
16 42 17 15 15 54 9 05 32 128
1.065 19.0707 | 18.8986 | 18.9724 | 18.9326 | 18.9326 | 19.0782 | 18.9081 | 18.7927 | 18.7587 | 18.7549
35 54 03 92 92 99 09 58 2 38
1.094 20.3353 | 20.1519 | 20.2305 | 20.1881 | 20.1881 | 20.3434 | 20.1619 | 20.0389 | 20.0026 | 19.9986
94 02 41 97 97 6 84 83 88 552
1.123 21.0221 | 20.8324 | 20.9137 | 20.8700 | 20.8700 | 21.0305 | 20.8429 | 20.7157 | 20.6782 | 20.6740
83 93 89 14 14 21 16 61 4 71
1.153 21.7896 | 21.5930 | 21.6773 | 21.6319 | 21.6319 | 21.7982 | 21.6038 | 21.4720 | 21.4331 | 21.4288
51 36 27 27 93 39 43 52 308
1.184 22.9504 | 22.7433 | 22.8320 | 22.7843 | 22.7843 | 22.9595 | 22.7547 | 22.6159 | 22.5749 | 22.5703
35 46 98 08 08 37 24 07 44 926
1.215 23.6765 | 23.4629 | 23.5544 | 23.5051 | 23.5051 | 23.6859 | 23.4746 | 23.3314 | 23.2891 | 23.2844
55 14 74 72 72 45 52 43 84 886
1.248 24.8020 | 24.5782 | 24.6741 | 24.6225 | 24.6225 | 24.8118 | 24.5905 | 24.4405 | 24.3962 | 24.3913
41 44 57 12 12 78 41 23 56 374
1.282 25.6360 | 25.4047 | 25.5038 | 25.4505 | 25.4505 | 25.6462 | 25.4174 | 25.2623 | 25.2166 | 25.2115
7 48 86 04 04 38 58 96 4 56
1.316 26.5548 | 26.3152 | 26.4178 | 26.3625 | 26.3625 | 26.5653 | 26.3283 | 26.1677 | 26.1203 | 26.1150
14 01 92 97 97 46 67 48 52 858
1.351 27.5905 | 27.3415 | 27.4482 | 27.3908 | 27.3908 | 27.6014 | 27.3552 | 27.1883 | 27.1391 | 27.1336
43 85 81 3 3 86 64 8 36 644
1.388 28.5950 | 28.3369 | 28.4475 | 28.3880 | 28.3880 | 28.6063 | 28.3511 | 28.1782 | 28.1271 | 28.1214
09 88 68 25 25 51 65 05 68 972
1.425 29.5873 | 29.3203 | 29.4348 | 29.3732 | 29.3732 | 29.5991 | 29.3350 | 29.1561 | 29.1032 | 29.0974
73 97 15 06 06 08 66 04 96 284
1.464 30.5787 | 30.3028 | 30.4210 | 30.3573 | 30.3573 | 30.5908 | 30.3179 | 30.1330 | 30.0784 | 30.0723
29 07 59 85 85 57 68 1 32 678
1.503 31.5781 | 31.2932 | 31.4153 | 31.3495 | 31.3495 | 31.5906 | 31.3088 | 31.1178 | 31.0615 | 31.0552
52 13 3 74 74 71 69 66 04 416
1.543 32.8004 | 32.5044 | 32.6313 | 32.5630 | 32.5630 | 32.8134 | 32.5207 | 32.3223 | 32.2638 | 32.2573
54 86 29 29 29 64 48 51 08 032
1.584 33.7313 | 33.4269 | 33.5573 | 33.4871 | 33.4871 | 33.7446 | 33.4436 | 33.2396 | 33.1794 | 33.1727
32 75 36 36 78 55 29 24 346
1.627 34.9102 | 34.5952 | 34.7302 | 34.6575 | 34.6575 | 34.9240 | 34.6125 | 34.4013 | 34.3390 | 34.3321
36 3 33 39 39 82 38 81 72 488
1.671 36.0569 | 35.7315 | 35.8709 | 35.7959 | 35.7959 | 36.0712 | 35.7494 | 35.5313 | 35.4669 | 35.4598
01 48 85 04 04 02 25 31 76 254
1.716 37.0442 | 36.7099 | 36.8532 | 36.7760 | 36.7760 | 37.0589 | 36.7283 | 36.5042 | 36.4381 | 36.4307
22 61 16 78 78 15 27 62 44 976
1.762 38.1878 | 37.8432 | 37.9909 | 37.9114 | 37.9114 | 38.2030 | 37.8622 | 37.6312 | 37.5630 | 37.5554
61 8 58 39 39 07 13 31 72 988
1.809 39.2810 | 38.9266 | 39.0785 | 38.9967 | 38.9967 | 39.2966 | 38.9461 | 38.7085 | 38.6384 | 38.6306
75 3 35 4 4 55 05 1 1
1.858 40.3440 | 39.9799 | 40.1360 | 40.0520 | 40.0520 | 40.3600 | 40 39.7559 | 39.6839 | 39.6759
34 98 13 05 05 36 75 68 672
1.908 41.5673 | 41.1922 | 41.3530 | 41.2664 | 41.2664 | 41.5838 | 41.2128 | 40.9614 | 40.8872 | 40.8790
45 7 16 6 6 31 78 55 64 206
1.959 42.6787 | 42.2936 | 42.4586 | 42.3697 | 42.3697 | 42.6956 | 42.3147 | 42.0566 | 41.9804 | 41.9719
12 09 53 83 83 39 68 22 48 842
2.012 43.6841 | 43.2900 | 43.4589 | 43.3679 | 43.3679 | 43.7015 | 43.3116 | 43.0474 | 42.9694 | 42.9608
86 1 43 79 79 12 68 41 72 088
2.066 44.7652 | 443613 | 44.5344 | 44.4412 | 44.4412 | 44.7830 | 44.3835 | 44.1127 | 44.0328 | 44.0240
98 67 8 66 66 53 61 94 96 184
2.121 45.7193 | 453068 | 45.4836 | 45.3884 | 45.3884 | 45.7374 | 45.3294 | 45.0529 | 44.9713 | 44.9622
39 02 01 01 73 67 29 28 612
2.178 46.7560 | 46.3341 | 46.5149 | 46.4176 | 46.4176 | 46.7746 | 46.3573 | 46.0745 | 45.9911 | 45.9818
71 83 95 34 34 22 64 56 04 316
2.237 47.8402 | 47.4085 | 47.5935 | 47.4939 | 47.4939 | 47.8591 | 47.4322 | 47.1428 | 47.0575 | 47.0480
15 38 42 24 24 89 56 91 04 166
2.297 48.9021 | 48.4609 | 48.6500 | 48.5481 | 48.5481 | 48.9215 | 48.4851 | 48.1893 | 48.1020 | 48.0923
65 06 17 88 88 61 51 62 8 82
2.358 49.9318 | 49.4812 | 49.6743 | 49.5704 | 49.5704 | 49.9516 | 49.5060 | 49.2040 | 49.1149 | 49.1050
44 93 86 13 13 48 49 32 12 098
2.421 50.9736 | 50.5136 | 50.7107 | 50.6046 | 50.6046 | 50.9938 | 50.5389 | 50.2306 | 50.1396 | 50.1295
24 74 95 53 53 42 46 27 48 392
2.486 52.0335 | 51.5640 | 51.7652 | 51.6569 | 51.6569 | 52.0541 | 51.5898 | 51.2751 | 51.1822 | 51.1719
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58 43 64 14 14 96 41 11 4 21
2.553 53.1449 | 52.6653 | 52.8709 | 52.7602 | 52.7602 | 53.1660 | 52.6917 | 52.3702 | 52.2754 | 52.2648
25 82 36 36 03 3 79 24 846
2.622 54.1625 | 53.6737 | 53.8832 | 53.7704 | 53.7704 | 54.1839 | 53.7006 | 53.3730 | 53.2763 | 53.2656
01 76 3 47 47 83 29 23 52 108
2.693 55.2617 | 54.7631 | 54.9768 | 54.8617 | 54.8617 | 55.2836 | 54.7905 | 54.4562 | 54.3576 | 54.3466
66 22 27 55 55 84 2 65 32 728
2.765 56.3277 | 55.8194 | 56.0373 | 55.9200 | 55.9200 | 56.3500 | 55.8474 | 55.5067 | 55.4061 | 55.3950
51 88 15 24 24 92 15 11 76 054
2.839 57.4703 | 56.9518 | 57.1740 | 57.0543 | 57.0543 | 57.4931 | 56.9803 | 56.6326 | 56.5301 | 56.5187
81 08 54 83 83 75 01 87 12 148
2915 58.5333 | 58.0051 | 58.2315 | 58.1096 | 58.1096 | 58.5565 | 58.0341 | 57.6801 | 57.5756 | 57.5640
4 76 32 48 48 56 96 52 8 72
2.994 59.5347 | 58.9975 | 59.2278 | 59.1038 | 59.1038 | 59.5583 | 59.0270 | 58.6669 | 58.5607 | 58.5489
81 8 09 4 4 94 97 95 36 294
3.074 60.4747 | 59.9290 | 60.1628 | 60.0369 | 60.0369 | 60.4986 | 59.9590 | 59.5932 | 59.4852 | 59.4732
03 21 85 58 58 89 04 17 8 87
3.157 61.3853 | 60.8314 | 61.0688 | 60.9410 | 60.9410 | 61.4097 | 60.8619 | 60.4906 | 60.3810 | 60.3688
78 79 64 42 42 25 13 18 56 824
3.241 62.2950 | 61.7329 | 61.9738 | 61.8441 | 61.8441 | 62.3197 | 61.7638 | 61.3870 | 61.2758 | 61.2634
45 38 41 24 24 53 23 26 4 86
3.328 63.2682 | 62.6973 | 62.9420 | 62.8102 | 62.8102 | 63.2933 | 62.7287 | 62.3460 | 62.2331 | 62.2205
48 59 26 82 82 42 27 43 2 73
3.418 64.1980 | 63.6188 | 63.8670 | 63.7333 | 63.7333 | 64.2235 | 63.6506 | 63.2623 | 63.1477 | 63.1350
85 06 68 88 88 47 34 27 44 126
3.51 65.1400 | 64.5522 | 64.8041 | 64.6685 | 64.6685 | 65.1658 | 64.5845 | 64.1905 | 64.0742 | 64.0613
24 45 5 09 09 6 41 36 72 538
3.604 66.0880 | 65.4916 | 65.7472 | 65.6096 | 65.6096 | 66.1142 | 65.5244 | 65.1247 | 65.0067 | 64.9936
14 81 52 37 37 26 47 08 52 458
3.701 67.0380 | 66.4331 | 66.6923 | 66.5527 | 66.5527 | 67.0646 | 66.4663 | 66.0608 | 65.9412 | 65.9279
21 16 61 68 68 1 53 67 16 214
3.8 67.9577 | 67.3445 | 67.6073 | 67.4658 | 67.4658 | 67.9847 | 67.3782 | 66.9672 | 66.8459 | 66.8324
73 69 71 62 62 27 62 13 2 43
3.902 68.8936 | 68.2720 | 68.5384 | 68.3949 | 68.3949 | 68.9209 | 68.3061 | 67.8894 | 67.7664 | 67.7528
61 12 33 76 76 86 69 59 96 334
4.007 69.8729 | 69.2424 | 69.5126 | 69.3671 | 69.3671 | 69.9006 | 69.2770 | 68.8544 | 68.7297 | 68.7158
14 3 37 41 41 28 72 39 28 712
4.115 70.8864 | 70.2468 | 70.5209 | 70.3733 | 70.3733 | 70.9145 | 70.2819 | 69.8532 | 69.7266 | 69.7126
57 27 54 47 47 72 71 08 88 302
4.225 71.8757 | 71.2272 | 71.5051 | 71.3555 | 71.3555 | 71.9043 | 71.2628 | 70.8281 | 70.6998 | 70.6855
95 38 91 24 24 03 73 26 4 86
4.339 72.8661 | 72.2086 | 72.4904 | 72.3387 | 72.3387 | 72.8950 | 72.2447 | 71.8040 | 71.6739 | 71.6595
42 49 32 02 02 43 75 38 84 336
4.455 73.8222 | 73.1560 | 73.4415 | 73.2878 | 73.2878 | 73.8514 | 73.1926 | 72.7461 | 72.6144 | 72.5997
8 6 4 4 8 8 6 6
4.575 74.7863 | 74.1115 | 74.4007 | 74.2449 | 74.2449 | 74.8159 | 74.1485 | 73.6962 | 73.5627 | 73.5479
26 06 15 87 87 88 84 33 52 208
4.698 75.7292 | 75.0459 | 75.3388 | 75.1811 | 75.1811 | 75.7593 | 75.0834 | 74.6254 | 74.4902 | 74.4752
74 45 09 09 1 91 36 72 538
4.824 76.6691 | 75.9773 | 76.2738 | 76.1142 | 76.1142 | 76.6996 | 76.0153 | 75.5516 | 75.4148 | 75.3996
96 86 76 28 28 05 98 57 16 114
4.954 77.5718 | 76.8718 | 77.1718 | 77.0103 | 77.0103 | 77.6025 | 76.9103 | 76.4411 | 76.3026 | 76.2872
03 49 29 02 02 7 08 08 56 724
5.087 78.4703 | 77.7623 | 78.0657 | 77.9023 | 77.9023 | 78.5015 | 77.8012 | 77.3265 | 77.1865 | 77.1709
71 15 7 71 71 19 84 28 662
5.224 79.3790 | 78.6627 | 78.9697 | 78.8044 | 78.8044 | 79.4105 | 78.7021 | 78.2219 | 78.0803 | 78.0645
35 74 43 52 52 19 29 98 2 78
5.364 80.2584 | 79.5342 | 79.8446 | 79.6774 | 79.6774 | 80.2902 | 79.5740 | 79.0885 | 78.9453 | 78.9294
47 51 21 98 98 8 42 92 44 276
5.508 81.1318 | 80.3997 | 80.7134 | 80.5445 | 80.5445 | 81.1639 | 80.4399 | 79.9492 | 79.8044 | 79.7883
08 31 78 38 38 87 55 22 16 264
5.656 81.9880 | 81.2482 | 81.5652 | 81.3945 | 81.3945 | 82.0205 | 81.2888 | 80.7929 | 80.6466 | 80.6303
25 22 8 56 56 43 7 59 24 646
5.808 82.7968 | 82.0497 | 82.3699 | 82.1975 | 82.1975 | 82.8296 | 82.0907 | 81.5899 | 81.4422 | 81.4257
42 41 27 19 19 81 9 86 08 882
5.964 83.6207 | 82.8662 | 83.1896 | 83.0154 | 83.0154 | 83.6539 | 82.9077 | 82.4019 | 82.2526 | 82.2360
86 5 23 99 99 52 08 21 72 888
6.124 84.3963 | 83.6347 | 83.9611 | 83.7854 | 83.7854 | 84.4297 | 83.6766 | 83.1661 | 83.0155 | 82.9987
23 89 61 22 22 97 32 53 2 83
6.289 85.1436 | 84.3753 | 84.7046 | 84.5273 | 84.5273 | 85.1773 | 84.4175 | 83.9025 | 83.7505 | 83.7337
21 44 06 11 11 91 57 59 92 068
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6.458 85.8929 | 85.1178 | 85.4500 | 85.2712 | 85.2712 | 85.9270 | 85.1604 | 84.6409 | 84.4876 | 84.4706
37 99 58 03 03 04 83 52 48 142
6.631 86.6200 | 85.8384 | 86.1734 | 85.9930 | 85.9930 | 86.6544 | 85.8814 | 85.3574 | 85.2028 | 85.1857
65 66 37 68 68 21 11 82 8 02
6.809 87.3300 | 86.5420 | 86.8797 | 86.6979 | 86.6979 | 87.3646 | 86.5853 | 86.0571 | 85.9012 | 85.8839
49 44 6 13 13 87 41 17 48 292
6.992 88.0208 | 87.2266 | 87.5670 | 87.3837 | 87.3837 | 88.0557 | 87.2702 | 86.7378 | 86.5807 | 86.5633
72 33 21 35 35 83 72 7 68 122
7.18 88.6874 | 87.8872 | 88.2302 | 88.0455 | 88.0455 | 88.7226 | 87.9312 | 87.3947 | 87.2364 | 87.2188
9 36 02 28 28 66 06 72 8 92
7.373 89.3258 | 88.5198 | 88.8652 | 88.6792 | 88.6792 | 89.3613 | 88.5641 | 88.0238 | 87.8644 | 87.8467
71 56 91 88 88 43 47 16 014
7.571 89.9612 | 89.1494 | 89.4973 | 89.3100 | 89.3100 | 89.9969 | 89.1940 | 88.6499 | 88.4893 | 88.4715
26 78 7 44 44 07 8 41 76 354
7.774 90.5643 | 89.7471 | 90.0973 | 89.9087 | 89.9087 | 90.6002 | 89.7920 | 89.2442 | 89.0825 | 89.0646
09 19 43 61 61 29 2 34 92 318
7.983 91.1522 | 90.3297 | 90.6822 | 90.4924 | 90.4924 | 91.1884 | 90.3749 | 89.8236 | 89.6609 | 89.6428
64 7 67 61 61 18 62 19 28 512
8.198 91.6837 | 90.8564 | 91.2110 | 91.0200 | 91.0200 | 91.7201 | 90.9019 | 90.3473 | 90.1837 | 90.1655
44 53 06 93 93 08 09 52 12 298
8.418 92.2081 | 91.3761 | 91.7327 | 91.5407 | 91.5407 | 92.2447 | 91.4218 | 90.8641 | 90.6995 | 90.6812
64 41 22 17 17 36 57 28 52 658
8.644 92.7335 | 91.8968 | 92.2554 | 92.0623 | 92.0623 | 92.7703 | 91.9428 | 91.3818 | 91.2163 | 91.1979
92 29 42 42 42 73 05 98 84 936
8.877 93.2408 | 92.3995 | 92.7601 | 92.5659 | 92.5659 | 93.2778 | 92.4457 | 91.8817 | 91.7153 | 91.6968
68 27 02 46 46 5 55 79 6 69
9.115 93.7178 | 92.8722 | 93.2346 | 93.0395 | 93.0395 | 93.7550 | 92.9187 | 92.3518 | 92.1845 | 92.1659
88 43 62 14 14 59 07 46 76 904
9.36 94.1636 | 93.3139 | 93.6781 | 93.4820 | 93.4820 | 94.2009 | 93.3606 | 92.7911 | 92.6230 | 92.6043
45 78 21 44 44 93 63 06 4 66
9.611 94.5912 | 93.7377 | 94.1035 | 93.9065 | 93.9065 | 94.6287 | 93.7846 | 93.2124 | 93.0436 | 93.0248
49 24 2 53 53 67 21 71 48 892
9.869 95.0027 | 94.1454 | 94.5128 | 94.3150 | 94.3150 | 95.0403 | 94.1925 | 93.6179 | 93.4483 | 93.4295
17 79 67 42 42 98 8 48 84 436
10.13 95.4061 | 94.5452 | 94.9141 | 94.7155 | 94.7155 | 95.4439 | 94.5925 | 94.0154 | 93.8451 | 93.8262
5 17 39 87 22 22 58 4 68 84 636
10.40 95.7691 | 94.9050 | 95.2753 | 95.0759 | 95.0759 | 95.8071 | 94.9525 | 94.3732 | 94.2023 | 94.1833
5 71 23 75 54 54 62 04 36 04 116
10.68 96.1372 | 95.2698 | 95.6415 | 95.4413 | 95.4413 | 96.1754 | 953174 | 94.7359 | 94.5643 | 94.5453
5 8 04 79 92 92 1 67 73 84 186
10.97 96.4731 | 95.6026 | 95.9756 | 95.7747 | 95.7747 | 96.5113 | 95.6504 | 95.0669 | 94.8947 | 94.8755
5 1 04 78 92 92 74 34 08 2 88
11.27 96.7877 | 95.9144 | 96.2887 | 96.0871 | 96.0871 | 96.8261 | 95.9624 | 95.3769 | 95.2042 | 95.1850
62 17 08 66 66 51 03 74 24 296
11.57 97.0862 | 96.2102 | 96.5856 | 96.3835 | 96.3835 | 97.1247 | 96.2583 | 95.6711 | 95.4978 | 95.4786
78 39 84 22 22 85 73 38 56 024
11.88 97.3565 | 96.4780 | 96.8545 | 96.6518 | 96.6518 | 97.3951 | 96.5263 | 95.9374 | 95.7637 | 95.7444
56 78 69 43 43 7 46 71 12 048
12.2 97.6137 | 96.7329 | 97.1104 | 96.9071 | 96.9071 | 97.6524 | 96.7813 | 96.1908 | 96.0166 | 95.9973
24 25 1 49 49 4 21 96 72 138
12.52 97.8537 | 96.9707 | 97.3491 | 97.1454 | 97.1454 | 97.8925 | 97.0192 | 96.4274 | 96.2527 | 96.2333
5 47 83 96 35 35 58 97 2 68 622
12.86 98.0816 | 97.1966 | 97.5759 | 97.3717 | 97.3717 | 98.1205 | 97.2452 | 96.6520 | 96.4769 | 96.4575
5 68 47 42 06 06 7 75 19 6 09
13.21 98.2995 | 97.4125 | 97.7926 | 97.5879 | 97.5879 | 98.3384 | 97.4612 | 96.8666 | 96.6912 | 96.6717
5 04 17 54 65 65 92 53 8 32 378
13.57 98.5102 | 97.6213 | 98.0023 | 97.7972 | 97.7972 | 98.5493 | 97.6702 | 97.0743 | 96.8985 | 96.8790
8 92 44 16 16 52 32 84 6 24
13.93 98.7049 | 97.8142 | 98.1959 | 97.9904 | 97.9904 | 98.7440 | 97.8632 | 97.2661 | 97.0900 | 97.0704
21 76 81 48 48 7 13 87 16 414
14.3 98.8864 | 97.9941 | 98.3765 | 98.1706 | 98.1706 | 98.9256 | 98.0431 | 97.4450 | 97.2685 | 97.2489
51 68 75 64 64 72 95 71 76 654
14.68 99.0568 | 98.1630 | 98.5461 | 98.3398 | 98.3398 | 99.0961 | 98.2121 | 97.6130 | 97.4362 | 97.4165
5 87 67 33 66 66 76 78 24 24 796
15.08 99.2031 | 98.3079 | 98.6916 | 98.4850 | 98.4850 | 99.2424 | 98.3571 | 97.7571 | 97.5800 | 97.5603
2 8 11 4 4 66 63 25 64 906
15.48 99.3433 | 98.4468 | 98.8310 | 98.6242 | 98.6242 | 99.3827 | 98.4961 | 97.8952 | 97.7179 | 97.6982
5 01 96 7 07 07 03 49 63 52 508
15.90 99.4764 | 98.5788 | 98.9635 | 98.7563 | 98.7563 | 99.5158 | 98.6281 | 98.0264 | 97.8488 | 97.8291
5 23 17 05 66 66 78 36 44 96 684
16.33 99.5913 | 98.6927 | 99.0778 | 98.8705 | 98.8705 | 99.6308 | 98.7421 | 98.1397 | 97.9619 | 97.9422
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5 92 49 82 02 02 93 25 38 84 336
16.77 99.7114 | 98.8116 | 99.1972 | 98.9896 | 98.9896 | 99.7509 | 98.8611 | 98.258 98.0800 | 98.0602
04 71 74 45 45 52 13 32 578
17.22 99.8152 | 98.9146 | 99.3006 | 99.0927 | 99.0927 | 99.8548 | 98.9641 | 98.3603 | 98.1822 | 98.1624
79 16 14 69 69 69 03 61 08 132
17.68 99.9100 | 99.0085 | 99.3949 | 99.1868 | 99.1868 | 99.9497 | 99.0580 | 98.4537 | 98.2754 | 98.2556
5 78 59 24 82 82 05 93 78 56 424
18.16 100.000 | 99.0985 | 99.4852 | 99.2769 | 99.2769 | 100.040 | 99.1480 | 98.5432 | 98.3647 | 98.3449
84 05 21 9 9 51 84 2 36 044
18.64 100.083 | 99.1804 | 99.5674 | 99.3590 | 99.3590 | 100.123 | 99.2300 | 98.6247 | 98.4460 | 98.4262
5 54 56 92 88 88 24 76 12 8 32
19.14 100.153 | 99.2494 | 99.6367 | 99.4281 | 99.4281 | 100.192 | 99.2990 | 98.6932 | 98.5145 | 98.4946
5 13 15 2 71 71 85 69 84 28 662
19.66 100.222 | 99.3183 | 99.7059 | 99.4972 | 99.4972 | 100.262 | 99.3680 | 98.7618 | 98.5829 | 98.5631
71 73 47 54 54 46 62 56 76 004
20.19 100.283 | 99.3783 | 99.7661 | 99.5573 | 99.5573 | 100.323 | 99.4280 | 98.8214 | 98.6424 | 98.6226
22 37 45 26 26 56 84 96 084
20.73 100.337 | 99.4323 | 99.8203 | 99.6113 | 99.6113 | 100.377 | 99.4820 | 98.8751 | 98.6960 | 98.6761
5 68 05 24 9 9 48 51 5 64 656
21.29 100.398 | 99.4922 | 99.8805 | 99.6714 | 99.6714 | 100.438 | 99.5420 | 98.9347 | 98.7555 | 98.7356
19 69 22 62 62 01 45 78 84 736
21.86 100.443 | 99.5372 | 99.9256 | 99.7165 | 99.7165 | 100.483 | 99.5870 | 98.9794 | 98.8002 | 98.7803
57 42 7 16 16 41 4 99 24 046
22.45 100485 | 99.5792 | 99.9678 | 99.7585 | 99.7585 | 100.525 | 99.6290 | 99.0212 | 98.8418 | 98.8219
93 17 09 67 67 79 36 38 88 602
23.05 100.529 | 99.6221 | 100.010 | 99.8016 | 99.8016 | 100.569 | 99.6720 | 99.0639 | 98.8845 | 98.8646
5 3 91 95 18 18 17 32 72 44 076
23.67 100.562 | 99.6551 | 100.044 | 99.8346 | 99.8346 | 100.602 | 99.7050 | 99.0967 | 98.9172 | 98.8973
5 58 71 06 58 58 46 29 67 8 37
24.31 100.588 | 99.6811 | 100.070 | 99.8606 | 99.8606 | 100.628 | 99.7310 | 99.1226 | 98.9430 | 98.9231
8 55 15 89 89 69 26 06 72 238
24.96 100.623 | 99.7151 | 100.104 | 99.8947 | 99.8947 | 100.663 | 99.7650 | 99.1563 | 98.9768 | 98.9568
09 35 26 3 3 23 95 45
25.63 100.648 | 99.7401 | 100.129 | 99.9197 | 99.9197 | 100.688 | 99.7900 | 99.1812 | 99.0016 | 98.9816
3 2 34 6 6 22 2 4 4
26.32 100.674 | 99.7661 | 100.155 | 99.9457 | 99.9457 | 100.714 | 99.8160 | 99.2070 | 99.0273 | 99.0074
52 04 43 91 91 45 17 79 92 268
27.03 100.695 | 99.7870 | 100.176 | 99.9668 | 99.9668 | 100.735 | 99.8370 | 99.2279 | 99.0482 | 99.0282
7 92 5 16 16 64 15 49 24 546
27.75 100.713 | 99.8050 | 100.194 | 99.9848 | 99.9848 | 100.753 | 99.8550 | 99.2458 | 99.0660 | 99.0461
5 85 81 55 38 38 8 14 37 8 07
28.5 100.734 | 99.8250 | 100.214 | 100.004 | 100.004 | 100.773 | 99.8750 | 99.2657 | 99.0859 | 99.0659
02 69 62 86 86 98 12 13 2 43
29.26 100.749 | 99.8400 | 100.229 | 100.019 | 100.019 | 100.789 | 99.8900 | 99.2806 | 99.1008 | 99.0808
5 15 6 67 88 88 11 1 2 2
30.05 100.761 | 99.8520 | 100.241 | 100.031 | 100.031 | 100.801 | 99.9020 | 99.2925 | 99.1127 | 99.0927
25 53 71 89 89 22 09 46 04 216
30.86 100.774 | 99.8650 | 100.254 | 100.044 | 100.044 | 100.814 | 99.9150 | 99.3054 | 99.1256 | 99.1056
36 45 75 91 91 33 08 65 15
31.69 100.781 | 99.8720 | 100.261 | 100.051 | 100.051 | 100.821 | 99.9220 | 99.3124 | 99.1325 | 99.1125
42 41 78 92 92 39 07 22 44 576
32.54 100.797 | 99.8880 | 100.277 | 100.067 | 100.067 | 100.837 | 99.9380 | 99.3283 | 99.1484 | 99.1284
56 31 83 94 94 54 05 22 16 264
33.41 100.805 | 99.8960 | 100.285 | 100.075 | 100.075 | 100.845 | 99.9460 | 99.3362 | 99.1563 | 99.1363
5 63 26 85 95 95 61 04 73 52 608
34.31 100.816 | 99.9070 | 100.296 | 100.086 | 100.086 | 100.856 | 99.9570 | 99.3472 | 99.1672 | 99.1472
72 2 89 96 96 71 03 05 64 706
35.23 100.819 | 99.9100 | 100.299 | 100.089 | 100.089 | 100.859 | 99.9600 | 99.3501 | 99.1702 | 99.1502
75 18 9 96 96 73 03 86 4 46
36.18 100.825 | 99.9160 | 100.305 | 100.095 | 100.095 | 100.865 | 99.9660 | 99.3561 | 99.1761 | 99.1561
8 14 92 97 97 79 02 49 92 968
37.15 100.830 | 99.9210 | 100.310 | 100.100 | 100.100 | 100.870 | 99.9710 | 99.3611 | 99.1811 | 99.1611
84 11 94 98 98 83 02 18 52 558
38.14 100.832 | 99.9230 | 100.312 | 100.102 | 100.102 | 100.872 | 99.9730 | 99.3631 | 99.1831 | 99.1631
5 86 1 94 98 98 85 02 05 36 394
39.17 100.836 | 99.9270 | 100.316 | 100.106 | 100.106 | 100.876 | 99.9770 | 99.3670 | 99.1871 | 99.1671
89 08 96 98 98 88 01 81 04 066
40.22 100.839 | 99.9300 | 100.319 | 100.109 | 100.109 | 100.879 | 99.9800 | 99.3700 | 99.1900 | 99.1700
5 92 06 97 99 99 91 01 62 8 82
41.30 100.841 | 99.9320 | 100.321 | 100.111 | 100.111 | 100.881 | 99.9820 | 99.3720 | 99.1920 | 99.1720
5 93 05 97 99 99 93 01 5 64 656
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42.41 100.843 | 99.9340 | 100.323 | 100.113 | 100.113 | 100.883 | 99.9840 | 99.3740 | 99.1940 | 99.1740

5 95 04 98 99 99 95 01 37 48 492

43.55 100.845 | 99.9360 | 100.325 | 100.116 | 100.116 | 100.885 | 99.986 99.3760 | 99.1960 | 99.1760

5 97 02 99 96 25 32 328

44.72 100.847 | 99.9380 | 100.327 | 100.118 | 100.118 | 100.887 | 99.988 99.3780 | 99.1980 | 99.1780

5 98 01 99 98 12 16 164

45.93 100.847 | 99.9380 | 100.327 | 100.118 | 100.118 | 100.887 | 99.988 99.3780 | 99.1980 | 99.1780
98 01 99 98 12 16 164

47.16 100.847 | 99.9380 | 100.327 | 100.118 | 100.118 | 100.887 | 99.988 99.3780 | 99.1980 | 99.1780

5 98 01 99 98 12 16 164

48.43 100.847 | 99.9380 | 100.327 | 100.118 | 100.118 | 100.887 | 99.988 99.3780 | 99.1980 | 99.1780
98 01 99 98 12 16 164

49.73 100.848 | 99.9390 | 100.329 | 100.119 | 100.119 | 100.888 | 99.989 99.3790 | 99.1990 | 99.1790
99 01 99 06 08 082

51.06 100.848 | 99.9390 | 100.329 | 100.119 | 100.119 | 100.888 | 99.989 99.3790 | 99.1990 | 99.1790

5 99 01 99 06 08 082

52.43 100.848 | 99.9390 | 100.329 | 100.119 | 100.119 | 100.888 | 99.989 99.3790 | 99.1990 | 99.1790

5 99 01 99 06 08 082

53.84 100.848 | 99.9390 | 100.329 | 100.119 | 100.119 | 100.888 | 99.989 99.3790 | 99.1990 | 99.1790

5 99 01 99 06 08 082

55.29 100.848 | 99.9390 | 100.329 | 100.119 | 100.119 | 100.888 | 99.989 99.3790 | 99.1990 | 99.1790
99 01 99 06 08 082

56.77 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

5

58.30 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

5

59.87 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

61.47 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

5

63.13 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

64.82 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

5

66.56 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

5

68.35 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

5

70.19 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

72.07 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

5

74.01 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

76 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

78.04 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

5

80.14 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

82.29 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

84.5 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

86.77 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

89.10 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

5

91.5 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

93.95 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

5

96.48 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

99.08 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

101.7 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

5

104.5 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

1073 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

110.1 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

5

113.1 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

116.1 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

5

1193 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

1225 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

125.7 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

5

129.1 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18

5

132.6 100.85 99.94 100.33 100.12 100.12 100.89 99.99 99.38 99.2 99.18
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5
1362 | 10085 | 99.94 10033 [ 100.12 | 100.12 | 100.89 | 99.99 99.38 99.2 99.18
139.8 | 10085 | 99.94 10033 | 100.12 | 100.12 | 100.89 | 99.99 99.38 99.2 99.18
5
1436 | 10085 | 99.94 10033 [ 100.12 | 100.12 | 100.89 | 99.99 99.38 99.2 99.18
1474 | 10085 | 99.94 10033 | 100.12 | 100.12 | 100.89 | 99.99 99.38 99.2 99.18
5
1514 | 10085 | 99.94 10033 [ 100.12 | 100.12 | 100.89 | 99.99 99.38 99.2 99.18
1554 | 10085 | 99.94 10033 | 100.12 | 100.12 | 100.89 | 99.99 99.38 99.2 99.18
5
159.6 | 10085 | 99.94 10033 | 100.12 | 100.12 | 100.89 | 99.99 99.38 99.2 99.18
5
1639 | 10085 | 99.94 10033 | 100.12 | 100.12 | 100.89 | 99.99 99.38 99.2 99.18
5
1683 | 10085 | 99.94 10033 | 100.12 | 100.12 | 100.89 | 99.99 99.38 99.2 99.18
5
1729 | 10085 | 99.94 10033 [ 100.12 | 100.12 | 100.89 | 99.99 99.38 99.2 99.18
177.5 | 10085 | 99.94 10033 | 100.12 | 100.12 | 100.89 | 99.99 99.38 99.2 99.18
5
1823 | 10085 | 99.94 10033 [ 100.12 | 100.12 | 100.89 | 99.99 99.38 99.2 99.18
1872 | 10085 | 99.94 10033 [ 100.12 | 100.12 | 100.89 | 99.99 99.38 99.2 99.18
1922 | 10085 | 99.94 10033 | 100.12 | 100.12 | 100.89 | 99.99 99.38 99.2 99.18
5
1974 | 10085 | 99.94 10033 [ 100.12 | 100.12 | 100.89 | 99.99 99.38 99.2 99.18
Table B.3 Calculated Chi-square value for each cell of Tables B.1 and B.2
Chi-square value for each cell
(SIZ'S Sample Sample Sample Sample Sample Sample Sample Sample Sample Sample
nr)mcr" 3-1 32 3-3 3-4 35 3-6 3.7 3-8 3.9 3-10
0.00017 | 0.00096 | 7.35E- | 5.94E- | 0.00636 | 0.00011 | 0.00167 0.00078 | 0.00470
0.507 1 5 2 05 05 7 8 4 0-0019 ) ¢ 7
0.00876 | 0.00404 | 5.96E- 0.00102 | 0.00676 | 0.00331 | 1.05E- | 0.00629 | 0.00043
0.52 8 6 07 0-00581 ) ¢ 5 6 05 2 1
0.01230 | 0.00320 | 0.00084 | 0.00800 0.00631 | 0.00458 | 0.00012 | 0.00656 | 7.28E-
0.534 | ¢ 7 g 7 0.00028 | | s 3 06
0549 | 0-01099 [ 0.00447 | 0.00163 | 0.01184 [ 6.78E- | 0.00712 | 0.00541 | 8.48E- | 0.00356 | 0.00012
: 4 1 7 4 05 2 4 05 8 6
0.564 2.04176 0.00493 | 0.00783 (5).01057 (3).00019 8.01190 (1).00057 8.00271 0.01245 | 1.6E.05
0.579 | 0-03455 [ 0.00511 | 0.00802 | 0.01184 [ 0.00013 | 0.01503 | 0.00017 | 0.00411 | 0.01094 | L.I3E-
: 6 1 3 1 9 7 7 7 3 06
0.504 | 0-03906 [ 0.00203 | 0.00748 | 0.00527 [ 0.00051 | 0.01236 | , . . | 0.00186 | 0.01826 | 0.00150
1 1 2 8 9 7 6 1 9
0.61 0.03621 | 0.00379 | 0.00868 | 0.00368 | 0.00080 | 0.01424 | 9.17E- | 0.00196 | 0.01835 | 0.00130
: 4 5 6 4 6 6 06 4 6 7
0.03574 | 0.00367 0.00357 | 0.00057 | 0.01407 | 6.61E- | 0.00199 | 0.01915 | 0.00123
0.627 | ¢ 9 0.00849 | - 3 s 05 4 9 s
<=0.62 [ 0.21586 | 0.02797 | 0.04090 | 0.04840 [ ;o oo [ 0.08408 [ 0.00397 [ o5 | (09549 | 0-00147
7 2 7 1 4 1 9 3
0.644 | 0-03410 [ 0.00610 | 0.00492 | 0.00194 [ 0.00079 | 0.01344 | 0.00020 | 0.00040 | 0.01900 | 0.00121
: 7 8 4 1 6 5 4 7 3 7
0.03568 | 0.00623 | 0.00569 0.00092 | 0.01266 | 0.00015 | 0.00020 | 0.02011 | 0.00053
0.661 s ) ) 0.00169 | 4 s p 4 3
0.03154 0.00450 | 0.00663 | 0.00160 | 0.01129 | 0.00076 | 0.00039 | 0.01377 | 0.00033
0.678 | 5 0.00787 | - s s 4 g ) ) g
0.02957 | 0.00697 | 0.00491 | 0.00709 0.01455 | 0.00057 | 0.00041 | 0.01243 | 0.00084
0.697 | § 9 9 ) 0.0016 | 4 ) p 7
0716 | 0-03575 [ 0.00845 | 0.00358 | 0.00871 [ 0.00281 | 0.01126 | 0.00030 | 0.00145 | 0.01396 | 0.00178
: 5 8 5 4 6 1 4 9 1 6
0735 | 0-03859 [ 0.00668 | 0.00418 | 0.00946 | 0.00214 | 0.01167 | 0.00084 | 0.00084 [ 0.01291 | 0.00283
: 7 2 5 9 6 2 3 1 5 5
0.04141 | 0.00981 | 0.00215 | 0.01018 | 0.00223 0.00043 | 0.00180 | 0.01556 | 0.00281
0.754 | 5 | g p 9 0.01173 | § 3 p 9
0.04837 | 0.01014 | 0.00430 | 0.00938 0.01394 | 2.55E- | 0.00280 | 0.01812 | 0.00127
0.775 | ¢ s ) 3 0.00127 | | 05 4 | p
0.04796 | 0.01091 0.00892 | 0.00135 | 0.01393 | 4.32E- | 0.00295 | 0.02071 | 0.00111
0.79 | 5 3 0.00366 | o s 4 05 9 ) 3
0.05158 0.00452 0.00102 | 0.01869 | 2.84E- [ 0.00177 | 0.02053 | 0.00121
0.817 | 0.01041 | ¢ 0.00759 | ) 05 ) 7 9
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0.05591 | 0.01197 | 0.00461 | 0.00751 | 0.00082 | 0.02213 0.00297 | 0.02020 | 0.00159
0.839 4 9 4 9 7 1 0.0006 7 2 5
0.861 0.05108 | 0.00920 | 0.00628 | 0.00991 | 0.00079 | 0.02003 | 0.00064 | 0.00475 | 0.02099 | 0.00045
i 5 7 3 3 4 7 9 1 3 9
0.04654 | 0.00945 | 0.00569 | 0.00964 | 0.00065 | 0.02204 | 0.00048 | 0.00479 | 0.02030 | 0.00065
0.884
4 7 5 1 7 1 1 8 6 9
0.04645 | 0.01038 | 0.00503 | 0.01121 | 0.00028 | 0.02336 | 2.47E- 0.00437 | 0.01926
0.908 5 4 3 1 4 3 05 5 1 0.00095
0.04312 | 0.00969 | 0.00405 | 0.01000 | 4.73E- 0.02141 0.00445 | 0.02065 | 0.00050
0.933 2 3 6 9 05 5 1. 4E-06 7 2 3
0.04332 | 0.00912 | 0.00570 | 0.00951 0.02442 | 0.00020 | 0.00464 | 0.02485 | 5.47E-
0.958 8 9 4 6 0-00018 8 3 9 5 05
0.00818 | 0.00515 | 0.01002 | 2.71E- 0.02563 | 7.97E- 0.00601 | 0.02380 | 0.00051
0.983 0.04336 1 3 9 07 1 05 6 2 7
0.00774 | 0.00529 3.13E- 0.02425 | 1.18E- 0.00677 | 0.02680 | 0.00032
1.01 0.04416 3 7 0.01206 05 3 05 7 6 3
1.037 0.03868 0.00658 | 0.00360 | 0.01009 | 0.00015 | 0.02706 | 0.00022 | 0.00521 | 0.02978 | 0.00033
7 2 7 1 5 8 3 6 6
1.065 0.03962 | 0.00719 | 0.00582 | 0.01035 | 0.00040 | 0.02730 | 0.00012 0.00409 0.02455 | 0.00038
2 1 4 1 3 1 2 7 5
0.04113 | 0.00686 | 0.00607 | 0.00951 | 5.01E- 0.02888 | 0.00025 | 0.00366 0.00023
1.094 5 3 4 1 05 3 7 5 0.0233 6
1123 0.04183 | 0.00939 | 0.00565 000886 | 0.00012 0.02963 | 0.00041 | 0.00605 | 0.02357 | 0.00074
7 9 1 7 4 7 7 5
1153 0.03720 0.00909 | 0.00692 0.00710 | 0.00044 | 0.03327 | 0.00040 | 0.00630 | 0.02372 | 0.00166
2 1 5 8 8 6 9 4
1.184 0.03928 | 0.01158 | 0.00639 | 0.00790 | 0.00040 | 0.03531 5 3605 0.00554 | 0.02017 | 0.00323
i 8 7 4 2 2 6 o 4 9 9
1215 0.03680 | 0.00993 0.00564 0.00698 | 0.00089 0.03605 0.00017 | 0.00462 | 0.02159 | 0.00398
1 9 4 2 8 7 6 2
0.03777 | 0.01178 | 0.00567 0.00038 | 0.03855 | 6.68E- 0.00620 | 0.02598 | 0.00324
1248 7 7 4 0-00658 6 9 05 7 9 5
1282 0.03475 | 0.00963 | 0.00608 | 0.00797 | 0.00087 | 0.04086 12E-05 0.00564 | 0.02516 | 0.00462
i 6 5 3 4 8 7 o 4 7 7
0.03581 | 0.01008 | 0.00725 | 0.00645 0.03799 | 5.14E- 0.02967 | 0.00333
1.316 2 7 3 7 0.00094 4 06 0.00588 1 4
0.03620 | 0.00713 | 0.00833 | 0.00557 | 0.00144 | 0.03540 | 7.94E- 0.00404 0.00410
1.351 5 2 4 7 3 2 06 5 0.02913 3
1388 0.03256 | 0.00705 0.01054 0.00675 | 0.00300 0.03663 5.98E- 0.00544 | 0.02990 | 0.00281
5 1 9 3 05 8 7 8
1.425 3.03330 8.00722 3.01045 8.00638 (1).00175 (5).03874 (1).00045 (5).00505 002866 | 000134
0.02897 | 0.00562 | 0.01309 | 0.00573 | 0.00178 | 0.03598 | 0.00031 0.02683 | 0.00110
1.464 4 4 1 9 2 1 7 0.00577 6 6
1.503 0.02929 | 0.00545 | 0.01409 | 0.00703 0.002 0.03966 0.00031 | 0.00686 | 0.02733 | 0.00163
7 6 1 4 2 3 8 4
1543 0.02865 | 0.00386 | 0.01422 | 0.00716 | 0.00270 | 0.04006 | 0.00060 0.0062 0.02702 | 0.00221
9 6 6 5 8 1 9 7 5
1,584 0.03076 000425 | 001408 0.00829 | 0.00238 | 0.04024 | 0.00032 | 0.00637 | 0.02774 | 0.00224
5 8 9 3 1 6 3 2
1.627 0.03096 | 0.00498 | 0.01003 | 0.01172 | 0.00338 | 0.04373 | 0.00030 | 0.00485 | 0.03024 | 0.00200
i 8 4 1 8 4 8 4 4 3 2
1.671 0.03193 0.00474 0.00815 | 0.01025 | 0.00350 | 0.03852 | 0.00054 | 0.00493 | 0.03392 0.00149
7 9 6 3 3 4 3 9
1716 0.03182 | 0.00393 | 0.00860 | 0.00966 | 0.00360 | 0.03957 | 0.00086 0.00429 0.03431 | 0.00133
5 3 7 1 1 8 6 1 8
1762 0.03066 | 0.00429 | 0.00828 | 0.00986 | 0.00235 | 0.04135 | 0.00078 | 0.00401 | 0.02841 | 0.00160
i 5 8 3 1 1 9 3 6 2 5
0.03018 | 0.00559 0.01039 | 0.00151 | 0.03997 | 0.00062 | 0.00337 | 0.02327 | 0.00149
1.809 6 4 0.00636 7 7 5 6 6 9 9
1.858 0.02508 | 0.00600 | 0.00473 | 0.01127 | 0.00118 | 0.03933 | 0.00072 | 0.00431 | 0.02390 | 0.00061
i 3 5 7 5 7 4 2 2 4 3
1.908 0.02615 | 0.00564 | 0.00564 | 0.01141 | 0.00090 | 0.03734 | 0.00020 | 0.00313 | 0.02241 | 0.00047
} 3 6 2 9 8 5 9 8 2 3
1.959 0.02165 0.00553 0.00474 | 0.01027 | 0.00125 0.04108 0.00025 | 0.00264 | 0.02197 | 0.00087
2 1 4 1 9 3 4 8
0.02456 | 0.00648 | 0.00463 | 0.00824 | 0.00103 | 0.04038 | 8.78E- 0.00160 0.00158
2.012 1 9 3 5 7 5 05 1 0.02054 3
0.02438 | 0.00710 | 0.00385 | 0.00813 | 0.00187 | 0.04295 | 0.00034 0.01770 | 0.00196
2.066 1 4 3 5 6 4 4 0.00056 3 4
2.121 0.02018 | 0.00952 | 0.00376 | 0.00842 | 0.00257 | 0.04486 | 0.00037 | 0.00048 | 0.01463 | 0.00141
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6 1 1 5 1 8 7 5
2178 0.02028 0.0104 0.00286 | 0.00718 | 0.00331 | 0.04044 | 0.00040 | 0.00012 001466 | 000107
7 4 8 7 2 7 4
0.01730 0.00206 | 0.00693 | 0.00223 9.55E- 0.01420 | 0.00141
2.237 2 0.01 6 5 9 0.04218 | 0.00011 05 2 5
2297 0.01575 | 0.01042 | 0.00197 | 0.00688 | 0.00300 | 0.04054 | 8.75E- 0.00013 | 0.01337 | 0.00165
i 8 9 6 6 3 9 05 5 4 8
0.01916 | 0.00993 | 0.00162 | 0.00776 | 0.00260 | 0.03858 5.18E- 0.01385 | 0.00177
2.358 2 9 3 5 3 3 5.2E-06 06 5 2
0.02026 | 0.00980 | 0.00114 | 0.00771 | 0.00222 | 0.03606 | 1.66E- 1.72E- 0.01275
2421 6 2 3 1 2 6 05 05 3 0.0023
2486 0.02024 | 0.00881 | 0.00135 | 0.00810 | 0.00189 | 0.03427 | 3.08E- 1.21E- 0.01105 | 0.00202
) 8 1 9 1 8 9 05 05 6 5
2553 0.01977 | 0.00891 | 0.00182 | 0.00776 | 0.00231 | 0.03602 | 8.96E- 1.75E- 0.01006 | 0.00227
) 2 9 8 9 9 8 06 05 7 6
262 0.01949 | 0.00871 | 0.00193 | 0.00648 | 0.00214 | 0.03805 | 1.61E- 0.00056 | 0.00884 | 0.00264
i 2 1 9 4 4 8 05 1 2 9
2693 0.01876 | 0.01063 | 0.00110 | 0.00595 | 0.00221 | 0.03783 | 6.93E- 0.00078 | 0.00795 | 0.00275
i 2 4 8 9 1 8 06 1 6 1
0.00901 | 0.00100 | 0.00483 | 0.00094 | 0.04099 | 2.84E- 0.00084 0.00202
2.765 0.0151 3 5 6 6 6 06 6 0.00801 6
2839 0.01408 | 0.00992 | 0.00087 0.00482 0.00081 | 0.04324 | 0.00011 | 0.00087 | 0.00867 | 0.00215
2 4 8 5 6 1 6 1 2
2915 2.01404 8.01035 3.00044 2.00261 0.00056 (1).03758 2.00015 0.001 0.0094 2.00230
2,994 0.01171 | 0.00998 | 0.00019 | 0.00211 | 0.00046 | 0.03990 | 0.00011 | 0.00121 | 0.01040 | 0.00207
i 7 7 6 8 7 3 6 5 9 9
3074 0.01019 | 0.01119 | 8.83E- 0.00085 | 0.00044 | 0.03977 | 6.21E- 0.00186 | 0.01036 | 0.00175
i 8 3 05 8 3 9 05 3 7 7
3157 0.01162 | 0.01003 | 2.47E- 0.00059 | 0.00058 | 0.03568 | 2.38E- 0.00306 | 0.00959 | 0.00201
i 1 9 05 9 6 2 05 5 3 6
0.01119 | 0.00823 | 9.17E- 0.00074 | 0.00097 | 0.03468 | 1.11E- 0.00386 | 0.01007
3.241 1 4 06 1 8 6 05 4 8 0-00204
0.01067 | 0.00753 | 5.13E- 0.00091 | 0.03081 | 2.59E- 0.00410 | 0.01010 | 0.00220
3.328 3 6 06 0-00023 5 9 08 7 8 7
0.01026 | 0.00703 | 0.00023 | 8.45E- 0.00095 | 0.02739 | 1.78E- 0.00482 0.00234
3418 8 1 7 05 4 6 06 2 0-01059 8
0.01007 0.00053 | 0.00021 | 0.00122 | 0.02609 | 1.95E- 0.00561 | 0.01060 | 0.00277
31 2 0-00659 3 7 5 9 05 8 4 1
3 604 0.01072 | 0.00571 | 0.00082 | 0.00021 | 0.00146 | 0.02618 | 3.19E- 0.00658 | 0.01051 | 0.00345
i 7 3 4 8 8 6 06 2 5 2
0.01134 | 0.00565 | 0.00099 | 5.92E- 0.00151 8.16E- 0.00830 | 0.01047 | 0.00376
3.701 2 8 5 05 2 0.02239 05 9 8 1
33 0.01197 | 0.00542 | 0.00094 | 3.73E- 0.00111 | 0.02101 | 5.66E- 0.00925 | 0.00995 0.0032
i 8 7 4 06 4 5 05 4 9 )
3902 0.01015 | 0.00446 | 0.00132 | 9.16E- 0.00154 | 0.02191 | 2.81E- 0.01165 | 0.00936 | 0.00403
i 3 3 7 06 5 6 05 3 2 5
0.00394 | 0.00183 | 2.65E- 0.00200 | 0.02023 | 1.24E- 0.00817
4.007 0.00979 2 7 05 4 7 07 0.01323 3 0.00466
4115 0.00844 | 0.00297 | 0.00182 | 4.56E- 0.00151 | 0.01915 | 4.62E- 0.01273 | 0.00757 | 0.00470
i 1 1 8 05 6 3 06 6 4 4
0.00877 | 0.00210 | 0.00186 | 0.00015 0.01857 | 3.12E- 0.01350 | 0.00816 | 0.00518
4.225 6 5 1 3 0.00098 5 05 3 6 3
4339 0.00800 | 0.00178 | 0.00198 | 0.00031 | 0.00125 | 0.01829 | 8.81E- 0.01489 | 0.00691 | 0.00644
i 8 1 7 6 5 9 06 1 5 4
4.455 0.00798 | 0.00104 | 0.00238 | 0.00023 | 0.00141 | 0.01724 | 4.49E- 0.01774 | 0.00626 | 0.00753
i 6 2 4 8 6 5 05 5 3 8
0.00759 | 0.00023 | 0.00193 | 0.00041 | 0.00117 | 0.01658 | 3.57E- 0.00633 | 0.00865
4.575 5 3 4 3 2 3 05 0.01814 7 7
4.698 0.00724 | 1.72E- 0.00258 | 0.00075 | 0.00096 | 0.01628 | 5.64E- 0.01979 | 0.00755 | 0.00870
i 5 05 4 9 2 4 07 6 7 7
0.00696 | 6.73E- 0.00362 | 0.00107 | 0.00092 | 0.01384 | 2.81E- 0.02242 | 0.00658
4.824 6 06 9 3 8 3 06 6 7 0-01003
4.954 0.00821 | 3.02E- 0.00433 | 0.00158 | 0.00057 | 0.01256 | 1.22E- 0.02423 | 0.00610 | 0.01151
i 3 05 2 8 1 4 06 6 8 5
0.00794 | 9.89E- 0.00599 | 0.00129 | 0.00040 | 0.01244 | 9.91E- 0.02595 | 0.00558
3087 6 05 7 5 5 7 07 1 4 0-01247
0.00768 0.00712 | 0.00160 | 0.00011 | 0.01159 | 4.26E- 0.02845 | 0.00508 | 0.01216
3224 3 0-00012 8 4 6 3 05 8 8 7
0.00630 | 0.00026 | 0.00853 8.54E- 0.01008 | 0.00023 | 0.02764 | 0.00511 | 0.01368
5.364 3 7 2 0.00156 05 2 2 3 3 3
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0.00517 0.00930 | 0.00280 | 2.57E- 0.00840 | 0.00012 | 0.02663 | 0.00553 | 0.01430
3508 9 0-00066 3 7 05 6 4 4 2 4
0.00456 | 0.00127 | 0.00959 | 0.00301 | 3.78E- 0.00779 | 0.00012 0.00601 | 0.01556
5.656 3 4 6 6 05 2 6 0.02613 7 3
0.00410 | 0.00158 0.00412 | 3.35E- 0.00661 | 1.87E- 0.02648 | 0.00694 | 0.01474
5808 7 2 0-01119 8 05 7 05 4 7 7
5064 0.00443 | 0.00216 | 0.01301 | 0.00425 | 7.23E- 0.00468 | 1.26E- 0.02558 | 0.00688 | 0.01597
i 8 7 1 7 06 5 05 3 7 3
0.00446 | 0.00329 0.00527 | 3.51E- 0.00358 | 2.25E- 0.02727 | 0.00669 | 0.01819
6.124 2 8 0-01412 1 07 6 05 7 5 2
6.289 0.00376 | 0.00351 | 0.01290 | 0.00635 | 3.55E- 0.00345 | 4.62E- 0.02762 | 0.00569 | 0.01907
i 8 6 2 1 06 7 05 9 4 2
6.458 0.00323 | 0.00398 | 0.01314 | 0.00748 | 5.27E- 0.00271 | 4.47E- 0.02661 | 0.00527 | 0.01941
i 4 1 8 3 06 5 06 7 6 5
6.631 0.00288 | 0.00464 | 0.01246 | 0.00814 | 4.63E- 0.00229 | 2.75E- 0.02522 | 0.00531 | 0.01970
i 5 6 9 5 05 1 05 9 4 8
6.809 0.00242 | 0.00441 | 0.01368 | 0.00959 | 8.91E- 0.00152 | 2.48E- 0.02300 | 0.00556 | 0.01889
i 2 3 1 5 05 8 06 8 2 6
6.992 0.00209 | 0.00489 | 0.01465 | 0.00981 | 0.00020 | 0.00142 | 4.46E- 0.02350 | 0.00519 | 0.01902
i 2 4 9 8 5 5 06 5 7 5
0.00182 | 0.00610 | 0.01604 | 0.00929 0.00099 | 3.93E- 0.02322 0.02024
7.18 7 9 5 1 0.00035 6 05 3 0.00494 7
7373 0.00165 | 0.00618 | 0.01606 | 0.01040 | 0.00025 | 0.00053 | 2.37E- 0.02368 | 0.00388 | 0.02126
) 2 9 2 8 1 5 05 3 7 3
7571 0.00127 | 0.00683 | 0.01589 | 0.01119 | 0.00013 | 0.00041 | 3.51E- 0.02504 | 0.00392 | 0.02126
i 6 4 3 6 6 4 05 1 5 2
0.00700 | 0.01552 | 0.01137 | 0.00039 | 0.00031 | 5.15E- 0.02369 | 0.00355 | 0.02090
7.774 0.00132 5 4 4 6 3 05 7 3 9
0.00090 | 0.00726 | 0.01555 | 0.01235 | 0.00040 | 0.00011 0.02256 | 0.00314 | 0.01922
7.983 3 3 7 9 9 3 2.5E-06 3 4 7
0.00089 | 0.00783 0.01165 3.91E- 1.56E- 0.02130 | 0.00315 | 0.01919
8.198 4 2 0.01656 4 0.00044 05 06 4 9 4
3418 0.00068 | 0.00779 | 0.01668 | 0.01157 | 0.00028 | 6.92E- 1.11E- 0.02078 | 0.00275 | 0.01925
i 8 3 8 3 2 06 05 1 1 1
3644 0.00041 | 0.00719 | 0.01760 | 0.01169 | 0.00025 | 4.47E- 1.17E- 0.01970 | 0.00228 | 0.01904
i 6 6 9 6 2 06 05 5 3 8
3.877 0.00038 | 0.00782 | 0.01711 | 0.01177 000023 | 6.5E-05 7.17E- 0.01872 | 0.00226 00192
4 8 2 6 06 8 1
9115 0.00039 | 0.00829 001507 0.01186 | 0.00010 | 0.00011 | 0.00010 | 0.01807 | 0.00195 | 0.01794
4 6 1 6 8 5 1 5 3
0.00713 | 0.01391 0.00013 | 0.00018 | 0.00010 | 0.01606 | 0.00158 | 0.01726
9.36 0.00033 6 9 0.01243 4 2 9 9 4 3
9611 0.00023 | 0.00774 | 0.01277 | 0.01137 | 0.00014 | 0.00046 | 5.94E- 0.01551 | 0.00112 | 0.01560
i 4 9 6 3 5 1 05 2 6 6
9869 8.02E- 0.00775 | 0.01227 | 0.01070 | 0.00019 | 0.00046 | 4.16E- 0.01432 | 0.00095 | 0.01439
i 05 6 6 8 3 6 05 2 3 1
10.135 4.28E- 0.00754 | 0.01108 | 0.01065 | 0.00025 | 0.00067 | 1.91E- 0.01323 | 0.00092 | 0.01234
i 05 8 7 3 5 6 05 5 8 6
4.53E- 0.00734 0.01039 | 0.00022 | 0.00086 | 1.11E- 0.01197 | 0.00067 | 0.01155
10.405 06 6 0.00997 3 4 1 05 9 6 7
0.00723 | 0.00881 | 0.00962 | 0.00018 | 0.00103 | 5.85E- 0.01047 | 0.00058 | 0.01111
10.685 7.7E-08 4 9 3 1 4 07 1 1 9
1.78E- 0.00698 | 0.00814 | 0.00972 | 0.00016 | 0.00127 | 1.14E- 0.00943 0.01130
10.975 06 9 3 7 3 9 06 2 0.00036 4
1127 1.47E- 0.00611 | 0.00806 | 0.00886 | 0.00029 000154 | 1.6B-06 | 0.0077 0.00016 | 0.01019
05 1 6 3 1 2 4
11.57 5.99E- 0.006 0.00755 | 0.00815 | 0.00031 | 0.00203 | 3.51E- 0.00637 | 6.35E- 0.00903
i 05 i 7 3 2 7 06 8 05 1
11.88 0.00016 | 0.00540 | 0.00703 | 0.00726 | 0.00023 | 0.00241 | 4.17E- 0.00536 | 5.87E- 0.00798
i 5 2 5 8 9 7 07 6 06 6
0.00018 | 0.00502 | 0.00625 | 0.00648 | 0.00028 | 0.00301 0.00467 | 1.96E-
12.2 3 3 3 7 3 3 8.5E-06 9 05 0.00713
12.525 0.00034 | 0.00448 | 0.00548 | 0.00601 | 0.00028 | 0.00289 | 1.71E- 0.00408 | 0.00011 | 0.00654
i 5 1 6 7 2 7 05 2 9 1
12.865 0.00054 | 0.00425 | 0.00479 | 0.00500 | 0.00033 | 0.00297 | 2.06E- 0.00281 | 0.00018 | 0.00548
) 7 8 6 8 9 8 05 9 3 7
13215 0.00073 | 0.00391 | 0.00428 | 0.00435 | 0.00028 | 0.00294 | 2.44E- 0.00234 | 0.00026 | 0.00466
i 9 4 5 7 9 9 05 6 1 8
13.57 0.00110 | 0.00342 | 0.00364 | 0.00371 | 0.00022 | 0.00317 | 3.66E- 0.00212 | 0.00046 | 0.00322
i 7 9 5 5 2 5 05 7 1 6
13.93 0.00127 | 0.00293 | 0.00359 | 0.00331 | 0.00020 | 0.00333 | 3.3E-05 | 0.00178 | 0.00075 | 0.00300

186



6 4 3 1 7 1 1 9
0.00128 | 0.00261 | 0.00311 | 0.00296 | 0.00017 2.88E- 0.00144 | 0.00081 | 0.00216
14.3 5 1 3 3 4 0-00335 06 4 4 6
0.00167 | 0.00231 0.00254 | 0.00022 | 0.00358 | 6.23E- 0.00100 | 0.00121 | 0.00145
14.685 1 7 0.00268 4 3 7 07 4 3 6
0.00189 | 0.00207 | 0.00203 | 0.00219 | 0.00021 1.68E- 0.00057 | 0.00140 | 0.00105
15.08 1 3 7 5 4 0.00378 06 5 2 2
15.485 0.00225 | 0.00190 | 0.00153 | 0.00183 | 0.00015 | 0.00402 | 1.95E- 0.00035 | 0.00141 | 0.00048
) 5 5 1 8 6 8 06 1 7 8
15.905 0.00268 | 0.00188 | 0.00114 | 0.00156 | 0.00024 | 0.00445 | 1.78E- 0.00011 | 0.00156 | 0.00022
i 1 6 4 9 8 6 05 6 3 7
0.00283 | 0.00159 | 0.00092 | 0.00138 0.00465 | 2.32E- 3.64E- 0.00178 | 0.00015
16.335 5 9 1 1 0-0002 3 05 05 4 3
0.00144 | 0.00064 | 0.00110 0.00492 | 2.42E- 1.04E- 0.00197 | 5.03E-
16.77 0.00339 3 4 2 0.00017 6 05 05 4 05
0.00120 | 0.00044 | 0.00083 | 0.00015 | 0.00511 | 6.78E- 8.17E- 0.00242 | 5.93E-
17.22 0.00367 6 2 3 2 8 06 05 3 08
0.00397 | 0.00104 | 0.00034 | 0.00069 | 0.00018 | 0.00532 | 4.84E- 0.00016 3.01E-
17.685 4 4 5 8 9 7 06 2 0.0028 05
18.16 0.00436 | 0.00085 | 0.00027 | 0.00054 | 0.00018 | 0.00548 | 2.72E- 0.00021 | 0.00291 | 0.00013
i 7 7 3 7 9 1 05 9 3 5
0.00466 | 0.00078 | 0.00012 | 0.00040 | 0.00016 | 0.00566 | 2.51E- 0.00027 0.00038
18.645 3 3 7 6 3 7 05 7 0.00323 1
0.00479 | 0.00063 | 6.96E- 0.00029 0.00596 | 2.61E- 0.00039 | 0.00359 | 0.00056
19.145 7 3 05 7 0.00014 1 05 2 9 2
0.00492 1.95E- 0.00017 | 0.00011 | 0.00564 | 1.03E- 0.00057 | 0.00361 | 0.00083
19.66 7 0-00054 05 7 6 7 05 4 6 5
20.19 0.00507 | 0.00049 | 1.92E- 0.00010 | 0.00013 | 0.00580 | 1.03E- 0.00078 | 0.00386 | 0.00108
i 3 4 06 6 8 3 05 5 6 7
0.00542 | 0.00043 | 1.07E- 0.00012 | 0.00586 | 7.85E- 0.00100 | 0.00407 | 0.00134
20735 3 4 06 6.2E-05 5 8 06 3 2 2
21.29 0.00542 | 0.00035 | 1.64E- 3.44E- 0.00014 | 0.00602 | 7.85E- 0.00113 | 0.00460 | 0.00157
i 8 4 05 05 8 7 06 6 6 5
0.00535 5.73E- 2.87E- 0.00013 | 0.00626 | 1.09E- 0.00124 | 0.00467 | 0.00186
2186 8 0.0003 05 05 6 5 05 1 7 9
0.00553 | 0.00029 | 9.57E- 2.65E- 0.00014 | 0.00645 | 1.68E- 0.00137 0.00203
2245 7 3 05 05 1 9 05 3 0-00479 1
23.055 0.00573 | 0.00028 | 0.00017 | 1.48E- 0.00010 | 0.00667 | 7.85E- 0.00158 | 0.00503 | 0.00228
i 5 3 1 05 3 2 06 3 3 6
23.675 0.00593 | 0.00024 | 0.00020 | 6.43E- 0.00013 | 0.00672 | 2.25E- 0.00180 | 0.00513 | 0.00276
i 5 1 7 06 2 4 06 8 5 2
2431 0.00587 | 0.00022 | 0.00028 | 3.73E- 0.00012 | 0.00682 | 8.42E- 0.00184 | 0.00519 | 0.00291
i 6 2 9 06 3 4 06 3 5 4
24.96 0.00609 | 0.00018 | 0.00033 | 2.24E- 0.00015 | 0.00689 | 1.23E- 0.00216 | 0.00543 | 0.00320
i 4 2 9 07 6 3 05 8 1 5
0.00617 | 0.00014 | 0.00039 | 8.86E- 0.00014 | 0.00697 0.00231 | 0.00550 | 0.00361
2563 4 4 7 06 4 8 1.6E-05 1 7 7
26.32 000627 | 000013 0.00046 2 1E-05 0.00015 | 0.00691 | 1.94E- 0.00244 | 0.00556 | 0.00391
3 8 4 05 9 9 5
0.00644 | 0.00015 | 0.00055 | 2.19E- 0.00018 | 0.00693 | 1.85E- 0.00570 | 0.00415
27.03 7 1 8 05 7 2 05 0.00254 6 9
27755 0.00641 | 0.00013 | 0.00059 | 3.01E- 0.00018 | 0.00706 | 2.03E- 0.00266 | 0.00589 | 0.00418
i 6 2 7 05 2 7 05 4 1 6
0.00641 0.00059 0.00018 | 0.00706 | 1.23E- 0.00256 | 0.00604 | 0.00472
28.5 7 0.00011 7 5.6E-05 2 3 05 2 7 3
2965 0.00666 | 0.0001 (3).00067 (6).538E— 8.00016 (3).00715 9E-06 0.00293 3.00612 2.00479
0.00669 | 9.61E- 0.00073 0.00017 | 0.00735 | 1.44E- 0.00301 | 0.00609 | 0.00504
3005 4 05 6 6.7E-05 4 8 05 8 6 8
0.00674 | 9.03E- 0.00075 0.00015 6.25E- 0.00309 | 0.00620 | 0.00529
30.86 4 05 3 9E-05 6 0.00741 06 7 7 5
0.00669 | 7.75E- 0.00079 | 0.00010 | 0.00014 | 0.00753 | 7.84E- 0.00625 | 0.00548
3169 5 05 2 4 9 1 06 0-00313 5 7
0.00663 | 6.73E- 0.00088 | 0.00011 | 0.00011 | 0.00763 | 4.84E- 0.00317 0.00569
3254 1 05 5 6 6 7 06 6 0-00632 8
33415 0.00676 | 5.48E- 0.00093 | 0.00011 | 0.00013 | 0.00760 | 5.76E- 0.00331 | 0.00635 | 0.00588
i 2 05 3 2 4 3 06 4 2 2
3431 0.00677 | 5.33E- 0.00100 | 0.00011 | 0.00013 | 0.00762 | 1.69E- 0.00330 | 0.00649 | 0.00617
i 9 05 1 4 7 1 06 3 8 9
3503 8.00682 4.9E-05 3.00095 (1).00012 2.00014 2.00767 4E-06 2.00326 0.00645 (1).00629
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0.00692 0.00099 | 0.00011 | 0.00013 | 0.00777 | 1.96E- 0.00331 | 0.00651 | 0.00651

36.18 8 4.1E-05 5 2 4 9 06 4 5 6
0.00701 | 4.76E- 0.00102 | 0.00012 | 0.00014 | 0.00786 0.00659 | 0.00659

37.15 2 05 7 3 6 7 8.1E-07 | 0.00349 6 3
0.00687 | 4.49E- 0.00012 | 0.00015 | 0.00790 | 2.89E- 0.00346 | 0.00656 | 0.00656

38.145 9 05 0-00104 8 1 3 06 7 4 5
3917 0.00694 | 3.97E- 0.00106 | 0.00013 | 0.00016 | 0.00779 | 1.69E- 0.00353 | 0.00666 | 0.00666

i 6 05 6 7 1 7 06 8 2 3
40225 2.00699 4.9E-05 (1).00102 2.00014 2.00014 000785 | 1E-06 3.00350 2.00661 (5).00661
0.00702 | 4.63E- 0.00103 | 0.00014 | 0.00014 | 0.00788 0.00359 | 0.00658 | 0.00674

41.305 9 05 3 9 9 6 6.4E-07 3 1 6
42415 0.00706 | 4.36E- 0.00104 | 0.00015 | 0.00015 | 0.00792 | 2.56E- 0.00369 | 0.00654 | 0.00671

i 3 05 6 4 4 1 06 5 8 3
0.00709 0.00105 | 0.00015 | 0.00015 1.96E- 0.00367 | 0.00651 | 0.00684

43.555 7 4.1E-05 9 9 9 0.00778 06 1 6 6
3.85E- 0.00107 | 0.00013 | 0.00016 | 0.00781 | 1.44E- 0.00376 | 0.00648 | 0.00681

44725 0-00713 05 2 9 4 6 06 9 4 3
3.85E- 0.00107 | 0.00013 | 0.00016 | 0.00781 | 1.44E- 0.00376 | 0.00648 | 0.00681

4593 0.00713 05 2 9 4 6 06 9 4 3
3.85E- 0.00107 | 0.00013 | 0.00016 | 0.00781 | 1.44E- 0.00376 | 0.00648 | 0.00681

47165 0.00713 05 2 9 4 6 06 9 4 3
3.85E- 0.00107 | 0.00013 | 0.00016 | 0.00781 | 1.44E- 0.00376 | 0.00648 | 0.00681

4843 0.00713 05 2 9 4 6 06 9 4 3
49.73 0.00714 | 3.72E- 0.00107 | 0.00014 | 0.00014 | 0.00783 | 1.21E- 0.00375 | 0.00646 | 0.00679

i 7 05 9 1 1 3 06 6 8 6
51065 0.00714 | 3.72E- 0.00107 | 0.00014 | 0.00014 | 0.00783 | 1.21E- 0.00375 | 0.00646 | 0.00679

i 7 05 9 1 1 3 06 6 8 6
52 435 0.00714 | 3.72E- 0.00107 | 0.00014 | 0.00014 | 0.00783 | 1.21E- 0.00375 | 0.00646 | 0.00679

i 7 05 9 1 1 3 06 6 8 6
53845 0.00714 | 3.72E- 0.00107 | 0.00014 | 0.00014 | 0.00783 | 1.21E- 0.00375 | 0.00646 | 0.00679

i 7 05 9 1 1 3 06 6 8 6
5529 0.00714 | 3.72E- 0.00107 | 0.00014 | 0.00014 | 0.00783 | 1.21E- 0.00375 | 0.00646 | 0.00679

i 7 05 9 1 1 3 06 6 8 6
56775 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
58 305 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 2.00386 3.00645 0.00678
5087 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
61.475 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
63.13 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
64.85 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 2.00386 3.00645 0.00678
66.565 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
68.355 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
70.19 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
72.075 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 2.00386 3.00645 0.00678
7401 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
76 0.00716 3 6E-05 0.00108 | 0.00014 | 0.00014 | 0.00785 1E-06 0.00386 | 0.00645 0.00678

4 5 4 4 1 8 2

78.045 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
30.14 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
8229 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
845 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 2.00386 2.00645 0.00678
86.77 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 2.00386 2.00645 0.00678
89 105 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 2.00386 3.00645 0.00678
91.5 0.00716 | 3.6E-05 | 0.00108 | 0.00014 | 0.00014 | 0.00785 | 1E-06 0.00386 | 0.00645 | 0.00678
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93.955 §.00716 3 6E-05 (2).00108 §.00014 §.00014 (1).00785 1E-06 (2.00386 §.00645 0.00678
96.48 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
99,08 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
10175 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 2.00386 2.00645 0.00678
1045 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
1073 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
110.15 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
113.1 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 2.00386 2.00645 0.00678
116.15 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
1193 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
1225 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
125.75 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 2.00386 2.00645 0.00678
129.15 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 2.00645 0.00678
132.65 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
136.2 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
139.85 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
143.6 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
14745 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
1514 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
155.45 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 2.00386 2.00645 0.00678
159.65 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
163.95 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
16835 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
172.9 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 2.00386 2.00645 0.00678
177.55 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
1823 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
1872 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678
192.25 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 2.00386 2.00645 0.00678
1974 2.00716 3 6E-05 (5).00108 2.00014 2.00014 (1).00785 1E-06 3.00386 3.00645 0.00678

Calculations for results presented in Figure 4.2, c=10 g/L

Table B.4 Observed values of cumulative particle size distributions presented in Figure 4.2

for 6 different mixtures having the same concentration (c=10 g/L)

Observed values: cumulative %

Size

| samplel

| sample2

| sample3

| sample4

| sample5

| sample6

| Total
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(um)

<=0.627 | 22.41 22.73 23.38 22.95 23.56 23.14 138.170
0.644 5.6 5.54 5.78 5.66 59 5.68 34.160

0.661 5.73 5.65 59 5.78 6.02 5.78 34.860

0.678 6.61 6.51 6.76 6.68 6.93 6.64 40.130

0.697 6.74 6.64 6.86 6.83 7.04 6.75 40.860

0.716 7.99 7.89 8.14 8.03 8.28 7.93 48.260

0.735 8.28 8.17 8.43 8.37 8.6 8.31 50.160

0.754 8.95 8.87 9.1 9 9.32 8.99 54.230

0.775 10.16 10.14 10.44 10.28 10.64 10.33 61.990

0.796 10.35 10.33 10.63 10.45 10.86 10.51 63.130

0.817 11.38 11.33 11.63 11.48 11.96 11.59 69.370

0.839 12.1 12.1 12.41 12.24 12.75 12.32 73.920

0.861 13.07 13.12 13.36 13.14 13.71 13.23 79.630

0.884 133 13.36 13.65 13.33 13.97 13.49 81.100

0.908 14.11 14.19 14.6 14.19 14.84 14.32 86.250

0.933 14.73 14.85 15.29 14.82 15.56 14.96 90.210

0.958 15.78 15.88 16.38 15.86 16.68 15.97 96.550

0.983 16.59 16.78 17.27 16.76 17.59 16.84 101.830
1.01 17.32 17.51 17.98 17.42 18.32 17.53 106.080
1.037 18.17 18.29 18.79 18.2 19.14 18.36 110.950
1.065 19.02 19.07 19.64 19.03 19.98 19.21 115.950
1.094 20.22 20.31 21 20.37 21.23 20.52 123.650
1.123 20.92 21.07 21.61 21.11 21.93 21.19 127.830
1.153 21.73 21.84 22.41 21.83 22.68 21.92 132.410
1.184 22.88 22.97 23.57 22.97 23.85 23.12 139.360
1.215 23.65 23.66 24.29 23.65 24.63 23.87 143.750
1.248 24.72 24.83 25.41 24.69 25.73 24.95 150.330
1.282 25.6 25.64 26.24 254 26.59 25.75 155.220
1.316 26.52 26.56 27.2 26.31 27.47 26.73 160.790
1.351 27.59 27.52 28.29 27.32 28.48 27.77 166.970
1.388 28.68 28.57 29.29 28.3 29.59 28.72 173.150
1.425 29.6 29.54 30.27 29.23 30.54 29.7 178.880
1.464 30.59 30.55 31.24 30.09 31.6 30.67 184.740
1.503 31.6 31.58 32.28 31.05 32.53 31.58 190.620
1.543 32.86 32.77 33.5 32.15 33.65 32.72 197.650
1.584 33.77 33.7 3441 33.04 34.47 33.62 203.010
1.627 35 34.81 35.57 34.1 35.51 34.79 209.780
1.671 36.15 35.95 36.67 35.21 36.64 35.91 216.530
1.716 37.14 36.9 37.64 36.14 37.62 36.92 222.360
1.762 38.21 38.02 38.85 37.21 38.79 38.08 229.160
1.809 39.24 39.07 39.91 38.34 39.89 39.15 235.600
1.858 40.27 40.17 40.9 39.29 40.92 40.09 241.640
1.908 41.46 41.32 42.14 40.51 42.07 413 248.800
1.959 42.6 42.39 43.24 41.63 43.21 42.31 255.380
2.012 43.58 43.31 44.23 42.59 44.22 43.31 261.240
2.066 44.73 44.27 45.33 43.59 45.24 44.39 267.550
2.121 45.73 45.2 46.19 44.41 46.16 45.27 272.960
2.178 46.81 46.15 47.2 45.42 47.24 46.3 279.120
2.237 47.82 47.21 48.2 46.5 48.3 47.36 285.390
2.297 48.93 48.27 49.26 47.52 49.33 48.33 291.640
2.358 49.93 49.22 50.33 48.53 50.3 49.27 297.580
2.421 50.94 50.26 51.32 49.48 51.33 50.24 303.570
2.486 51.97 51.3 52.51 50.48 52.41 51.33 310.000
2.553 53.11 52.34 53.68 51.59 53.54 52.47 316.730
2.622 54.11 53.2 54.81 52.48 54.53 53.44 322.570
2.693 55.21 54.25 55.93 53.66 55.52 54.55 329.120
2.765 56.15 55.29 56.96 54.71 56.46 55.57 335.140
2.839 57.27 56.41 57.99 55.88 57.5 56.75 341.800
2915 58.29 57.44 59.07 56.91 58.49 57.77 347970
2.99%4 59.27 58.4 59.96 57.99 59.51 58.69 353.820
3.074 60.2 59.26 60.92 58.91 60.55 59.61 359450
3.157 61.13 60.06 61.83 59.9 61.46 60.48 364.860
3.241 62.09 60.9 62.72 60.79 62.36 61.43 370.290
3.328 63.05 61.84 63.63 61.7 63.27 62.38 375.870
3.418 63.98 62.71 64.54 62.63 64.23 63.26 381.350
3.51 64.95 63.59 65.45 63.5 65.15 64.19 386.830
3.604 65.92 64.47 66.36 64.47 66.1 65.15 392470
3.701 66.87 65.32 67.37 65.36 67.02 66.05 397.990
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3.8 67.74 66.18 68.27 66.29 67.95 66.96 403.390
3.902 68.72 67 69.24 67.24 68.83 67.87 408.900
4.007 69.74 67.9 70.23 68.18 69.84 68.81 414.700
4.115 70.7 68.91 71.21 69.25 70.89 69.84 420.800
4.225 71.62 69.85 72.25 70.45 71.91 70.91 426.990
4.339 72.64 70.77 73.24 71.47 72.91 71.96 432.990
4.455 73.61 71.61 74.18 72.58 73.86 72.94 438.780
4.575 74.54 72.54 75.12 73.6 74.83 74.06 444.690
4.698 75.45 73.41 76.06 74.59 75.74 75.11 450.360
4.824 76.38 74.25 77.06 75.63 76.64 76.1 456.060
4.954 77.22 75.08 77.95 76.65 77.59 77.02 461.510
5.087 78.08 75.91 78.97 77.68 78.54 77.95 467.130
5.224 78.9 76.73 79.87 78.7 79.45 78.88 472.530
5.364 79.76 77.61 80.83 79.72 80.39 79.82 478.130
5.508 80.59 78.49 81.72 80.53 81.3 80.73 483.360
5.656 81.45 79.34 82.61 81.41 82.16 81.65 488.620
5.808 82.25 80.12 83.45 82.36 83 82.47 493.650
5.964 83.04 80.95 84.32 83.3 83.83 83.3 498.740
6.124 83.78 81.66 85.09 84.09 84.63 84.17 503.420
6.289 84.51 82.38 85.87 84.89 85.34 84.97 507.960
6.458 85.25 83.14 86.58 85.78 86.07 85.78 512.600
6.631 85.93 83.89 87.32 86.58 86.78 86.56 517.060
6.809 86.61 84.65 87.97 87.39 87.51 87.25 521.380
6.992 87.25 85.31 88.68 88.13 88.25 87.93 525.550
7.18 87.87 85.97 89.39 88.84 88.92 88.64 529.630
7.373 88.53 86.58 90.07 89.52 89.58 89.34 533.620
7.571 89.2 87.16 90.66 90.11 90.24 89.96 537.330
7.774 89.72 87.79 91.2 90.68 90.91 90.56 540.860
7.983 90.3 88.4 91.74 91.33 91.47 91.15 544.390
8.198 90.82 88.96 92.29 91.89 91.96 91.74 547.660
8.418 91.38 89.49 92.78 92.49 92.53 92.21 550.880
8.644 91.91 90.04 93.26 92.99 93.05 92.75 554.000
8.877 92.42 90.57 93.77 93.44 93.53 93.25 556.980
9.115 92.94 91.06 94.17 93.97 94.03 93.72 559.890
9.36 93.37 91.57 94.61 94.44 94.45 94.24 562.680
9.611 93.79 92.01 95.04 94.84 94.88 94.65 565.210
9.869 94.18 92.46 95.43 95.22 95.23 95.04 567.560
10.135 94.56 92.9 95.83 95.58 95.6 95.42 569.890
10.405 94.93 93.31 96.13 95.92 95.92 95.83 572.040
10.685 95.31 93.74 96.51 96.22 96.26 96.14 574.180
10.975 95.65 94.12 96.77 96.53 96.57 96.48 576.120
11.27 95.92 94.52 97.03 96.8 96.83 96.79 577.890
11.57 96.21 94.89 97.34 97.03 97.1 97.09 579.660
11.88 96.5 95.22 97.53 97.31 97.36 97.32 581.240
12.2 96.74 95.52 97.75 97.52 97.63 97.58 582.740
12.525 96.98 95.8 97.95 97.74 97.84 97.82 584.130
12.865 97.19 96.13 98.16 97.97 98.04 98.02 585510
13.215 97.42 96.39 98.35 98.15 98.19 98.2 586.700
13.57 97.65 96.62 98.52 98.3 98.35 98.4 587.840
13.93 97.85 96.85 98.65 98.43 98.51 98.56 588.850
143 98.04 97.07 98.79 98.59 98.67 98.71 589.870
14.685 98.19 97.3 98.94 98.71 98.8 98.8 590.740
15.08 98.34 97.52 99.03 98.86 98.92 98.93 591.600
15.485 98.5 97.71 99.16 98.98 99.03 98.99 592370
15.905 98.6 97.92 99.23 99.08 99.13 99.09 593.050
16.335 98.73 98.08 99.32 99.19 99.23 99.18 593.730
16.77 98.86 98.29 99.4 99.26 99.32 99.24 594370
17.22 98.97 98.45 99.47 99.32 99.39 99.31 594910
17.685 99.05 98.58 99.51 99.38 99.46 99.41 595.390
18.16 99.14 98.69 99.56 99.43 99.52 99.47 595.810
18.645 99.23 98.79 99.61 99.49 99.56 99.51 596.190
19.145 99.31 98.89 99.67 99.55 99.59 99.57 596.580
19.66 99.39 99 99.7 99.58 99.65 99.62 596.940
20.19 99.44 99.1 99.75 99.64 99.69 99.66 597.280
20.735 99.5 99.19 99.77 99.65 99.73 99.7 597.540
21.29 99.55 99.27 99.8 99.69 99.77 99.73 597.810
21.86 99.6 99.33 99.83 99.73 99.78 99.77 598.040
22.45 99.64 99.39 99.84 99.76 99.81 99.8 598.240
23.055 99.7 99.46 99.85 99.8 99.84 99.82 598.470
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23.675 99.72 99.52 99.87 99.82 99.86 99.83 598.620
24.31 99.75 99.55 99.9 99.83 99.88 99.85 598.760
24.96 99.77 99.62 99.91 99.85 99.89 99.86 598.900
25.63 99.8 99.66 99.92 99.87 99.91 99.88 599.040
26.32 99.82 99.7 99.93 99.89 99.92 99.89 599.150
27.03 99.83 99.73 99.95 99.91 99.93 99.9 599.250
27.755 99.85 99.76 99.96 99.92 99.95 99.92 599.360
28.5 99.87 99.77 99.96 99.94 99.95 99.93 599.420
29.265 99.89 99.82 99.97 99.94 99.96 99.94 599.520
30.05 99.9 99.84 99.97 99.94 99.97 99.94 599.560
30.86 99.92 99.86 99.97 99.95 99.97 99.94 599.610
31.69 99.93 99.87 99.98 99.95 99.97 99.95 599.650
32.54 99.96 99.89 99.98 99.96 99.97 99.97 599.730
33.415 99.96 99.91 99.98 99.96 99.98 99.98 599.770
34.31 99.97 99.92 99.98 99.97 99.99 99.98 599.810
35.23 99.97 99.92 99.99 99.99 99.99 99.99 599.850
36.18 99.98 99.93 99.99 99.99 99.99 100 599.880
37.15 99.98 99.95 99.99 99.99 99.99 100 599.900
38.145 99.98 99.95 99.99 99.99 99.99 100 599.900
39.17 99.98 99.96 100 99.99 100 100 599.930
40.225 99.99 99.96 100 100 100 100 599.950
41.305 99.99 99.97 100 100 100 100 599.960
42.415 99.99 99.98 100 100 100 100 599.970
43.555 99.99 99.98 100 100 100 100 599.970
44.725 99.99 99.99 100 100 100 100 599.980
45.93 99.99 99.99 100 100 100 100 599.980
47.165 99.99 99.99 100 100 100 100 599.980
48.43 99.99 99.99 100 100 100 100 599.980
49.73 100 99.99 100 100 100 100 599.990
51.065 100 99.99 100 100 100 100 599.990
52.435 100 99.99 100 100 100 100 599.990
53.845 100 99.99 100 100 100 100 599.990
55.29 100 99.99 100 100 100 100 599.990
56.775 100 100 100 100 100 100 600.000
58.305 100 100 100 100 100 100 600.000
59.87 100 100 100 100 100 100 600.000
61.475 100 100 100 100 100 100 600.000
63.13 100 100 100 100 100 100 600.000
64.825 100 100 100 100 100 100 600.000
66.565 100 100 100 100 100 100 600.000
68.355 100 100 100 100 100 100 600.000
70.19 100 100 100 100 100 100 600.000
72.075 100 100 100 100 100 100 600.000
74.01 100 100 100 100 100 100 600.000
76 100 100 100 100 100 100 600.000
78.045 100 100 100 100 100 100 600.000
80.14 100 100 100 100 100 100 600.000
82.29 100 100 100 100 100 100 600.000
84.5 100 100 100 100 100 100 600.000
86.77 100 100 100 100 100 100 600.000
89.105 100 100 100 100 100 100 600.000
91.5 100 100 100 100 100 100 600.000
93.955 100 100 100 100 100 100 600.000
96.48 100 100 100 100 100 100 600.000
99.08 100 100 100 100 100 100 600.000
101.75 100 100 100 100 100 100 600.000
104.5 100 100 100 100 100 100 600.000
1073 100 100 100 100 100 100 600.000
110.15 100 100 100 100 100 100 600.000
113.1 100 100 100 100 100 100 600.000
116.15 100 100 100 100 100 100 600.000
1193 100 100 100 100 100 100 600.000
1225 100 100 100 100 100 100 600.000
125.75 100 100 100 100 100 100 600.000
129.15 100 100 100 100 100 100 600.000
132.65 100 100 100 100 100 100 600.000
136.2 100 100 100 100 100 100 600.000
139.85 100 100 100 100 100 100 600.000
143.6 100 100 100 100 100 100 600.000
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147.45 100 100 100 100 100 100 600.000
1514 100 100 100 100 100 100 600.000
155.45 100 100 100 100 100 100 600.000
159.65 100 100 100 100 100 100 600.000
163.95 100 100 100 100 100 100 600.000
168.35 100 100 100 100 100 100 600.000
172.9 100 100 100 100 100 100 600.000
177.55 100 100 100 100 100 100 600.000
182.3 100 100 100 100 100 100 600.000
187.2 100 100 100 100 100 100 600.000
192.25 100 100 100 100 100 100 600.000
197.4 100 100 100 100 100 100 600.000
Total 16618.47 16495.8 16719.96 16598.48 16706.22 16634.99 99773.920
Table B.S Expected values for data presented in Table B.4
Expected values
Size (um) samplel sample2 sample3 sample4 sample5 sample6
<=0.627 23.01498 22.84365 23.15453 22.98596 23.13518 23.03708
0.644 5.690031 5.647673 5.724533 5.682858 5.71975 5.695497
0.661 5.80663 5.763404 5.841839 5.79931 5.836958 5.812208
0.678 6.684454 6.634693 6.724985 6.676027 6.719367 6.690875
0.697 6.80605 6.755384 6.847319 6.79747 6.841598 6.812588
0.716 8.038668 7.978826 8.087411 8.028534 8.080654 8.04639
0.735 8.355151 8.292953 8.405813 8.344618 8.39879 8.363177
0.754 9.033091 8.965846 9.087863 9.021703 9.080271 9.041768
0.775 10.32567 10.24881 10.38828 10.31266 10.37961 10.33559
0.796 10.51556 10.43728 10.57933 10.50231 10.57049 10.52566
0.817 11.55496 11.46894 11.62502 11.54039 11.61531 11.56606
0.839 12.31285 12.22119 12.38751 12.29733 12.37716 12.32468
0.861 13.26397 13.16523 13.3444 13.24725 13.33325 13.27671
0.884 13.50883 13.40826 13.59074 13.4918 13.57938 13.5218
0.908 14.36666 14.25971 14.45378 14.34855 14.4417 14.38046
0.933 15.02628 14.91442 15.11739 15.00734 15.10476 15.04071
0.958 16.08233 15.96261 16.17985 16.06206 16.16633 16.09778
0.983 16.96182 16.83555 17.06467 16.94044 17.05042 16.97812
1.01 17.66975 17.53821 17.77689 17.64747 17.76204 17.68672
1.037 18.48094 18.34336 18.593 18.45764 18.57747 18.49869
1.065 19.31379 19.17001 19.4309 19.28944 19.41467 19.33234
1.094 20.59638 20.44305 20.72127 20.57041 20.70396 20.61616
1.123 21.29264 21.13413 21.42175 21.2658 21.40386 21.3131
1.153 22.05553 21.89135 22.18927 22.02773 22.17073 22.07672
1.184 23.2132 23.04039 23.35395 23.18393 23.33444 23.23549
1.215 23.94444 23.76619 24.08963 23.91425 24.0695 23.96744
1.248 25.04047 24.85406 25.1923 25.0089 25.17126 25.06452
1.282 25.855 25.66252 26.01177 25.8224 25.99004 25.87983
1.316 26.78279 26.58341 26.94519 26.74902 26.92268 26.80852
1.351 27.81219 27.60515 27.98083 27.77713 27.95746 27.83891
1.388 28.8416 28.62689 29.01648 28.80523 28.99224 28.8693
1.425 29.79604 29.57423 29.97671 29.75848 29.95167 29.82466
1.464 30.77214 30.54306 30.95873 30.73335 30.93287 30.8017
1.503 31.75157 31.5152 31.9441 31.71154 31.91741 31.78207
1.543 32.92256 32.67747 33.12219 32.88105 33.09452 32.95418
1.584 33.81538 33.56364 34.02042 33.77274 33.99199 33.84786
1.627 34.94305 34.68293 35.15493 34.899 35.12556 34.97662
1.671 36.0674 35.7989 36.2861 36.02193 36.25578 36.10205
1.716 37.03851 36.76278 37.26309 36.99181 37.23196 37.07408
1.762 38.17118 37.88702 38.40263 38.12306 38.37055 38.20785
1.809 39.24389 38.95175 39.48185 39.19442 39.44886 39.28159
1.858 40.24997 39.95034 40.49403 40.19923 40.4602 40.28864
1.908 41.44262 41.1341 41.6939 41.39037 41.65907 41.48242
1.959 42.53865 42.22198 42.79658 42.48502 42.76083 42.57951
2.012 43.51475 43.19081 43.7786 43.45989 43.74203 43.55655
2.066 44.5658 44.23404 44.83603 44.50962 44.79857 44.60861
2.121 45.46695 45.12848 45.74264 45.40963 45.70442 45.51062
2.178 46.49302 46.14691 46.77493 46.4344 46.73585 46.53768
2.237 47.53741 47.18353 47.82566 47.47748 47.7857 47.58307
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2.297 48.57847 48.21684 48.87303 48.51723 48.8322 48.62514
2.358 49.5679 49.1989 49.86846 49.50541 49.8268 49.61551
2.421 50.56565 50.18923 50.87226 50.50191 50.82976 50.61423
2.486 51.6367 51.2523 51.9498 51.5716 51.9064 51.6863

2.553 52.75772 52.36497 53.07761 52.6912 53.03327 52.80839
2.622 53.73048 53.3305 54.05628 53.66275 54.01112 53.7821

2.693 54.82152 54.41341 55.15393 54.7524 55.10785 54.87418
2.765 55.82427 55.4087 56.16276 55.75389 56.11584 55.87789
2.839 56.93363 56.50979 57.27884 56.86185 57.23099 56.98831
2915 57.96136 57.52988 58.31281 57.88829 58.2641 58.01704
2.99%4 58.9358 58.49706 59.29316 58.8615 59.24362 58.99241
3.074 59.87359 59.42787 60.23663 59.7981 60.18631 59.9311

3.157 60.77473 60.3223 61.14324 60.69811 61.09216 60.83311
3.241 61.67921 61.22005 62.0532 61.60144 62.00136 61.73845
3.328 62.60867 62.14259 62.98829 62.52973 62.93567 62.66881
3.418 63.52147 63.0486 63.90663 63.44139 63.85324 63.58249
3.51 64.43427 63.9546 64.82497 64.35304 64.77082 64.49617
3.604 65.37373 64.88707 65.77012 65.29131 65.71518 65.43652
3.701 66.29319 65.79969 66.69516 66.20962 66.63945 66.35687
3.8 67.19267 66.69247 67.6001 67.10796 67.54362 67.25721
3.902 68.11047 67.60344 68.52346 68.0246 68.46622 68.1759

4.007 69.07658 68.56235 69.49543 68.98949 69.43737 69.14293
4.115 70.09266 69.57086 70.51766 70.00429 70.45875 70.15998
4.225 71.12372 70.59426 71.55498 71.03406 71.49521 71.19204
4.339 72.12314 71.58624 72.56046 72.03222 72.49985 72.19242
4.455 73.08758 72.5435 73.53075 72.99544 73.46932 73.15779
4.575 74.07201 73.5206 74.52115 73.97863 74.45889 74.14316
4.698 75.01647 74.45802 75.47133 74.92189 75.40828 75.08852
4.824 75.96591 75.4004 76.42653 75.87014 76.36269 76.03888
4.954 76.87372 76.30145 77.33985 76.7768 77.27523 76.94756
5.087 77.80984 77.2306 78.28165 77.71175 78.21625 77.88458
5.224 78.70932 78.12338 79.18658 78.61009 79.12042 78.78493
5.364 79.64211 79.04923 80.12503 79.54171 80.05809 79.71861
5.508 80.51328 79.91391 81.00147 80.41177 80.9338 80.59061
5.656 81.38943 80.78354 81.88294 81.28682 81.81453 81.46761
5.808 82.22728 81.61515 82.72587 82.12361 82.65676 82.30626
5.964 83.07512 82.45668 83.57885 82.97039 83.50903 83.15492
6.124 83.85467 83.23043 84.36312 83.74895 84.29264 83.93522
6.289 84.6109 83.98103 85.1239%4 84.50423 85.05282 84.69217
6.458 85.38378 84.74816 85.90151 85.27614 85.82974 85.4658

6.631 86.12668 85.48553 86.64891 86.0181 86.57653 86.20941
6.809 86.84627 86.19976 87.37286 86.73678 87.29987 86.92969
6.992 87.54086 86.88918 88.07167 87.4305 87.99809 87.62495
7.18 88.22047 87.56373 88.7554 88.10925 88.68125 88.30521
7.373 88.88508 88.22339 89.42404 88.77302 89.34933 88.97046
7.571 89.50306 88.83677 90.04576 89.39022 89.97054 89.58903
7.774 90.09105 89.42038 90.63732 89.97747 90.5616 90.17759
7.983 90.67904 90.004 91.22888 90.56472 91.15266 90.76614
8.198 91.22373 90.54463 91.77686 91.10872 91.70019 91.31135
8.418 91.76008 91.07699 92.31647 91.6444 92.23935 91.84822
8.644 92.27978 91.59282 92.83932 92.16344 92.76176 92.36842
8.877 92.77616 92.0855 93.33871 92.65919 93.26073 92.86528
9.115 93.26088 92.56661 93.82637 93.1433 93.74798 93.35046
9.36 93.72561 93.02788 94.29391 93.60744 94.21514 93.81564
9.611 94.14703 93.44617 94.71789 94.02834 94.63876 94.23746
9.869 94.53847 93.83469 95.1117 94.41928 95.03225 94.62928
10.135 94.92658 94.21991 95.50217 94.8069 95.42238 95.01776
10.405 95.2847 94.57537 95.86246 95.16457 95.78238 95.37623
10.685 95.64116 94.92918 96.22108 95.52058 96.1407 95.73303
10.975 95.96431 95.24992 96.54619 95.84332 96.46553 96.05649
11.27 96.25914 95.54255 96.84281 96.13778 96.7619 96.3516

11.57 96.55397 95.83519 97.13942 96.43224 97.05827 96.64671
11.88 96.81715 96.09641 97.4042 96.69509 97.32283 96.91015
12.2 97.067 96.3444 97.65557 96.94463 97.57399 97.16024
12.525 97.29853 96.57421 97.88851 97.17587 97.80673 97.39199
12.865 97.5284 96.80237 98.11977 97.40544 98.03779 97.62208
13.215 97.72662 96.99911 98.31919 97.60341 98.23705 97.82049
13.57 97.91651 97.18759 98.51023 97.79306 98.42793 98.01056
13.93 98.08474 97.35457 98.67948 97.96109 98.59704 98.17896
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143 98.25465 97.52321 98.85041 98.13077 98.76783 98.34903
14.685 98.39956 97.66704 98.99621 98.27551 98.91351 98.49408
15.08 98.54281 97.80923 99.14033 98.41858 99.0575 98.63747
15.485 98.67107 97.93653 99.26936 98.54667 99.18643 98.76585
15.905 98.78434 98.04896 99.38332 98.6598 99.30029 98.87923
16.335 98.89761 98.16138 99.49727 98.77292 99.41415 98.9926
16.77 99.00421 98.26719 99.60452 98.87939 99.52131 99.09931
17.22 99.09416 98.35647 99.69502 98.96923 99.61173 99.18934
17.685 99.17411 98.43583 99.77546 99.04908 99.6921 99.26937
18.16 99.24407 98.50527 99.84584 99.11895 99.76243 99.3394
18.645 99.30737 98.56809 99.90952 99.18217 99.82605 99.40276
19.145 99.37233 98.63257 99.97488 99.24705 99.89136 99.46778
19.66 99.4323 98.69209 100.0352 99.30694 99.95163 99.52781
20.19 99.48893 98.7483 100.0922 99.3635 100.0086 99.58449
20.735 99.53224 98.79129 100.1358 99.40675 100.0521 99.62784
21.29 99.57721 98.83593 100.181 99.45167 100.0973 99.67286
21.86 99.61552 98.87395 100.2195 99.48993 100.1358 99.71121
22.45 99.64884 98.90702 100.2531 99.52321 100.1693 99.74456
23.055 99.68715 98.94505 100.2916 99.56147 100.2078 99.7829
23.675 99.71213 98.96984 100.3167 99.58642 100.2329 99.80791
24.31 99.73545 98.99299 100.3402 99.60971 100.2564 99.83125
24.96 99.75877 99.01614 100.3637 99.633 100.2798 99.8546
25.63 99.78209 99.03928 100.3871 99.65629 100.3033 99.87794
26.32 99.80042 99.05747 100.4056 99.67459 100.3217 99.89628
27.03 99.81707 99.074 100.4223 99.69123 100.3384 99.91295
27.755 99.8354 99.09219 100.4407 99.70953 100.3568 99.93129
28.5 99.84539 99.10211 100.4508 99.71951 100.3669 99.9413
29.265 99.86205 99.11864 100.4676 99.73615 100.3836 99.95797
30.05 99.86871 99.12525 100.4743 99.7428 100.3903 99.96464
30.86 99.87704 99.13352 100.4826 99.75112 100.3987 99.97298
31.69 99.8837 99.14013 100.4893 99.75771 100.4054 99.97964
32.54 99.89703 99.15336 100.5028 99.77108 100.4188 99.99298
33.415 99.90369 99.15997 100.5095 99.77774 100.4255 99.99965
34.31 99.91035 99.16659 100.5162 99.78439 100.4322 100.0063
35.23 99.91701 99.1732 100.5229 99.79105 100.4389 100.013
36.18 99.92201 99.17816 100.5279 99.79604 100.4439 100.018
37.15 99.92534 99.18147 100.5312 99.79936 100.4473 100.0213
38.145 99.92534 99.18147 100.5312 99.79936 100.4473 100.0213
39.17 99.93034 99.18643 100.5363 99.80435 100.4523 100.0263
40.225 99.93367 99.18973 100.5396 99.80768 100.4556 100.0297
41.305 99.93534 99.19139 100.5413 99.80935 100.4573 100.0313
42.415 99.937 99.19304 100.543 99.81101 100.459 100.033
43.555 99.937 99.19304 100.543 99.81101 100.459 100.033
44.725 99.93867 99.19469 100.5446 99.81267 100.4607 100.0347
45.93 99.93867 99.19469 100.5446 99.81267 100.4607 100.0347
47.165 99.93867 99.19469 100.5446 99.81267 100.4607 100.0347
48.43 99.93867 99.19469 100.5446 99.81267 100.4607 100.0347
49.73 99.94033 99.19635 100.5463 99.81434 100.4623 100.0363
51.065 99.94033 99.19635 100.5463 99.81434 100.4623 100.0363
52.435 99.94033 99.19635 100.5463 99.81434 100.4623 100.0363
53.845 99.94033 99.19635 100.5463 99.81434 100.4623 100.0363
55.29 99.94033 99.19635 100.5463 99.81434 100.4623 100.0363
56.775 99.942 99.198 100.548 99.816 100.464 100.038
58.305 99.942 99.198 100.548 99.816 100.464 100.038
59.87 99.942 99.198 100.548 99.816 100.464 100.038
61.475 99.942 99.198 100.548 99.816 100.464 100.038
63.13 99.942 99.198 100.548 99.816 100.464 100.038
64.825 99.942 99.198 100.548 99.816 100.464 100.038
66.565 99.942 99.198 100.548 99.816 100.464 100.038
68.355 99.942 99.198 100.548 99.816 100.464 100.038
70.19 99.942 99.198 100.548 99.816 100.464 100.038
72.075 99.942 99.198 100.548 99.816 100.464 100.038
74.01 99.942 99.198 100.548 99.816 100.464 100.038
76 99.942 99.198 100.548 99.816 100.464 100.038
78.045 99.942 99.198 100.548 99.816 100.464 100.038
80.14 99.942 99.198 100.548 99.816 100.464 100.038
82.29 99.942 99.198 100.548 99.816 100.464 100.038
84.5 99.942 99.198 100.548 99.816 100.464 100.038
86.77 99.942 99.198 100.548 99.816 100.464 100.038
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89.105 99.942 99.198 100.548 99.816 100.464 100.038
91.5 99.942 99.198 100.548 99.816 100.464 100.038
93.955 99.942 99.198 100.548 99.816 100.464 100.038
96.48 99.942 99.198 100.548 99.816 100.464 100.038
99.08 99.942 99.198 100.548 99.816 100.464 100.038
101.75 99.942 99.198 100.548 99.816 100.464 100.038
104.5 99.942 99.198 100.548 99.816 100.464 100.038
1073 99.942 99.198 100.548 99.816 100.464 100.038
110.15 99.942 99.198 100.548 99.816 100.464 100.038
113.1 99.942 99.198 100.548 99.816 100.464 100.038
116.15 99.942 99.198 100.548 99.816 100.464 100.038
1193 99.942 99.198 100.548 99.816 100.464 100.038
1225 99.942 99.198 100.548 99.816 100.464 100.038
125.75 99.942 99.198 100.548 99.816 100.464 100.038
129.15 99.942 99.198 100.548 99.816 100.464 100.038
132.65 99.942 99.198 100.548 99.816 100.464 100.038
136.2 99.942 99.198 100.548 99.816 100.464 100.038
139.85 99.942 99.198 100.548 99.816 100.464 100.038
143.6 99.942 99.198 100.548 99.816 100.464 100.038
14745 99.942 99.198 100.548 99.816 100.464 100.038
1514 99.942 99.198 100.548 99.816 100.464 100.038
15545 99.942 99.198 100.548 99.816 100.464 100.038
159.65 99.942 99.198 100.548 99.816 100.464 100.038
163.95 99.942 99.198 100.548 99.816 100.464 100.038
168.35 99.942 99.198 100.548 99.816 100.464 100.038
1729 99.942 99.198 100.548 99.816 100.464 100.038
177.55 99.942 99.198 100.548 99.816 100.464 100.038
182.3 99.942 99.198 100.548 99.816 100.464 100.038
1872 99.942 99.198 100.548 99.816 100.464 100.038
192.25 99.942 99.198 100.548 99.816 100.464 100.038
1974 99.942 99.198 100.548 99.816 100.464 100.038
Table B.6 Calculated Chi-square value for each cell of Tables B.4 and B.5
Chi-square value for each cell
Size (um) samplel sample2 sample3 sample4 sample5 sample6
<=0.627 0.015903 0.000565 0.002196 5.63E-05 0.007801 0.00046
0.644 0.001425 0.002053 0.000537 9.19E-05 0.00568 4.22E-05
0.661 0.001011 0.002231 0.000579 6.43E-05 0.00574 0.000178
0.678 0.000829 0.002343 0.000182 2.36E-06 0.006603 0.000387
0.697 0.000641 0.001971 2.35E-05 0.000156 0.005754 0.000575
0.716 0.000295 0.000989 0.000342 2.68E-07 0.004918 0.001684
0.735 0.000676 0.001823 6.96E-05 7.72E-05 0.00482 0.000338
0.754 0.000764 0.001025 1.62E-05 5.22E-05 0.006329 0.000296
0.775 0.002658 0.001155 0.000257 0.000103 0.006533 3.03E-06
0.796 0.002607 0.001103 0.000243 0.000261 0.007929 2.33E-05
0.817 0.002649 0.001683 2.13E-06 0.000316 0.010229 4.96E-05
0.839 0.00368 0.001202 4.08E-05 0.000267 0.011231 1.78E-06
0.861 0.002837 0.000155 1.82E-05 0.000868 0.010646 0.000164
0.884 0.003228 0.000174 0.000258 0.00194 0.011236 7.48E-05
0.908 0.004585 0.000341 0.001479 0.001752 0.010985 0.000254
0.933 0.005842 0.000278 0.001971 0.002338 0.01372 0.000433
0.958 0.005684 0.000428 0.002476 0.002542 0.016321 0.001014
0.983 0.008151 0.000183 0.002471 0.001922 0.017076 0.001124
1.01 0.006923 4.54E-05 0.002321 0.002932 0.017528 0.001389
1.037 0.005232 0.000155 0.002087 0.003596 0.017034 0.00104
1.065 0.004469 0.000522 0.00225 0.003489 0.016462 0.000774
1.094 0.006878 0.000866 0.003749 0.001953 0.013366 0.000449
1.123 0.006522 0.000195 0.001654 0.001141 0.012934 0.000711
1.153 0.004805 0.00012 0.002196 0.001775 0.011698 0.001113
1.184 0.004783 0.000215 0.001999 0.001974 0.011391 0.000574
1215 0.003621 0.000474 0.001667 0.00292 0.013052 0.000396
1.248 0.004101 2.33E-05 0.001881 0.004066 0.012403 0.000523
1.282 0.002515 1.98E-05 0.002003 0.00691 0.01385 0.000651
1.316 0.002578 2.06E-05 0.00241 0.007206 0.011127 0.00023
1.351 0.001775 0.000263 0.003416 0.007523 0.009767 0.000171
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1.388 0.000905 0.000113 0.002578 0.008862 0.012325 0.000772
1.425 0.00129 3.96E-05 0.00287 0.009385 0.011556 0.000521
1.464 0.001078 1.57E-06 0.002555 0.013467 0.014388 0.000563
1.503 0.000724 0.000133 0.003532 0.013801 0.011757 0.001285
1.543 0.000119 0.000262 0.00431 0.016254 0.009324 0.001664
1.584 6.09E-05 0.000554 0.004461 0.015898 0.006722 0.001534
1.627 9.28E-05 0.000466 0.004901 0.018293 0.004208 0.000996
1.671 0.000189 0.000638 0.004062 0.018301 0.004072 0.001022
1.716 0.000278 0.000512 0.003812 0.019615 0.004044 0.00064

1.762 3.95E-05 0.000467 0.005212 0.021868 0.004585 0.000428
1.809 3.86E-07 0.000359 0.004643 0.018626 0.004933 0.000441
1.858 9.96E-06 0.001208 0.00407 0.020565 0.005225 0.000979
1.908 7.29E-06 0.00084 0.004773 0.018725 0.004053 0.000802
1.959 8.85E-05 0.000669 0.004594 0.017207 0.004718 0.001706
2.012 9.79E-05 0.000329 0.004654 0.017412 0.005223 0.001396
2.066 0.000605 2.92E-05 0.005442 0.019 0.00435 0.001071
2.121 0.001522 0.000113 0.004375 0.022005 0.004541 0.001272
2.178 0.002161 2.07E-07 0.003863 0.022161 0.005438 0.001214
2.237 0.00168 1.49E-05 0.00293 0.020125 0.005535 0.001046
2.297 0.002544 5.86E-05 0.003064 0.020497 0.005075 0.001791
2.358 0.002645 9.05E-06 0.004272 0.019219 0.004494 0.002406
2.421 0.002771 9.98E-05 0.003941 0.020678 0.004923 0.002767
2.486 0.002151 4.44E-05 0.006041 0.023106 0.004886 0.002456
2.553 0.002352 1.19E-05 0.006837 0.023014 0.004842 0.002168
2.622 0.002681 0.000319 0.010509 0.026068 0.004985 0.002176
2.693 0.002753 0.000491 0.01092 0.021795 0.003082 0.001915
2.765 0.001901 0.000254 0.011317 0.019545 0.002111 0.001697
2.839 0.001987 0.000176 0.008829 0.016954 0.001264 0.000997
2915 0.001863 0.00014 0.009832 0.016533 0.000876 0.001052
2.99%4 0.001895 0.000161 0.0075 0.012903 0.001198 0.00155

3.074 0.00178 0.000474 0.007753 0.01319 0.002198 0.00172

3.157 0.002077 0.001141 0.007714 0.010494 0.002215 0.00205

3.241 0.002736 0.001673 0.007165 0.010689 0.002075 0.001541
3.328 0.003111 0.001473 0.006537 0.01101 0.001776 0.001331
3.418 0.00331 0.001818 0.006277 0.010377 0.002223 0.001636
3.51 0.004128 0.002079 0.006026 0.011308 0.00222 0.001453
3.604 0.004565 0.002681 0.00529 0.010331 0.002253 0.001255
3.701 0.005019 0.003497 0.006828 0.010902 0.002173 0.001419
3.8 0.004458 0.003938 0.006639 0.00997 0.002445 0.001313
3.902 0.005455 0.005386 0.007493 0.00905 0.001933 0.001373
4.007 0.006372 0.006399 0.007765 0.009498 0.002335 0.001603
4.115 0.005263 0.006278 0.006797 0.008127 0.002639 0.001459
4.225 0.003463 0.007847 0.006751 0.004802 0.002407 0.001117
4.339 0.003704 0.009307 0.006364 0.004388 0.00232 0.000748
4.455 0.003734 0.012012 0.005733 0.002364 0.002077 0.000648
4.575 0.002957 0.013079 0.004812 0.001938 0.00185 9.33E-05
4.698 0.002505 0.014751 0.004592 0.00147 0.001459 6.14E-06
4.824 0.002257 0.017552 0.005251 0.00076 0.001007 4.91E-05
4.954 0.00156 0.019553 0.004814 0.000209 0.001282 6.82E-05
5.087 0.000938 0.022582 0.006053 1.3E-05 0.00134 5.49E-05
5.224 0.000462 0.024852 0.005898 0.000103 0.001373 0.000115
5.364 0.000174 0.026204 0.006203 0.0004 0.001376 0.000129
5.508 7.31E-05 0.025371 0.006374 0.000174 0.001657 0.000241
5.656 4.51E-05 0.025795 0.006456 0.000187 0.001459 0.000408
5.808 6.28E-06 0.027391 0.006339 0.00068 0.001425 0.000326
5.964 1.48E-05 0.027531 0.006572 0.001309 0.001234 0.000253
6.124 6.65E-05 0.029632 0.006263 0.001389 0.00135 0.000657
6.289 0.00012 0.030522 0.006539 0.001761 0.00097 0.000911
6.458 0.00021 0.030516 0.005359 0.002977 0.000673 0.001155
6.631 0.000449 0.029779 0.005197 0.003671 0.000478 0.001426
6.809 0.000643 0.027863 0.004081 0.004919 0.000506 0.00118

6.992 0.000966 0.028701 0.004202 0.005596 0.000721 0.001062
7.18 0.001392 0.029007 0.004537 0.006061 0.000643 0.001269
7.373 0.001419 0.030613 0.004666 0.006285 0.000595 0.001535
7.571 0.001026 0.031649 0.00419 0.005796 0.000807 0.001536
7.774 0.001528 0.029726 0.003493 0.005485 0.00134 0.001622
7.983 0.001584 0.028586 0.002864 0.006467 0.001105 0.001623
8.198 0.001787 0.027733 0.002869 0.0067 0.000736 0.002012
8.418 0.001574 0.027653 0.002327 0.007802 0.000916 0.001425
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8.644 0.001482 0.026326 0.001906 0.007413 0.000896 0.001576
8.877 0.001367 0.024941 0.001993 0.00658 0.000777 0.001594
9.115 0.001104 0.024522 0.001259 0.007337 0.000848 0.001463
9.36 0.001349 0.022847 0.00106 0.007405 0.000585 0.00192
9.611 0.001354 0.022072 0.001095 0.007006 0.000615 0.001806
9.869 0.001359 0.02014 0.001065 0.00679 0.000412 0.001783
10.135 0.001416 0.01849 0.001125 0.006304 0.000331 0.001703
10.405 0.00132 0.01693 0.000747 0.005997 0.000198 0.002159
10.685 0.001147 0.014897 0.000868 0.005121 0.000148 0.00173
10.975 0.001029 0.013404 0.000519 0.00492 0.000113 0.001867
11.27 0.001195 0.010944 0.000362 0.004562 4.79E-05 0.001995
11.57 0.001225 0.009322 0.000414 0.003705 1.79E-05 0.002033
11.88 0.001039 0.007993 0.000162 0.00391 1.42E-05 0.001733
12.2 0.001102 0.007054 9.13E-05 0.003415 3.22E-05 0.001813
12.525 0.001043 0.006207 3.86E-05 0.003275 1.13E-05 0.001881
12.865 0.001174 0.00467 1.65E-05 0.003272 4.96E-08 0.001622
13.215 0.000962 0.003825 9.66E-06 0.003061 2.25E-05 0.001472
13.57 0.000725 0.003315 9.7E-07 0.002628 6.17E-05 0.001547
13.93 0.000562 0.002615 8.81E-06 0.002245 7.68E-05 0.001479
143 0.000469 0.002106 3.69E-05 0.002149 9.69E-05 0.001325
14.685 0.000446 0.001379 3.19E-05 0.001921 0.00013 0.00095
15.08 0.000417 0.000855 0.000123 0.00198 0.000191 0.000868
15.485 0.000297 0.000524 0.00012 0.001905 0.000247 0.000509
15.905 0.000344 0.00017 0.000237 0.00179 0.000292 0.000449
16.335 0.000284 6.75E-05 0.000316 0.001761 0.000341 0.000355
16.77 0.00021 5.29E-06 0.00042 0.001465 0.000407 0.0002
17.22 0.000156 8.89E-05 0.000508 0.001243 0.000494 0.000147
17.685 0.000155 0.000211 0.000706 0.001106 0.00054 0.000199
18.16 0.000109 0.000346 0.000818 0.000976 0.000589 0.000172
18.645 6.03E-05 0.0005 0.000898 0.000955 0.000709 0.000116
19.145 3.91E-05 0.000672 0.00093 0.000925 0.000909 0.000105
19.66 1.8E-05 0.000961 0.001123 0.000751 0.00091 8.54E-05
20.19 2.41E-05 0.001253 0.00117 0.000769 0.001015 5.72E-05
20.735 1.04E-05 0.001609 0.001336 0.000595 0.001037 5.23E-05
21.29 7.44E-06 0.001906 0.001449 0.000571 0.00107 3.28E-05
21.86 2.42E-06 0.002103 0.001514 0.000579 0.001264 3.47E-05
22.45 7.84E-07 0.002358 0.001702 0.000563 0.001289 3.08E-05
23.055 1.66E-06 0.00268 0.001944 0.000571 0.00135 1.38E-05
23.675 6.21E-07 0.003058 0.001989 0.000548 0.001388 4.89E-06
24.31 2.12E-06 0.003134 0.001931 0.000487 0.001413 3.52E-06
24.96 1.26E-06 0.003683 0.002051 0.000473 0.001515 2.92E-07
25.63 3.21E-06 0.00389 0.002174 0.000458 0.001542 4.25E-08
26.32 3.84E-06 0.004168 0.002252 0.000466 0.001608 3.95E-07
27.03 1.67E-06 0.004344 0.002221 0.00048 0.001662 1.68E-06
27.755 2.14E-06 0.004501 0.002301 0.000444 0.001649 1.28E-06
28.5 6.07E-06 0.004501 0.002398 0.000488 0.001732 1.28E-06
29.265 7.82E-06 0.004963 0.002464 0.000417 0.001788 3.23E-06
30.05 9.8E-06 0.005154 0.002531 0.00039 0.00176 6.07E-06
30.86 1.85E-05 0.005324 0.002615 0.000397 0.001831 1.09E-05
31.69 2.15E-05 0.005373 0.002582 0.00037 0.001888 8.79E-06
32.54 3.97E-05 0.005473 0.002719 0.000358 0.002006 5.28E-06
33.415 3.17E-05 0.005673 0.002789 0.000333 0.001976 3.86E-06
34.31 3.56E-05 0.005724 0.00286 0.000345 0.001947 6.93E-06
35.23 2.81E-05 0.005624 0.002825 0.000397 0.002006 5.28E-06
36.18 3.37E-05 0.005699 0.002878 0.000377 0.002051 3.24E-06
37.15 2.99E-05 0.005955 0.002914 0.000364 0.002082 4.55E-06
38.145 2.99E-05 0.005955 0.002914 0.000364 0.002082 4.55E-06
39.17 2.47E-05 0.006033 0.002861 0.000345 0.002036 6.93E-06
40.225 3.18E-05 0.005982 0.002896 0.000371 0.002067 8.8E-06
41.305 2.99E-05 0.006112 0.002914 0.000364 0.002082 9.81E-06
42.415 2.81E-05 0.006243 0.002932 0.000358 0.002097 1.09E-05
43.555 2.81E-05 0.006243 0.002932 0.000358 0.002097 1.09E-05
44.725 2.64E-05 0.006376 0.00295 0.000352 0.002112 1.2E-05
45.93 2.64E-05 0.006376 0.00295 0.000352 0.002112 1.2E-05
47.165 2.64E-05 0.006376 0.00295 0.000352 0.002112 1.2E-05
48.43 2.64E-05 0.006376 0.00295 0.000352 0.002112 1.2E-05
49.73 3.56E-05 0.00635 0.002968 0.000345 0.002128 1.32E-05
51.065 3.56E-05 0.00635 0.002968 0.000345 0.002128 1.32E-05
52.435 3.56E-05 0.00635 0.002968 0.000345 0.002128 1.32E-05
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53.845 3.56E-05 0.00635 0.002968 0.000345 0.002128 1.32E-05
55.29 3.56E-05 0.00635 0.002968 0.000345 0.002128 1.32E-05
56.775 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
58.305 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
59.87 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
61.475 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
63.13 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
64.825 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
66.565 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
68.355 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
70.19 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
72.075 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
74.01 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
76 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
78.045 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
80.14 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
82.29 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
84.5 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
86.77 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
89.105 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
91.5 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
93.955 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
96.48 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
99.08 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
101.75 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
104.5 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
107.3 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
110.15 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
113.1 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
116.15 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
1193 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
1225 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
125.75 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
129.15 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
132.65 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
136.2 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
139.85 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
143.6 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
14745 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
1514 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
15545 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
159.65 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
163.95 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
168.35 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
172.9 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
177.55 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
1823 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
187.2 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
192.25 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
1974 3.37E-05 0.006484 0.002987 0.000339 0.002143 1.44E-05
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Appendix C: Effect of FPIA mixer speed on kaolinite PSD

Concentration: 20 g/L
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Figure C.1 Effect of FPIA mixer speed on the measured PSD (c=20 g/L, RPM=50, 300)
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Figure C.2 Effect of FPIA mixer speed on the measured PSD (c=20 g/, RPM=300, 550)
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Figure C.3 Effect of FPIA mixer speed on the measured PSD (c=20 g/LL RPM=550, 700)
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Figure C.4 Effect of FPIA mixer speed on the measured PSD (¢=20 g/L. RPM=50, 300, 550,

700)
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Figure C.5 Effect of RPM target on the cumulative partice size distribution (c=20 g/L)
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Figure C.6 Effect of FPIA mixer speed on the measured PSD (c=40 g/L, RPM=50, 300)
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Figure C.7 Effect of FPIA mixer speed on the measured PSD (c=40 g/L, RPM=300, 550)
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Figure C.8 Effect of FPIA mixer speed on the measured PSD (c=40 g/L. RPM=550, 700)
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Figure C.9 Effect of FPIA mixer speed on the measured PSD (¢=40 g/L. RPM=50, 300, 550,

700)

Figure C.10 Effect of RPM target on the cumulative partice size distribution (c=40 g/L)
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Appendix D: Effect of sonication time- Comparison of particle

size distributions

Concentration: 40 g/L

6
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Figure D.1 Effect of sonication time on the kaolinite PSD: ¢=40 g/L; pH~4.6;

Sonication amplitude: 75%

Frequency (%)
w =

N

—t=0

—1=10 seconds
—1t=5 minutes
—1=10 minutes
—1=20 minutes
—t=30 minutes
—1=40 minutes
t=50 minutes

—1=60 minutes

0.1

Area based particle diameter (pm)

Figure D.2 Effect of sonication time on the kaolinite PSD: ¢=40 g/L; pH~4.6;

Sonication amplitude: 50%
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Concentration: 20 g/L

10

Frequency (%)
w

—1t=0
—1=10 seconds
—1t=5 minutes
—t=10 minutes
—1=20 minutes
—t=30 minutes
—1=40 minutes
t=50 minutes

—1=60 minutes

Area based particle diameter (pm)

3
|
2 /]
|
1 WW WM\"M
0
0.1 1 10 100

Figure D.3 Effect of sonication time on the kaolinite PSD: ¢=20 g/L; pH~4.6;

Sonication amplitude: 75%
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Figure D.4 Effect of sonication time on the kaolinite PSD: ¢=20 g/L; pH~4.6;

Sonication amplitude: 50%
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Concentration: 10 g/L
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Figure D.5 Effect of sonication time on the kaolinite PSD: ¢=10 g/L; pH~4.6;

Sonication amplitude: 75%
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Figure D.6 Effect of sonication time on the kaolinite PSD: ¢=10 g/L; pH~4.6;

Sonication amplitude: 50%
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Appendix E: Effect of sonication time- Comparison of

populations of primary particles, flocs, and aggregates

Amplitude: 75%
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Figure E.1 Proportion of the dispersed phase population of primary particles, expressed in

%, as a function of sonication time, for sample concentrations of 10, 20, and 40 g/L.
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Figure E.2 Proportion of the dispersed phase population of flocs, expressed in %, as a

function of sonication time, for sample concentrations of 10, 20, and 40 g/L. Sonication

amplitude: 75%
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Figure E.3 Proportion of the dispersed phase population of aggregates, expressed in %, as a

function of sonication time, for sample concentrations of 10, 20, and 40 g/L. Sonication
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Figure E.4 Proportion of the dispersed phase population of primary particles, expressed in

%, as a function of sonication time, for sample concentrations of 10, 20, and 40 g/L.
p

Sonication amplitude: 50%
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Figure E.S Proportion of the dispersed phase population of flocs, expressed in %, as a

function of sonication time, for sample concentrations of 10, 20, and 40 g/L. Sonication

amplitude: 50%
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Figure E.6 Proportion of the dispersed phase population of aggregates, expressed in %, as a

function of sonication time, for sample concentrations of 10, 20, and 40 g/L. Sonication

amplitude: 50%
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Appendix F: Effect of sonication time- Evaluation of the Floc

Reduction Ratio (FRR)
Amplitude: 75%
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Figure F.1 Floc reduction ratio (FRR) at each sonication time: c=10, 20, and 40 g/L;

Sonication amplitude: 75%

Amplitude: 50%
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Figure F.2 Floc reduction ratio (FRR) at each sonication time: c=10, 20, and 40 g/L;

Sonication amplitude: 50%
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Appendix G: Laser diffraction method

Concentration: 40 g/L
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Figure G.1 Kaolinite PSD after different sonication times measured by Malvern Mastersizer

¢=40 g/L, Sonication times: 0, 3, 10, and 20 minutes, Sonication amplitude

:100%
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Figure G.2 Kaolinite PSD after different sonication times measured by Malvern Mastersizer

¢=40 g/L, Sonication times: 0, 20, 30, and 40 minutes, Sonication amplitude: 100%
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Figure G.3 Kaolinite PSD after different sonication times measured by Malvern Mastersizer

¢=40 g/L, Sonication times: 0, 40, 50, and 60 minutes, Sonication amplitude: 100%

Concentration: 10 g/L
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Figure G.4 Kaolinite PSD after different sonication times measured by Malvern Mastersizer

c¢=10 g/L, Sonication times: 0, 3, 10, and 20 minutes, Sonication amplitude: 100%
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Figure G.5 Kaolinite PSD after different sonication times measured by Malvern Mastersizer

¢=10 g/L, Sonication times: 0, 20, 30, and 40 minutes, Sonication amplitude

: 100%

Volume (%)

\

= Not sonicated

—+— 40 minutes sonicated

— 50 minutes sonicated

——60 minutes sonicated

0.01

0.1

10
Particle size(pm)

N, M\
100 1000

Figure G.6 Kaolinite PSD after different sonication times measured by Malvern Mastersizer

¢=10 g/L, Sonication times: 0, 40, 50, and 60 minutes, Sonication amplitude: 100%
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Figure G.7 Kaolinite PSD after different sonication times measured by Malvern

Mastersizer; ¢=10 g/L; Sonication times: 0, 3, 10, 20, 30, 40, 50, and 60 minutes; Amplitude:
100%

>

d 32 (um)
w
._-u—-_---_-

=&+ 10g/L, Amplitude 100%

b—------’

\-------1\-—-----qr—------‘.-------i;

10 20

30 40
Sonication time (minutes)

50 60

Figure G.8 Sauter mean diameter (d;;) of kaolinite sample at different sonication times

measured by Malvern Mastersizer software; c=10 g/L; Amplitude: 100%
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Appendix H: Cryogenic SEM studies

SEI 5.0kv  X1,000 10um WD 10.0mm

Figure H.1 Cryo-SEM image of non-sonicated kaolinite sample; sample (2-1); ¢=10 g/L,
1000X

SEI 5.0kv  X1,000 10um WD 10.0mm

Figure H.2 Cryo-SEM image of sonicated kaolinite sample; sample (2-2); ¢c=10 g/L; 1000X;

sonication time: 30 minutes; amplitude: 100%
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SEI 5.0kV  X2,000 10um WD 10.0mm

Figure H.3 Cryo-SEM image of non-sonicated kaolinite sample; sample (2-1); ¢=10 g/L,
2000X
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Figure H.4 Cryo-SEM image of sonicated kaolinite sample; sample (2-2); ¢=10 g/L; 2000X;

sonication time: 30 minutes; amplitude: 100%
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Figure H.5 Sample PSD measured by FPIA; Sample (2-1) and (2-2); ¢=10 g/L; Sonication

time: 30 minutes; amplitude: 100%
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Appendix I: Effect of sonication amplitude on the kaolinite PSD
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Figure 1.1 Effect of sonication amplitude on the kaolinite PSD: ¢=40 g/L, Amplitude: 100%
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Frequency (%)
w

\VV‘\u"'I\,J.\.-\Id'H't\‘} \M“‘ :

X
0.1 1 10 100
Area based particle diameter (um)

Figure 1.2 Effect of sonication amplitude on the kaolinite PSD: ¢=40 g/L, Amplitude: 75%
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Figure 1.3 Effect of sonication amplitude on the kaolinite PSD: c=40 g/L, Amplitude: 50%
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Figure 1.4 Effect of sonication amplitude on the percentage of the proportion of the
dispersed phase population of flocs, expressed in %, as a function of sonication time, c=40

g/L sonication amplitudes: 50%, 75%, 100%
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Figure 1.5 Effect of sonication amplitude on the kaolinite PSD: ¢=20 g/L, Amplitude: 100%
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Figure 1.6 Effect of sonication amplitude on the kaolinite PSD: ¢=20 g/L, Amplitude: 75%
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Figure 1.7 Effect of sonication amplitude on the kaolinite PSD: ¢=20 g/L, Amplitude: 50%
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Figure 1.8 Effect of sonication amplitude on the kaolinite PSD: ¢=20 g/L, Amplitude: 50%,

75%, and 100%
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Figure 1.9 Effect of sonication amplitude on the percentage of the proportion of the
dispersed phase population of flocs, expressed in %, as a function of sonication time, ¢=20
g/L sonication amplitudes: 50%, 75%, 100%
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Figure 1.10 Effect of sonication amplitude on the floc reduction ratio (FRR): ¢=20 g/L
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Concentration: 10 g/L
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Figure 1.11 Effect of sonication amplitude on the kaolinite PSD: ¢=10 g/L, Amplitude: 100%
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Figure 1.12 Effect of sonication amplitude on the kaolinite PSD: ¢=10 g/L, Amplitude: 75%
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Figure 1.13 Effect of sonication amplitude on the kaolinite PSD: ¢=10 g/L, Amplitude: 50%
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Figure 1.14 Effect of sonication amplitude on the kaolinite PSD: ¢=10 g/L, Amplitude: 50%,

75%, and 100%
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Figure 1.15 Effect of sonication amplitude on the percentage of the proportion of the

dispersed phase population of flocs, expressed in %, as a function of sonication time, ¢c=10
g/L sonication amplitudes: 50%, 75%, 100%
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Figure 1.16 Effect of sonication amplitude on the floc reduction ratio (FRR):

c=10 g/L
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Appendix J: Case study I: effect of sample pH
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Figure J.1 (a)-(c) Influence of pH on the sonication effect (t=20 minutes, c= 40 g/L);
(a) pH=4.6; (b): pH=8.2; (c):pH=11.4; Sonication amplitude: 100%
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Figure J.2 (a)-(c) Influence of pH on the sonication effect (t=30 minutes, c= 40 g/L);
(a) pH=4.6; (b): pH=8.2; (c):pH=11.4; Sonication amplitude: 100%
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Appendix K: Case study II: effect of flocculant addition
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Figure K.1 Effect of sonication on the non-flocculated kaolinite sample: ¢=20 g/L; sonication
time: 5 minutes; amplitude: 100%
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Figure K.2 Effect of sonication on the flocculated kaolinite sample: ¢=20 g/L; CaCl, to
kaolinite mass ratio = 0.1; sonication time: 5 minutes; sonication amplitude: 100%
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Figure K.3 Effect of sonication on the non-flocculated kaolinite sample: ¢=20 g/L; sonication
time: 30 minutes; amplitude: 100%
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Figure K.4 Effect of sonication on the flocculated kaolinite sample: ¢=20 g/L; CaCl, to

kaolinite mass ratio = 0.1; sonication time: 30 minutes; sonication amplitude: 100%
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Figure K.5 Effect of sonication on the non-flocculated kaolinite sample: ¢=20 g/L; sonication
time: 60 minutes; amplitude: 100%
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Figure K.6 Effect of sonication on the flocculated kaolinite sample: ¢=20 g/L; CaCl, to
kaolinite mass ratio = 0.1; sonication time: 60 minutes; sonication amplitude: 100%
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