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Introduction

For many years, scientists have been mixing powfterslifferent purposes, mainly by the
method of stirring. Recently, particle design, stmiing and optimization of physical and
chemical properties to achieve a combination ofdbgired effects, has grown in importance.
Powder coating is a method that focuses on impgpemmodifying some specific properties
of powders that the natural product does not offeris an essential operation in the
preparation of pharmaceutical materials for cotebidrug delivery within the body, food
manufacture which must combine a desirable appeeyaaroma and enhance shelf life,
plastic processing, ceramic materials, fertilize&oduction, mining industry and powder
metallurgy industry. The importance of powder aogtiesides in the fact that it is not only
the base material which determines the propertieend products, but also, they are guest
materials and process conditions.

At present, most commercial coatings of partictgajns, granules or pellets are done using
wet coating processes. The most popular methodsogetp by industry are pan coaters or
fluidized bed coaters with various flow patterngd aolution spraying nozzles or by wet
chemistry based techniques such as coacervationirdatfacial polymerization These
methods need suitable solvents (aqueous or orgpasied) to form a barrier or film between
the host particle and its environment, to dissaivsuspend the coating materials to form the
solution/suspension, and the tiny liquid droplets sprayed to the surface of the substrate
particles in the fluidized zone. During processititg coated particles are simultaneously
dried and the end product is obtained. There areraemajor disadvantages of the existing
wet coating techniques. First of all, it is thegudtal environmental hazard due to the use of
volatile solvents. Also, wet coating systems arpemsive to operate and it requires a drying
stage. The disadvantages of wet coating technifjuesd researchers in the field of powder
technology to find an alternative or other suitaflethods for coating powders. Dry particle
coating is the alternative method that does notlyce any hazardous waste products and
does not require and kind of binders, solvent @anewater for coating. It doesn’t need any
drying step since it doesn’t require any kind olveats, so energy savings makes the dry
particle coating process more economical comparéadlitional wet coating.

Dry particle coating has been developed from a mowalixing concept that was introduced
by Hersey in 1975, which is the “ordered mixturke’.ordered mixing, cohesive fine powder
Is mixed with coarser particles (the particle siago of fine and coarser particles is between

10 and 100), the fine particles (guest) would aellzard create a particle layer on the surface
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of the larger particles (host) because of the ipteticular forces between the particles are
stronger than the weight of the fine particles g&enson et al., 1980, Bannister et al., 1983,
Staniforth et al., 1985). In dry particle coatingpogess the same procedure happens but
additionally, different equipments, which generatechanical forces such as impact and
shear, are used in order to break the fine agglat®&rand coat the coarser particles with
them. The surface covering would be more permatteant ordered mixing because of a
stronger physical (or chemical) bonding (Alonsalet1999).

Dry particle coating process has 3 main terms #rat powder couple (host & guest
particles), process (equipment, operating conddioand the end-use properties of the
composite particles. It is very complex to underdtahe relationship between these
parameters. As an example, in order to obtain 8pexsid-use properties for a certain powder
couple which equipment and what operating conditishould be chosen? The current state
of art approach is to use a trial and error procedo answer this question. It is necessary to
understand the physicochemical principles that gowbe coating process to predict the
choice of machines and the right combination ofcpss variables needed to produce
composite materials with desired end-use propertiethis study, which is a partner of the
European Union'® Framework Program-Biopowders Project (Appendix, e general aim

is to develop a fundamental knowledge in dry pkrtepating process, to better understand
the interactions between the powder couple, proaedsthe end-use properties and also to
classify the criteria (operating conditions, equgmnused, choice of powders, particle size
distribution etc...) that affect the end-use promsriof the particles. In order to simplify the
complexity of the problem some “model couples” haeen chosen. There are some criteria
for model couple (host and guest particles) linkedcharacterization techniques. For
example, the particles should have a simple chdroaraposition and structure; they should
be spherical so that the layer of guest particleshe host particles can be characterized by
different characterization methods. Moreover, thetiples should have certain particle size
ratio between them (like 10 times), in order todférirom the ordered mixture concept in dry
particle coating process.

Poly(methyl methacrylate) (PMMA) and talc particleave been chosen as the first model
couple because of certain reasons. First of ayl #ne both bio-powders (pharmaceutical, food
powders) and they have particle size ratio more th@ times so that they are available for

ordered mixture concept. In addition to being afmavder, PMMA particles have a regular
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spherical shape and smooth surface which enablEssge the coating performance easily by
visual methods and by different characterizati@hneques.

Cellets particles, which are simply microcrystalinellulose, and talc particles, have been
used as the second model couple since celletsleartre also bio-powder and has a suitable
morphology for being analyzed by different charazsgion methods.

In the first chapter of the thesis,a background on the dry particle coating procedisbe
constructed by reviewing early studies in the ddieriterature. The description of the dry
particle coating process and its advantages, itsharesm, the relationship with different
physico-chemical phenomena, different dry particteating equipments and various dry
particle coating applications in different domamé be presented.

In the second chapterthe model couples and the equipments that wer fosalry particle
coating trials will be presented. Moreover, thenpiples of different characterization methods
that were used to study the modification of the-esd properties of the particles will be
described in detail.

In the third chapter, we focus on the different dry particle coating ipquents and their
operating conditions influencing the coating pheeosa) end-use properties of PMMA and
talc particles (first model couple) and to the depment of the AFM technique (AFM study
has been done with collaboration to Centre CISJ&des Mines de St. Etienne,) to derive
coating coverage information. The feasibility ofy droating of PMMA with talc particles
using different dry particle coating equipments @NBlybridizer, Cyclomix, Turbula) will be
studied. Several characterisation methods are tesstlidy the physico—chemical properties
(mechanical coating strength and flowability) ok thoated PMMA particles in different
equipments with different operating conditions.

In the forth chapter, two different particle size distributions of ceieand talc particles
(second model couple) are chosen for dry coatinggss in different equipments in order to
study the influence of the size of the host andsgymarticles on the different end-use
properties (mechanical coating strength, wettahbaitd water affinity) of the particles.

At the end, the general conclusions of the thesis accordintpegprinciple results that were

obtained and the future perspectives will be prieskn
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Background on Dry Particle Coating

1. INTRODUCTION

Particle coating or surface modification technoldggs been used for the synthesis of
composite materials with desired end-use propertresmany industries, including
pharmaceuticals, food, cosmetics, ceramics, eleicgoand special chemicals. At present,
most commercial powder coatings are done by weitrgpanethods such as sol-gel processes,
wet chemical deposition, spray coating, dip coatsgnning disc coaters and a variety of
fluidized bed coaters. Wet particle coating is uggetharily to form a barrier or film between
the host particle and its environment. The coatingterial usually consists of a solute
dissolved in an organic solvent or an aqueous sisspe of the solute. The organic solvent is
usually highly volatile (VOC). VOCs have been ingglied as a major precursor in the
production of photochemical smog, which causes spineric haze, eye irritation and
respiratory problems and even some VOCs are cayemo. These environmental drawbacks
of wet coating methods have forced researchershénpowder technology field to find
alternative methods for coating of powders (Yokogaghal., 1987, Tanno, 1990, Naito et al.,
1993a).

Dry particle coating is a relatively new and altgime approach to wet coating methods and it
has drawn attention of many researchers. It useshamécal forces (mechanical impact,
shearing etc.) in order to attach submicron—sineel particles (guest) on to relatively larger
micron—sized (host) particles without using anywsaots, binders or even water (Pfeffer et al.,
2001). Since the size of the guest patrticles ismall, Van der Waals interactions are strong
enough to keep them firmly attached to the hostiges (Ramlakhan et al., 2000).
Depending on choice of equipment, operating coowiétiand particle properties, either a

discrete or continuous coating of guest partickslze obtained (figure 1.1).

Mechanical Forces

©®)
Host Q
particles Discrete Coating

— Proces:

CBO

Guest ©O (@] \
icl OOOO @)

partIC es %) o

Continuous Coating

Figure I.1. Dry Particle Coating Process
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Background on Dry Particle Coating

2. ADVANTAGES OF DRY PARTICLE COATING

Dry patrticle coating is used to make modificatiaristhe properties or functionality of the
host particle and create new generation of compgsatticles. Some examples of surface
properties that can be improved or modified arewdbility, dispersibility, solubility,
wettability (hydrophilic/hydrophobic properties)]eetrostatic, electric, magnetic, optical,
colour, flavour, taste, particle shape/spherigtgterability and solid phase reactivity (Pfeffer
et al., 2001). So, dry coating process opens upyrddferent applications in different areas
like pharmaceutical, food technology, herbal/costsetagricultural, powder processing
industries etc.

In addition to producing materials with differentnttionality, dry coating process has an
advantage of being cost effective due to the redluse of high—price or rare materials since
the more expensive material (guest) can be coatedtbe cheaper carrier material (host) and
also there is no need for drying the products whieults in substantial energy savings.
Another major advantage of dry particle coatingcess is that it is environmentally benign,
producing none of the organic (gas or liquid) ouemuys waste streams, which usually are
present in wet coating processes (Honda et al.,19@#jith et al., 2000, Pfeffer et al. 2001).

3. ORIGIN OF DRY PARTICLE COATING

The research in dry particle coating process starteJlapan about twenty years ago and it is

still a developing technology.

3.1. Ordered Mixture

The subject of dry particle coating is closely tethto the subject of dry mixing of powders.
Theoretically, a binary mixture process should mwo different species of powders so that
any sample taken from the mixture would contain game proportion of the two powders.
This is very hard to achieve practically when tlogvgders are either cohesive or they are very
different in particle size. When powders are cohegsihey naturally form agglomerates and
mixing of these powders requires breaking up ofadbglomerates preliminarily. When the
powders are very different in particle size, thisr@an increased tendency for segregation as
the particle size becomes larger. However, whepéntcles to be mixed are very different in
particle size (one or two orders of magnitude)nttiee small particles tend to adhere on the
surface of the coarser particles. The adhesiorefbetween the smaller particle and the larger

particle is greater than the weight of the smailaticle so the detachment of small particles
20
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from the surface of larger particles is difficuRféffer et al., 2001). Hersey (1975) coined the
term “ordered mixture” for this kind of mixture, thstinguish it from the random mixture that
results when non—cohesive powders are mixed. Fig@reshows the concept of ordered

mixture.

Guest

Host
Partcles O Particles

Ordered
Mixtwre

Figure 1.2. Ordered Mixture

The advantage of ordered mixture is that it prosidemuch better degree of homogeneity
than random mixing as long as the particle siz&idigion of the larger size particles is not
too wide (Hersey, 1975, Bannister et al., 1983), iBoterms of subsequent segregation,
ordered mixtures are more stable than random na@gtyHersey, 1975, Yip et al., 1977,
Alonso, 1989a). It was also shown by early researctthat having a very wide size
distribution of the large size particles may lead'drdered unit segregation”, because of the
nature of the poly-disperse coarse particles (Hedk®77, Yip et al., 1977, Thiel et al., 1982).
Egermann (Egermann et al., 1983) called the teegifinented” mix or “interactive mix” for
this phenomenon. Staniforth and colleagues alsdiestuordered mixtures applicable to the
pharmaceutical industry (Staniforth et al., 1985).

Bannister and Harnby (1983) explained the orderexingn process qualitatively. They
identified the ordered mixing process in to 3 staght starts with separation of the
agglomerates of the fine particles in to their @iynparticles then the bonding of these fines
to carrier particles fallows. It finishes with rettibution and exchange of fine particles
among the carrier particles until a random distitouis achieved. The real process may not
take place exactly in that order but it is surd tha de-agglomeration of fine particles must

occur in order to have the ordered mixture. Theeeio order to achieve ordered mixing,
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sufficient mechanical energy to promote de-agglaten of fine particles must be used,
which means to create particle collisions by mea@mmpact and shearing forces. Machines
that can be used for this purpose are high shesermiand grinding machines. Yeung and
Hersey (1977) showed that, it is easier to breakingpagglomerates into primary particle size
in the presence of coarser particles in the mixnvpcessed in a high shear mixer, than
having fine particle agglomerates alone. Sincehthst particles act as the media and help the

de-agglomeration of the fine particles in this pbraenon.

3.2. Dry Particle Coating Mechanism

In a typical dry particle coating process, coaragtiges are mechanically mixed with fine
cohesive powder. The resulting mixture is expettetiave a layer of fine (guest) particles
adhering to the surface of large particles. Aloasd colleagues studied the mechanism of dry
particle coating (Alonso et al., 1988, 1989a and 390, 1999, 2001). They tried to explain
the kinetics of fine particle transfer on carri@nsdry particle coating processes by using a
statistical model and experimental observationg miodel was used to simulate the stages of
coating process and understand the influence oégmmameters like the effect of the particle
size ratio between the coarse and fine particlesthe concentration of fine particles in the
mixture. They explained the stages of dry partmbating in a special type of mixer, the

Angmill Mechanofusion System.

it

\ﬁ/—/

0 (I (11 (V) (V)

Figure 1.3. Mechanism of Dry Particle Coating in Mechanofusion

O
O

OO %

(D Initial condition, (1) Formation of first caiers, (I1l) Carriers transferring fines to non-
coated patrticles, (IV) Breaking up of agglomerated dispersion of fines on the surface of

carriers, (V) Mechanofusion
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As it can be seen from figure 1.3, at the beginrohghe operation the fine aggregates adhere
to the coarse particles in their immediate vicinyhen a coarse particle carrying fines
adheres its surface collides with a non-coatedgbarit transfers part of its fines to the latter.
By friction and collision between the particlese thigglomerates of fines are gradually
dispersed onto the surface of the carriers, whedults in an increase in the coated surface
area. Afterwards, the mechanofusion system greadiglifies the surface texture by giving a
high level of mechanical energy to the particlescdlly melting and a partial or total
penetration of the fine component into the bodytled larger particles take places. The
dispersion of fines actually occurs from the eariages of the process. The dispersion rate
and the degree to which the agglomerates are brogafepend strongly on the mechanical
energy input and therefore, on the type of mixedus

These authors coated Poly(methyl methacrylate)gbest(50 um mean particle size) with
magnetite black spheres (0.17 um mean particlg sizemechanofusion system in order to
analyze the different stages of dry particle c@atifrom the former experiments and direct
observation, they concluded that the spreadingnekfwithin the mixture occurs by collisions
between coated and non—coated particles and theeyl fthat a reaction of type C+N C+C
between coated (C) and non—coated (N) particles avasitable analogy to describe the
process (Alonso et al., 1989b).

Honda and co-workers (1991, 1994) were interestethe adhesion mechanism of particles
by dry particle coating process. They considereat the principal forces involved in dry
particle coating process are Coulomb and Van deal¥\farces. This study also showed the
effect of particle size ratio between the host goést particles on dry particle coating
process.

The concept of ordered mixing and dry coating pssceere also described in a series of
papers by early researchers (Honda et al., 19838,18989, 1991, 1992, 1994, 1995, 1997
and 1998). They observed that, an ordinary dry mgixprocess would result in an ordered
mixture, as the fine particles attach to the largest particles through electrostatic forces
(Honda et al., 1991). However, a shear mixer waydderate high impulsive forces which
cause the fine particles to become attached thdkeparticle and a coated composite particle
Is obtained. This device, called the Hybridizennanufactured by Nara Machinery of Japan.

The hybridizer has proven very useful for pharmécal applications; for example, it
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accelerated indometacine dissolution when coatéal @wcarrier particle such as potato starch
(Ishizaka et al., 1993a).

However, the earliest reference to a device spadiyi used for dry particle coating comes
from Japan (Yokoyama et al., 1987). The grindingicke called the Angmill, was used for
creating particulate materials with different sedgproperties due to the strong mechanical
force acting on the particles. Since the combimabd high shear and compression forces
acting on the host and guest particles producec surface fusion, the treatment was termed
mechanofusion and the device is also called Medhaimm which is manufactured by
Hosokawa Micron.

On the other hand, Hosokawa recently developechantgpe of high shear mixer, called the
Cyclomix, for dry particle coating applications.uses mechanical impact and shearing forces
in order to mix and coat the particles. It is cdesed to be a high shear mixer for dry particle
coating process (Ghadiri et al., 2007a and b, Hhgesa et al., 2008, Rahmanian et al., 2008).
The Mechanofusion and Hybridizer can also prodinaical interactions as well as physical
surface interactions between the host and guesitlpar These equipments are responsible
for the adhesion between the host and guest peateohd also the de-agglomeration of the
guest particles. Moreover, these devices may celgege in the chemical and electrostatic
states of the host and guest particles as a rafstiie mixing caused by the mechanical forces
generated by the machines. In addition to physidaksion, a chemical reaction may occur at
the interface of host-guest particles and causes swface properties of the composite
particles. The process is called mechano-chemezaition (mechanochemistry). Watanabe
and colleagues (2002, 2003) studied the mechanoichkreaction by mixing indometacine
with silica nano-particles. Watano and co—work&®0Q) worked on changing the end use
properties of some special type of food powder bgting them with hydrophilic silica
(Si0Oy). They tried to understand the phenomenon of nmexbzhemical reaction in dry
particle coating processing. They observed thatti@a between hydrophilic OH groups of
food fibre and silanol groups -Si(OH)- results iehgidration (fig. 1.4), which leads to

suppression of the hygroscopic properties of tloel fitbre.
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Figure 1.4. Mechano—chemical Reaction (Watano et al., 2000)

The mechanofusion, hybridizer and cyclomix are mered to be high shear mixers. They
produce coated particles by using high level meicaaforces. In certain applications, these
high forces are not necessary or they may evenecexisessive size reduction of the host
particles. For this purpose, there are some ottyepalticle coating devices that apply smaller
level of forces on the particles. For example thetd composer, an elliptical rotor-type
powder mixer, was developed for this purpose anduiagtured by the Tokuju Company.
Several articles describe the operation of theathemposer, which has been found to be very
useful for dry coating of certain pharmaceuticatl dood powders (Fukumori et al., 1998,
Kawashima, 1998, Watano et al., 2000).

A V-blender is also another equipment that has hesed by early researchers for the
purpose of dry coating of particles. The V-blendexes the powders gently by using
rotational movement and achieves good powder miatrige end (Yang et al., 2005).

There is another softer dry coating method whichalled magnetically assisted impaction
coater (MAIC) uses a magnetic field to acceleraie spin larger magnetic particles, mixed
with the host and guest particles thus promotiriistans between the particles and with the
walls of the device (Singh et al., 1997, Ata et B998).

Rotating fluidizer bed coater (RFBC) is also anottey particle coating equipment that
applies small level of mechanical forces on theiglas. This equipment is developed by
New Jersey Institute of Technology and it is basedhe principle of centrifugal fluidization
(Watano et al., 1998).

During dry particle coating process, individual tpes are in contact with each other and
with the surface of the equipment used. The degfesteraction between the particles and

between the particles and the surfaces of the swrip determines the properties of the
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composite particles. Inter-particular forces inflae the interaction between the particles and
play an important role in the dry particle coatipgcess. In the following section, the
adhesion mechanism of particles and the interqasti forces between the particles will be

discussed.

4. INTER-PARTICULAR FORCES

The nature and degree of particle interactions rdete the surface properties of the
composite particles (Podczeck, 1997). There are pmaciple interaction mechanisms
between the particles, which are adhesion anddnctAdhesion is the result of the inter-
particular forces between the particles or a partidth a surface that are in contact. It may
occur between the particles and surfaces with reiffie chemical nature or with the same
chemical nature which is termed as cohesion. \sipect to single particle interactions, the
term cohesion is applicable only when the partielesas close as an atomic distance between
each other. Friction is the force preventing thmgyéantial displacement of two solid or particle
surfaces in contact (Podczeck, 1997).

Adhesion between particles and between particldssanfaces are primarily due to Van der
Waals Forces, capillary forces, electrical forcewl alectrostatic coulomb forces. They
usually arise because of the interactions betwgasleddipole, charge-dipole, charge-charge,
covalent, charge-non-polar, dipolar-non-polar, pokar-non-polar and also hydrogen
bonding (Seville et al., 1997). The inter-particularces depend on the particle size and the
distance between the two acting particles and emther hand on the shape including surface
properties and deformation, as well as the chendesitity of the particles.

In the following section, different inter-particuléorces will be introduced and the parameters

influencing the forces will be described.

4.1. Van der Waals Forces

Van der Waals forces (§z) are a class of intermolecular forces which awbken molecules
are polarized and becoming dipoles or multi-polésee different Van der Waals forces exist
between molecules. These are; Keesom forces, Oebyes and London forces. The Keesom
forces are the attractive forces between permatipate molecules. The Debye forces are the
attractive forces between a permanent dipole mt#eand an induced dipole molecule. An
induced dipole molecule is a non-polar moleculeclhivas induced to become a dipole
molecule by the attractive force of another dipoielecule. London forces are attractive
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forces between two non-polar molecules. They ase ahlled as induced dipole-induced
dipole forces.

In order to determine the Van der Waals interastidoietween particles, two different
approaches are described in the literature. Theostopic approach, which is also called as
the Hamaker integration, is based on the interastimetween atoms and molecules (Hamaker,
1937). It can be calculated by integrating the makr density over the entire volume of the

solids (Israelachvili, 1991). The calculation exrffermed using the Hamaker constant;

A, =n°C,0,0, (Eqn.1.1)
Whereca andog are the number of atoms per unit volume of moke@iland B, C is the
coefficient in the atom—atom pair potential.
In reality the van der Waals forces between twoemues are changed by the presence of a
third molecule. This problem of additivity is corefgly avoided in the macroscopic theory
developed by Lifshitz (1956). Lifshitz neglects tiscrete atomic structure and the solids are
treated as continuous materials with bulk propsrtieis related to the Hamaker coefficient
by;

A:ihw (Eqn.1.2)
air

Table 1.1 shows different models of Van der Waalsds, considering the surface geometry
of the two partners (flat surface/flat surfacet 8arface/sphere, sphere/sphere). It is assumed
that the surfaces are smooth and there is no lgadeformation (no surface roughness) and

that the distance is between 0.4 nm and 100 nm.

Table I.1. Van der Waals Forces (f) Between the Model Partners

Model Microscopic Calculation Macroscopic Calculaton
z Fow — A Fu _ h@
] < ’ﬂ A 67 A 87’
z dew = AH d dew = hmjz
> 62° 167z
z dew = AHd dew = hmz
<« 2477 327z
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Fatah (2007) calculated Van der Waals forces betveéegmina (3 and 13 um) and titanium
oxide (204, 159 and 167 nm) powders with taking imiccount the effect of surface
roughness. For two identical, spherical particlét & certain surface roughness (a), the Van

der Waals forces can be calculated by using thatexul.3;

_AR a a (Eqn.1.3)
F = +
127 | (z+a) (z+a)

Where, R is the radius of the identical particles.

4.2. Capillary Forces

Capillary forces (F) arise from the moisture in the gap between cootig bodies that form
liquid bridges to adhered surfaces (fig.l.5). Tlzeg very important for powder flow. Moist
powders usually exhibit poor flow properties, singk to the walls of hoppers or other
surfaces during powder handling. In the case ofrdphilic porous materials, moisture is
trapped in the pores that build up liquid bridgestihered surfaces. In some cases, moisture
in the gap between contiguous bodies condenseanggige to capillary forces (Seville et al.,
1997).

Figure 1.5. Scheme of a Liquid Bridge (Israelachvili, 1991)

Capillary forces due to moisture condensation démenthe geometry of the gap, properties
of the materials in contact, surface free energgttability and surface roughness. Moisture
starts condensing in the gap in air at a relativenidity of about 50%. Also, above a relative
humidity of 65% to 75%, capillary forces dominabe tadhesion force (Massimilla et al.,

1976).

In the literature different approaches for the gktton of capillary forces are performed

considering the geometry of the particles (Naidikk®67, Toussaint, 1997, Rabinovich, 2005).
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When the liquid condenses between a sphere andacsuthe Laplace pressure developed
due to the curved liquid surface pulls the spheik the plane together. A critical distance is
described depending on the volume of the liquididei By overstepping this distance the
capillary will shear and the force will disappelsraelachvili (1991) proposed an equation to

calculate the capillary force:

F, = 47y, (cosd) + 47Ry, (Eqn.l.4)
Wherey,, is the surface tension of the condensed liquid,»arid the solid/liquid interfacial
free energy, R is the radius of the adhered splBeasethe contact angle between the adhered
particle and the liquid. Adamson (1976) proved ttegpillary forces are proportional to the
product of the wetted area of surfaces and theiadenarising from the liquid pressure.
Consequently, there will be a maximum capillarycéoat an intermediate value of the liquid
tension, which is the quotient between surfaceid@nsnd the radius of curvature of the liquid

meniscus.

4.3. Electrostatic Forces

Electrostatic forces (Coulomb forces)¢fFemerge between charged particles. When the
particles are both either positively or negativeihyarged, the force is repulsive. When they are
of opposite charge, it is attractive. The force casult from friction or even by contacting
solid surfaces and building up an electric poténflaie to electron transfers between the
particles the potential emerges. The particle, tvimeeds less energy to release the electrons,
delivers them to the other particle. The chargifigsolators and electronic conductors is
depending on the electron surface density (Viss#89).

The force acting on one charged particle havinggehg by another charged particle having

charge gis given by Coulomb's law as;

=1 % (Eqn.1.5)
4rE, S

Where, g is the permittivity of vacuum. The force of intetiao between a spherical particle

of radius R and charge Q, interacting with an aghaaincharged particle with a separation

distance H due to it's own image charge is given by
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H
Q|1
. { (mw)%]

° 167 ,H °

(Eqn.1.6)

However, the electron density of surfaces is inhgem@ous and cannot be determined and
the charging can be influenced by adsorbed imggritovering the surfaces. Thus, the

calculation of F is difficult and often leads to only an approximaglue.

4.4. Dependency of Inter-particular Forces on DifferentParameters

There are four main mechanical factors influencatipesion namely: surface roughness,
particle size and shape, material hardness anticglaand the work of adhesion and surface
free energy. Surface roughness is one of the mgxtrtant mechanisms influencing adhesion
because it is strongly related to the geometryooftact. As it is illustrated in figure 1.6, the
Van der Waals forces will be approximately zerotfoe case (a) and (b), because the surface
is rough which limits the approach of two particeesl hence low contact area. However for
cases (c), (d) and (e), the Van der Waals foreesigh, as there is large contact area between

(@) (b)

(c)

Figure 1.6. Surface Roughness and Geometrical Factors on ®¥awdals Forces (Visser,
1989)

the particles.

Moreover, the effect of surface roughness on theriparticular forces is demonstrated by

Goetzinger and Peukert (2003), using the modelftd#taurface and a spherical particle. The

spherical particle has a certain surface roughnelsgh increases the distance between the
particle and the surface. Van der Waals forcessarg sensitive on changes in the diameter.
By increasing the diameter of the roughness offiteerical particle the amount of the forces

is decreased as the distance between the spheaitale and the flat surface enlarges until a
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certain surface roughness diameter. The relatibndsn the different diameters and the inter-
particular force are shown in figure 1.7, showirng tproportional relation of the particle’s
diameter and the inter-particular forces. The csireé the different diameters meet after
passing through the minimum due to the fact thaffdinces in this diagram just depend on the
model roughness with a constant diameter. The rekdetic forces show a similar effect
passing a minimum at a certain diameter, howeter gffect is less intensive as the slope of

the electrostatic forces is decreased compardtktslope of the Van der Waals forces.

10
. Capillary, a = 20°
Capillary, o = 2.5~ T - | fa /:
10 | o
d = 50 pm
§ [ dlﬁm“-\.
] 10 \\ Van der Waals,
5 ho = 8+10" J
A
10 d=0.5pa 1
Y Electrostatic
10
10 10 10 10
Roughness diameter (pm)

Figure 1.7. Dependency of the Inter-particular Forces on tindgge Roughness (Schubert,
2003)

The capillary force depends on the volume of theitl. When the volume is high enough, the
liquid will surround the roughness and the forcehef capillary will be based on the diameter
of the particle and will be slightly decreased hg increase in the diameter of the surface
roughness. When the volume is smaller, the capilfarce will be build up between the
roughness and the flat surface. So, by increasiaglitameter of the roughness the force will
be decreased. Above a certain diameter of the reagghthe capillary force increases linearly
with the log diameter of the roughness.

Podczeck (1999) proposed that when two particlesparticle and surface are in contact, real
contact occurs only at the surface asperities whieecontact pressure is very high. If the
particle size is much larger than the distance beiwhe asperities, then only few contacts
will occur between the particle and the asperifidsais, the contact area is proportional to the
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number of asperities, and increasing the partide will increase the contact area. If the

particle size is smaller than the distance betviberasperities, the particles will be placed in

the valley between asperities and they have a high#act area with the surface and though
the inter-particular forces will increase. Thig#@led nesting and is showed in figure 1.8. This

effect is further promoted if the particles aredieesshaped. The adhesion force is smallest for
ideal spherical particles and largest for cubibalped particles.

4 ,
Q ) - _

DN A PERIN
f W v/ W W

Figure 1.8. Relationship between Particle Size and Asperitg $Podczeck, 1999)

The distance between the particles is another pateanthat has an important role on inter-

particular forces. In figure 1.9, the effect of tthstance between a spherical particle and a flat

surface is shown.

Capillary
i o a=20° -(=72m\

Force (pN)

107

10° 0 10°
Distance (m)

Figure 1.9. Dependency of the Inter-particular Forces on tisabce between a Flat Surface
and a Spherical Particle (Schubert, 2003)

The inter-particular forces decrease by increasiegdistance between the sphere and the flat

surface. The acting range of Van der Waals forsegery short. At almost distances above
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107 m the Van der Waals force becomes weak and isgilelgl The electrostatic forces have
a more extensive acting range. For capillary fqreesreasing the distance between the
partners, the liquid bridge would be pulled off ahd capillary force would be vanished.
Particle size is also another factor that affeotsadhesion of the particles. Small particles are
more strongly affected by inter-particular forcemmpared to larger particles. Figure 1.10
shows the relationship between the particle diareetd the inter-particular forces.

10

1 Capillary, o = 20° . - lY
+= T2 niN/m i
5 ) o ’ i
10" - A JJ
= ;
L4
= 10 -
£ L/
il
o ;
S '|'.r-a-n der Waals
Y107 < hosaantd
Weight sphere,
p=3gicm
{1 -
Electrostatic |
L
10 T — T
10" 10 10° 10 10’
Diameter sphere (um)

Figure 1.10. Dependency of the Inter-particular Forces on thei¢e Diameter (Schubert,
2003)

With respect to the small diameter, capillary ferege the strongest forces closely followed
by the Van der Waals forces. The electrostaticeforare lower compared to the Van der
Waals forces but still have an influence on thelspaaticles. Increasing the diameter of the
spherical particle (above 1@n) changes the relation between the force and #ighivof the
spherical particle (gravitational force). This isiemportant phenomenon for the flowability of
powders. According to the volume of a sphericatipiay; the weight increases with the cubic
diameter of the sphere in contrast to the intetiqadar forces, which are in a linear relation to
the diameter. So, the force increases by decreabmgliameter of the spherical particle
leading to a stronger adhesion. Consequently, liwwability of the smaller particles is
decreased. This phenomenon is the reason, whypbmweders flow less well than coarse
powders (Castellanos, 2005).
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As it has been mentioned before, in dry particlatiogy process particles are subjected to
mechanical forces (mechanical impact, shear, d¢agéi force, etc.) greater than their inter-

particular forces in order to break them into theimary constituent particles and adhere the
fine (guest) particles on the larger (host) pagsclThere are some devices available for this

reason and they will be explained with detailshia tollowing part.

5. DRY PARTICLE COATING EQUIPMENT

There are several dry particle coating equipmdms have been used successfully by many
investigators to produce composite particles wittproved/modified functionality. These

devices, although different in their manner of dyimg the necessary mechanical forces, all
have the aim of promoting the de-agglomeratiorhefdguest particles and their adhesion onto

the surface of the host particles.

5.1. Mechanofusion

Mechanofusion is a batch operated device whichistansf a cylindrical chamber that rotates
at very high-speed (200 to 1600 rpm), while a stetry inner piece (which has a cylindrical
surface at the end) creates intense shear of tteahd guest powder mix pinned against the
cylindrical container. There is also a scraper,clfprevents powder from caking against the
wall. The clearance space between the inner pieddalee chamber inner wall is adjustable,
which is generally set to 4 to 5 mm. The cleardmetgveen the scraper blade and the chamber
is much smaller, usually around 0.5 mm. Those alez@s are adjustable and are determined
by many factors such as, powder properties, partide, requirements of final products, etc
(Naito et al., 1993b, Pfeffer et al., 2001). A ectatic representation of the mechanofusion
system is shown in figure 1.11.

Rotzting chamber

Figure 1.11. Mechanofusion System (Pfeffer et al., 2001)
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In the mechanofusion process, a measured amoumsbfand guest particles is placed into
the rotating vessel. When the chamber rotatesptieder is forced on the chamber wall by
centrifugal action. While particles passing throubke converging space between the inner
piece and chamber wall; mechanical interactionsinipan the form of high shear-rate
collisions, take place between the particles arntdidxen the particles and solid boundaries of
the chamber inner wall and the rounded piece. AgHrticles come out of the space between
the inner piece and chamber wall, they adhere tt ether and to the chamber wall. The
blade helps to scrape off the powders attachetidachamber wall. The powder mixture is
then dispersed inside the chamber and gets agtinthe inner piece region. The powder
continuously undergoes this process of compressittntion, and frictional shearing while
the chamber is rotating. As the chamber rotatdsgit speeds, the interactions are intensive
and a considerable amount of thermo-mechanicalggner generated, which results in
generation of new composite materials (Chen e2@b4).

Naito and co-workers (1993b) used mechanofusioardter to investigate qualitatively the
dry particle coating process of glass beads aaditim oxide (TiQ) fine particles. The ratio

of fine particles fixed onto host particles and BET specific surface area of the processed
particles were measured as a function of the psoeggime. They described the process in
mechanofusion in two steps; in the first step, fthe particles adhere to the surface of the
host particles. The second step is described asotigaction of the fine particle layers. They
have found that the BET specific surface area eftocessed powder was correlated with the
energy consumption per weight of material in theha@ofusion.

Youles (2003) worked on dry coating of PMMA parigl(5-15 pm) with Ti@particles (15-

50 nm) in mechanofusion system in order to modigy/flowability properties of the particles.

It was observed that each component displays a &iglle of repose but the composite

material is so free-flowing that an angle of repoae no longer be measured (fig.1.12).

e R

015 pm)

Composite Particle

=

Figure 1.12. Mechanofusion Effect on Flow Properties of thetielas (Youles, 2003)
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More recently, Jiang and colleagues (2006) coatiedorsize PMMA particles with nano-size
TiO,, Al,O3 and SiQ particles in mechanofusion in order to study tffece of treatment in
mechanofusion on the particle-wall interactionsh&f composite particles. The particles after
treatment were dispersed on a flat metal surfadeaarexperiment on particle entrainment on
particle entrainment was carried out in an airfldvannel to evaluate particle-wall interaction.
Relationship between particle entrainment efficienad air velocity, which corresponds to
the distribution of the particle-wall interactioarée, were obtained under various conditions,
showing that the particle-wall interaction forcends to decrease with the increase in the

concentration of added nano-patrticles.

5.2. Hybridizer

Hybridizer is another dry particle coating equipmérat was developed by Nara Machinery,

Japan (fig.1.13). In this study, the chosen powatrples (host & guest) have been coated in
the hybridizer in order to create new compositdiglas with different surface properties. The

properties of the hybridizer and its methodologif tné explained in detail in chapter II.

/W/ﬂ Eecirculation Tube Powder Inlet —~_
f Q ;
A

Feed Chute—\t—

Jacket

Stater ~

(a) (b)
Figure 1.13. Nara Hybridization Systems
a) NHS — 0 (Honda et al., 1991), b) NHS — 1 (Schmidtl£2004)

There are two different types of Nara Hybridizat®ystems, which are NHS—-0 and NHS-1.
The main differences between them are the desigodf powder inlet—outlet, recycle tube
etc) and the capacity of the equipments. Figut8 khows the parts of the NHS-0 and
NHS-1 equipments. The hybridizer has several adgast that make it a powerful dry
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coating device. The rotor of the hybridizer caratetat very high speeds (up to 16000 rpm).
Due to the strong forces applied to the materiathese high rotational velocities, very short
processing times are required to achieve coatingtebVer, the device consists of a re-
circulating unit that continuously moves the paeticin and out of the processing vessel and
against the blades of the rotor (Pfeffer et alQ190

In the hybridizer, there are three different pnobeiprocesses;

Rounding: In rounding of particles, normally only one maagris treated in the hybridizer.
The rounding effect is established depending onntlagerial. Its aims are improvement of
flow characteristics, adjustment of bulk densitg anrface area.

Deformable particles like metals and various ptastian be mechanically deformed in a way

that the irregular surface is smoothened and raifme impact forces (Yoshihara et al.,

1999).
Mechanical
Forces

Unformed Particle Rounded Particle
Figure 1.14. Rounding Effect in the Hybridizer (Yoshihara et 4099)

Embedding:The guest particles are forced to be embeddecktsuiface of the host particles
by the impact force (fig. 1.15). The technique @& pnly limited to surface modification but

also creation of composite material (Yoshihara.etl899).

Guest ParticI(
Host @)
Particle

4//
Host
Mechanical Particle
Forces

Figure 1.15. Embedding Process

Filming: In the filming process two (usual) or more powdars used as in the embedding
process. The upper particle size for the hostgaris limited by its stability. If the stability
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of the host patrticle is not strong enough, breakagempact force may happen. Breakage
often occurs for crystalline and agglomerated srirss.

For all processes with two or more powders the satie of 1/10 for host and guest particles
might be used as criteria for the feasibility of fhrocess (Yoshihara et al., 1999).

One main field for hybridizer is pharmaceuticaleaxh. In the pharmaceutics area there are
some examples of major concern like the contralddase of a medicine, the change of the
mechanical and physical character of a drug as agethe improvement of the properties of
the drug and its functionability. Ishizaka and corkers (1989) coated starch particles in
hybridizer with various medicines (oxyphenbutazonprednisolone, theophylline,
indometacin, phenacetin, aspirin, particle size®® fum), which are hardly dissoluble in
water, in order to increase the solubility of thedicines. They observed that after the
process, these medicines dissolved very rapidlyortter to have a long dissolving time or
controlled release the hybridizer products werdembay carnauba wax as the first layer then
a second layer. They observed that the dissolusiarery quick after the medicine is coated
on the starch. Moreover, the dissolution time iglgged very much when the composite
particles are coated by one and even more wheedbgttwo carnauba wax layers.

As an interesting application of the hybridizerpar and Mattern (2004) coated potato starch
with praziquantel in order to mask the taste ofdhey. Analysing the content of praziquantel
composite powders with respect to drug content sgldowhat it did not decrease due to
processing compared to the weight ratio of the rradtat the start. Moreover, they observed
that the release of praziquantel in water is vast &fter hybridizing it with potato starch. On
the other hand, although the initial dissolutiortted composite particles is rather fast there is
tremendous difference in taste compared to thalistates of the particles.

Ouabbas and co-workers (2006) studied the surfamdification of silica particles by dry
coating with magnesium stearate (MgSt) in hybridi¥ésual analysis showed that MgSt was
softened and smeared over host particles afteimesd in hybridizer. The flowability of the
silica particles was not strongly affected by cogtiThey also observed that the coating of
silica gel particle by hydrophobic MgSt improvee ttompressibility and moisture resistance

of the composite patrticles.

5.3. Cyclomix

The cyclomix is defined as a high shear mixer/glaion, manufactured by Hosokawa Micron

B.V. As it can be seen from figure 1.16, it consist a conical shaped vessel and there is rotor
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in the centre of the vessel with an impeller anaf fgets of blades. It applies high mechanical
impact, shearing forces on the patrticles in orddsreak the fine agglomerates and coat them
on the host particles. In this study cyclomix hs® deen used an equipment for dry particle
coating of the chosen powder couples. The propeuied the working principle of the

cyclomix will be explained in detail in the chapter

(a) (b)
Figure 1.16. Hosokawa Cyclomix,

(a) Cyclomix, (b) Schematic Representation of Cyulo(Ghadiri et al., 2007)

Kwan and colleagues (2005) worked on the effedhefscale of cyclomix on the structure,
properties and strength of the granules. They dcealass beds particles in two different
capacities (1 L and 5 L) of Cyclomix. They observkdt the different configurations of the
impeller in the 5 L and 1 L Cyclomix affected cafesiably the flow field of the particles. For
the two primary top blade tip speeds (4.1 and 2/9) ntey found very different behaviour
with the higher tip speed resulting in particles)@entrating on top of the lid while at the
lower tip speed the particles concentrated at @tdewvel in the bowl.

Another dry particle coating study with the Cyclanmas been done by Rahmanian and co-
workers (2008). They studied the influence of opermascale and impeller speed of high
shear mixer granulators on the strength of granu@scium carbonate particles were
granulated in four scales of a geometrically simiilgh shear granulator (Cyclomix) with 1,
5, 50 and 250 L capacities. They observed thagthaulation operations produce granules
with a similar strength of the particles for alufacases.

Ouabbas et al. (2008) coated silica particles wifferent mass percentages of magnesium

stearate in cyclomix in order to understand theatfbf coating on surface properties of the
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particles. They observed that the flowability ofetkilica gel powder was significantly
decreased after treatment by the Cyclomix mixeh W§% of MgSt.

0 seconds 0) seconds

0 seconds

3 seconds 60 seconds

60 seconds

1% MgsSt 5% MgSt 15% MdgS
Figure 1.17. Effect of MgSt Coating on the Wettability of tharficles (Ouabbas et al., 2008)

As it can be seen from figure 1.17, they also fotimat the coating by hydrophobic MgSt in
the Cyclomix reduced the high affinity betweencsiligel and water after treatment with 5%
and 15% of MgSt.

5.4. Magnetically Assisted Impaction Coater

Mechanofusion, hybridizer and cyclomix apply higévdl of mechanical forces on the
particles for dry particle coating process. In agrtapplications (food, pharmaceutical etc.),
these high forces are unnecessary or even may d@ameatghe final coated product, for
example, excessive size reduction of the host gbesti Devices that produce more gentle
coating by applying a smaller level of forces halso been introduced. Magnetically assisted
impaction coating (MAIC) is one of these methodar{fakhan et al., 2000).

It can be used in both continuous mode and in batotie. Figure 1.18 shows the schematic
representation of MAIC system. A measured masotf host and guest particles are placed
into a processing vessel (200-ml glass bottle). Wagnetic particles are made of barium
ferrite and coated with polyurethane to help préwemtamination of the coated particles. An
external oscillating magnetic field is created gsinseries of electromagnets surrounding the
processing vessel. When a magnetic field is createdmagnetic particles are excited and
move furiously inside the vessel. These agitategdnatc particles then impart energy to the
host and guest particles, causing collisions atwvalg coating to be achieved by means of
impaction of the guest particles onto the hostigad (Pfeffer et al., 2001).
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Figure 1.18. Magnetically Assisted Impaction Coater (Pfeffeaket2001)

There are several unique features of MAIC that mb&dvantageous as a dry particle coating
device. Firstly, the MAIC can coat soft organic hasd guest particles without causing major
changes in the material shape and size. Secorithgugh there is some heat generated on a
microscopic level due to the collisions of partgi¢here is negligible heat generation on a
macroscopic level and hence no increase in temperaf the material during processing by
MAIC. This is desirable when processing temperatsensitive powders such as
pharmaceuticals. Lastly, the device can be operattld as a batch and continuous system
making it versatile in the amount of material ingaocess (Ramlakhan et al., 2000).

In the pharmaceutical industry MAIC is used to ioy@ some properties of the powders like
flowability and hydrophobicity. In the literaturbdre are examples; one of them is done by
M. Ramlakhan and co—workers (2000). In this stutgytaimed to improve the flowability
characteristics of PMMA, cornstarch and celluloge doating them with alumina guest
particles.

The angle of repose (AOR) is a commonly used irfdeXlowability; hence it is used in this
work to evaluate the coating effectiveness in teofignproving flow properties. The results
for the AOR of cornstarch to powder mass ratios slrewn in figure 1.19. The AOR for
untreated cornstarch is approximately 59°, ancedrelases as processing time increases for
both magnetic particles to powder mass ratio, mithg improvement in the flow of

cornstarch due to a surface coating of silica.
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Figure 1.19. Angle of Repose of Cornstarch as a Function o€&ssing Time for Tow

Different Magnetic Particles to Powder Mass Raf®amlakhan et al., 2000)

Chen and colleagues (2006) coated cornstarch amdirabm powders with different types
(hydrophilic/hydrophobic) of fumed silica nano-pelgs in MAIC in order to reduce the
cohesion force between the particles and improwe flindization of the powders. They
observed that the dry coating of the particles ial®improved the fluidization of cohesive
powders dramatically and it appeared that suchairg can transform the behaviour of

group C powders (Geldart class of powders) to grdygowders.

5.5. Theta Composer

Theta composer is considered to be another dryclgadoating device that produces gentle
coating. The theta composer consists of a slovtingt@lliptical vessel (around 30 rpm) and a
faster (500-3000 rpm) elliptical rotor. As the mtotates inside the vessel, the powder
mixture consisting of host and guest particlesulgected to shear and compressive stresses as
it is forced into the small clearance between tbssel and the rotor (fig.1.20). As the rotor
continues to move and the clearance between theelveall and the rotor becomes large,

there is bulk mixing of the host and guest parsi¢iefeffer et al., 2001).

Figure 1.20. Movements of Powder inside the Theta Composer §iWaét al., 2000)
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Watano and co—workers (2000) worked on changingetite use properties of some special
type of food powder fibres by coating them with fghilic silica (SiQ). They observed that
in dry particle coating processing, between hydilap®H groups of food fibre and silanol
groups -Si(OH)- results in dehydration (mechanowthal reaction). It leads to suppression
of the hygroscopic properties of food fibres. Thygroscopic property was analyzed using a
water adsorption method in a temperature and haynedntrolled chamber. According to the
results it was observed that flowability of the tges was increased because of the good
surface coverage of the food fibre by using thetamoser.

Another dry particle coating study with theta comgohave been done by Coowanitwong
and co-workers (2003). They coated,®@d particles with nano-size CuO patrticles in theta
composer and studied the effect of mass percentdgguest particles and operating
conditions on the coating obtained. They obsenfed the product surface area increased
with higher nano-particle loadings. They also fouthét the degree of dispersion and
homogeneous distribution of CuO nano-particleshendurface of AlO; particles increased

with the processing time.

5.6. V-Blender

V-blenders are designed for batch operation. Isisbs of two cylindrical section joined at an
angle of around 90°. The mixer is rotated aboubszbntal axis with resulting from the

tumbling motion of the particles. Internal bafflase sometimes used to improve mixing
performance. The powders are mixed as the vessatfated slowly, and during each rotation
the powders flow into the two arms followed by p@wvgouring back towards the apex of the

system. A picture of V-blender is shown in figuizll

Figure 1.21. V-Blender (Yang et al., 2005)
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In the literature, one of the studies with V-blendeas done by J. Yang and co—workers
(2005). They tried to understand the effect of @rgting process, the choice of the equipment
and the guest particle size on the end-use prepestithe composite powders. They coated
cornstarch with different types of fumed silica tpdes by using V-blender and afterwards

they studied the modification of flowability propies of the particles by angle of repose
measurements. In their apparatus, the vessel warsited at 25 rpm and an agitator bar that
rotated at 3600 rpm, was used to enhance the mbehgviour inside the chamber. The tips
of the intensifier bar extend 55 mm from the ratadl axis. For each batch, 150 g of particles
is charged into a 4-quart vessel and processezi im0 min.

Figure 1.22 shows the results of angle of reposeashstarch coated with different fumed

silica particles with different methods. The angferepose of coated cornstarch particles in
V-blender got lower value than initial cornstarartgles which shows that the flowability of

cornstarch particles was improved by dry coating-Hblender.
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Figure 1.22. Angle of Repose of Coated Cornstarch Samplesfief@nt Equipments
(Yang et al., 2005)

5.7. Rotating Fluidizer Bed Coater

Rotating fluidizer bed coater (RFBC) is also coes&dl as a gentle coating equipment that
were developed recently by New Jersey Institutdethnology (Pfeffer et al., 2001). The
host and guest powder mixture are placed into ¢kegting bed and is fluidized by the radial

flow of gas through the porous wall of the cyliraddi distributor, as seen in figure 1.23.
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Figure 1.23. Rotating Fluidizer Bed Coater (Pfeffer et al., 2D0

Due to the high rotating speeds, high centrifugatdés are developed within the fluidized
gas-powder system leading to the break-up of thigdoatgerates of the guest particles and
coating them onto host particles (Pfeffer et 00D).

The RFBC was used to coat PMMA particles (200 pnth wlumina particles (0.7 um) by

Pfeffer and colleagues (2001) in order to analyme dffect of different parameters on the
coating performance of the equipment. The measursTe surface morphology (SEM) of

the surface of the coated particles showed thafatiger and more uniform surface coating of

PMMA with alumina was achieved with increases iogaissing time.

6. APPLICATIONS ON DRY PARTICLE COATING

There are many applications of dry particle coapngcess in different domains. Early work
from the Japanese literature report several intiegegpplications. PMMA patrticles coated
with 10% of TiQ particles using mechanofusion in order to imprdwe flowability of the
particles. They observed that the composite pagifibwed freely and had a near zero angle
of repose. In contrast, both the original PMMA an@, particles did not flow well and had
an angle of repose greater than 30° (Yokoyama .et18B7). It was also reported that
processing of ground polystyrene resin of 10 pune svth carbon black in mechanofusion
produced easily flowing toner material of roundbdse (Yokoyama et al., 1987).

Mujumdar and co—workers (2004), used mechanofusi@nhance the moisture resistance of
ground magnesium powder (primary size 75 um) byticgats surface with carnauba wax
(primary size 15 um). The uncoated and coated smmaie characterized by scanning

electron microscopy (SEM), humidity tests and X-défraction methods.
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Figure 1.24. SEM Pictures of a) Ground magnesium particle®\fter Mechanofusion
Treatment (Mujumdar et al., 2004)

According to SEM pictures (fig. 1.24) they observitht after mechanofusion treatment,
magnesium particles were covered with carnauba varording to the humidity tests as
seen in figure 1.25, they indicated that dry cagtifi magnesium powders with carnauba wax
by using mechanofusion generated a material whicltmuch hydrophobic compared to

ground magnesium patrticles.

& - =% 0% Ground

B 0% MAtomized
| k12
—— o,

Percentage weight increase

0 20 40 B0 80 100

Time (hours)

Figure 1.25. Humidity Tests for the Composite Particles fromdianofusion (Mujumdar et
al., 2004)

Most of the early work reported using the hybridigesolved processing of pharmaceutical
drugs to produce controlled-release propertiesizggia et al., 1989, 1993a, b). As an
example, 5% isoproterenol HCI were coated ontotpattarch (70 pm) followed by a coating
of 5% carnauba wax in order to achieve time rekka@smtrol of isoproterenol HCI (Ishizaka
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et al., 1989). Moreover, Schmidt et al. (1998) eddnany examples of different applications
of dry particle coating with hybridizer in differedomains (cosmetic, pharmaceutical, toner,
electronic).

On the other hand, some researchers showed thétlayelr dry particle coating could also
be obtained by using hybridizer system (Kangwalooélkt al., 2001, 2002, 2003, Tang et al.,
2006). In one of the studies, Kangwabtrakool anteagues (2002) coated WC particles first
with TiC and then with AlO; in order to modify the hot hardness of the paeticilThey
observed that the hot hardness of the compositelearincreased with higher amount of TiC
whereas increasing AD; additions reduced the hardness.

The list of different dry particle coating applicats in different domains (pharmaceutical,
food, ceramic, metallurgy, etc.) with different gmuents in order to modify certain surface
properties of particles (electrostatic, flowabilityvettability, taste masking, solubility,

dissolution kinetics etc) is presented in Appendix

7. CONCLUSION

Dry particle coating process has been construaténl the concept ordered mixture which has
been introduced to the scientific literature lomge ago. Since some years, there are lots of
studies about dry particle coating process in thensific literature. In these studies, different
dry particle coating equipments (in lab scale) wesed for different applications. Each
equipment has a different working principle so timice of the equipment, the operating
conditions and also the powder properties definbatvkind of particle coating would be
obtained.

There are very few studies about the modellinghefdry particle coating process because of
the lack of understanding the physico-chemicalradtons between particles in dry particle
coating process and also the mechanism of theemppiechanical forces on the particles by
each equipment. The understanding of these mecharaee essential in order to estimate for
a given powder couple (host & guest) which equipingerd operating conditions should be
chosen to achieve desired end-use properties. $mecdack of this information, the dry
particle coating process is not commonly used dugtry even it has certain advantages from
environmental point of view and also being costetiie.

In the following chapter, the materials and theipopents that were used for dry particle
coating process and the characterization methods were used to analyse different

properties of the particles will be explained inaie
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Materials & Methods

1. INTRODUCTION

In this study, three different mixers have beenduse generate composite materials with
modified surface properties by dry coating metHeach equipment uses different mechanical
forces (mechanical impact, compression, shearitigt@te able to break up the agglomerates
and coat the particles. Different characterizatiwethods have been used, in order to compare
the quality of obtained coating from different gguients and study the evolutions of the
physicochemical properties of the particles aftgrabating process.

In this chapter, the powder couples, the dry cgatguipment, that were used for the
experiments and different characterization methdbat were used in order to analyze

different properties of the particles, will be preted in detail.

2. DRY PARTICLE COATING EQUIPMENTS

Two high force mixers (Nara Hybridizer, Hosokawacfoynix) and a conventional mixer
(Turbula) have been used for dry coating experisidntthis part, it is aimed to present the

specifications and methodologies of the dry coatiqgipments.

2.1. Nara Hybridizer
The Nara Hybridization System (NHS) is a machineettgped by Nara Machinery for the

purpose to create new powder combinations andhfietesign particles with new properties.
The small (guest) particles are attached to thdaseirof the core (host) particles by
mechanical forces in hybridizer (Pieper, 1996).
The main application areas of the hybridizer are:

» the production of new functional composite material

* to save high—precise and rare materials by comdpicimeap raw materials to give

hybrid powders

» to improve/modify material properties
The hybridization process is operating in a patieinge of 1-500 um for the host particles
which are processed with fine particles in a ranfjdd.1 to 50 um as coating material
(Yoshihara et al., 1999).
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Figure 11.1. Nara Hybridizer, (a) Stator of Nara Hybridizer (8HD), (b) Schematic
Representation of Stator and Recirculation TubMarf Hybridizer (NHS-0) (Vilela et al.,
2005)
In this study NHS-0 type Nara Hybridization Systbas been used for the experiments.
Figure 11.1 shows the parts of the Nara Hybridi@déiHS—0) equipment. It can be seen that the
hybridizer (NHS-0) itself has three main parts; tbr (12 cm diameter) with 6 blades, the
stator and recycling tube. The stator is jacketedefther cooling or heating. As the rotor is
switched on, host and guest particles mix andamlvith each other as well as with the walls
of the chamber because of the high operating uglqcip to 16000 rpm). Due to high
centrifugal forces, particles move to the uppert fdrthe rotating chamber and recycle
continuously till the end of the process. The canstecirculation of some patrticles in this
batch process assures that every particle is trdhte same way. The hybridization system
also has a temperature sensor, which monitorsetimpdrature developed inside the mixing
chamber during the operation. The maximum batch eizhybridizer is 50 g. The unique
feature of this system is the two-way motion of gaeticles during the operation, one in the
mixing chamber and the other through the recircudaipipe which provides a distinct
advantage over the other dry coating machines tle@ncoating point of view as one would
expect more collisions between the particles te fakce.
The maximum batch size is around 50 g for NHS-dldriAccording to nature of the product,
treatments with maximum batch size may cause pmubie recirculation of the powders. In
order to avoid recirculation problems (have unwdatarticles), it is advised to use less than
the maximum batch size.
The movement of powders inside the hybridizer cansbken in figure I.2. The powder
mixture is introduced into the centre of the rabgrfeed chute (fig. 11.2.a). Afterwards, the
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particles collide with each other and the wallghd rotor, because of the high speed of the
rotor (up to 16000 rpm) that generates centrifdgede (fig.2.b). Consequently, the powder
receives mechanical impact on its surface andersdad, powder reaching the periphery re-
enters the recirculation tube and returns to thereeof the rotor. This recycling system is
repeated continuously. As the powder is repeat@dlyacted, the fine particles become
attached to the large host particles (Honda et1@91). At the end, the treated powder is
transported from the rotor to the powder colledbgr purging air system and the treated

particles can be recovered in the powder collector.

\\’{ v

\
|

(a) (b) (©)
Figure I1.2. Moving Track of Powder in Nara Hybridization Syste(ionda et al., 1991)

2.2. Hosokawa Cyclomix

The cyclomix is a high shear mixer/granulator, nfaotured by Hosokawa Micron B.V.
Figure 1.3 shows the configuration of cyclomix.

The Cyclomix has a conical shaped vessel with Apacity. The vessel is surrounded with a
cooling/heating jacket in order to control the temgiure of the vessel. At the bottom of the
vessel there is a valve in order to recover thedewsat the end of the treatment. There is a
rotor in the centre of the vessel, consists ofrapeller with four sets of blade. The angle of
the flat blades is 30° to the vertical axis; thglarof the first (bottom) and the third pairs of
the impellers is opposite to that of the secondfandh (top) pairs such that when the shaft is
turned clockwise, the first and the third pairsegiywards agitation while the second and
fourth pairs give downwards agitation (fig. Il.3)he gaps between the impellers and the

vessel wall are 5 mm at the side and 2 mm at thierno
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Figure 11.3. Hosokawa Cyclomix
a) Schematic Diagram of Cyclomix (Ouabbas et 808}, b) Cyclomix

The working principle of the cyclomix differs madkg from the existing mixing techniques
owing to the specific interaction between mixingreént and vessel wall. The powder (host
and guest particles) is loaded into the conicalimgixessel from the top; the degree of filling
can range between 30 and 100%. Together, the pigldsrotation (up to 3000 rpm) of the
paddles and the conical shape of the vessel ftiegrtoduct from the bottom to the upper
zone of the vessel. Upon reaching the top, theymtoitows downwards into the centre of the
vessel. This flow pattern results in fast macroingx During the upward motion, the
particles are accelerated by the paddles and inepamixed by friction with vessel walls
(Ghadiri et al., 2008).

2.3. Turbula Mixer

Turbula is a conventional shaker/mixer, manufacturg WAB (Willy A. Bachofen) AG. It
uses centrifugation and gravitational force in ortdemix the particles. It has a mixing basket
which can hold any form container, from test tubesto containers having volumes of 2
litres. Containers are held tightly by twisted rablings. By adjusting the position of the
drive belts on the 5-step pulley, the speed cawnadoied (22, 32, 46, 68 or 96 rpm). The
mixing container is set into three-dimensional nroeat that exposes the product to always
changing, rhythmically pulsing motion. Figure Islows an image of turbula mixer and the
possible containers for treatments.
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Figure I1.4. Turbula Mixer (Chéry et al., 2007)

3. CHARACTERIZATION METHODS

In this study different characterization methodseheen used before and after treatments.
The surface morphology of the particles have beeslyaed by environmental scanning
electron microscopy (ESEM) and atomic force micopsc (AFM) techniques. The ESEM
allows us to analyse the surface morphology of ghdicles and also identify the guest
particles on the surface of the host particles. B®EM visual analysis has also been
confirmed by AFM. AFM has been used for two diff@reeasons; in the first part we have
topographical analysis of the particles (surfaagghmess) and in the second part we measure
the adhesion force between the particles.

Malvern Mastersizer 2000 laser diffraction granuéden has been used in order to analyse the
different size distributions (number & volume) dhfet particles and also to evaluate
qualitatively the interactions between the guestl &wost particles (coating strength) by
changing dispersing air pressures.

Modification of different surface properties of tlparticles has been analysed by using
different techniques. Freeman technology powdemmeter (FT4) and Erweka tapped
density tester have been used in order to anahesdldwability properties of the powders.
The wettability of the powders have been analysgdatgle of contact with sessile drop
method and the dynamic vapour sorption (DVS) metlhade been used in order to

understand the water affinity of the particles.
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3.1. Environmental Electron Scanning Microscopy (ESEM)

The ESEM is a common method for visual analysithefdifferent surfaces. It allows us to
observe the surface morphology of the sample witferdnt ambient pressures and in
different media (dry & wet). It consists of an @lea column that creates a beam of electrons;
a sample chamber, where the electron beam intendgitishe sample; detectors, that monitor
a variety of signals resulting from the beam—sanmpieraction; and a viewing system that

constructs an image from the signal (fig. 11.5).
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Figure 11.5. Schematic Representation of ESEM (Techniques dgdhieur)

An electron gun at the top of the column generdkes electron beam. In the gun, an
electrostatic field directs electrons, emitted franvery small region on the surface of an
electrode, through a small spot called the crogsoMee gun then accelerates the electrons
down the column toward the sample with energiesc&jty ranging from a few hundred to
tens of thousands of electron volts.

The electrons emerge from the gun as a divergesnb@ series of magnetic lenses and
apertures in the column finds and focuses the bedm a de-magnified image of the
crossover. Near the bottom of the column a setai oils deflects the beam in a scanning
pattern over the sample surface. The final lensides the beam into the smallest possible
spot on the sample surface.
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The beam exits from the column into the sample d&®anirhe chamber incorporates a stage
for manipulating the sample, a door for insertimgl aemoving the sample and access ports
for mounting various signal detectors and otheessories. As the beam electrons penetrate
the sample, they give up energy, which is emittechfthe sample in a variety of ways. There
are two major ways of emission:

Secondary Electrons (SEare sample atom electrons that have been ejegtautdractions
with the primary electrons of the beam. They gdhehave very low energy (by convention
less than fifty electron volts). Because of theivlenergy they can escape only from a very
shallow region at the sample surface. As a resdy toffer the best imaging resolution.
Contrast in a secondary electron image comes pinfesm sample topography. More of the
volume of interaction is close to the sample swfamnd therefore more secondary electrons
can escape, for a point at the top of a peak thiaa point at the bottom of a valley. Peaks are
bright and valleys are dark. This makes the inetgtion of secondary images very intuitive
as they look the same as the corresponding visuede would look (Paqueton et al., 2006).
Backscattered Electrons (BSEgre primarily beam electrons that have been seattback
out of the sample by elastic collisions with thecleu of sample atoms. They have high
energy, ranging (by convention) from fifty electreolts up to the accelerating voltage of the
beam. Their higher energy results in a larger $igecblume of interaction and degrades the
resolution of backscattered electron images. Csentia backscattered images comes
primarily from point to point differences in theemage atomic number of the sample. High
atomic number nuclei backscatter more electrons @edte bright areas in the image.
Backscattered images are not as easy to interputtproperly interpreted, can provide
important information about sample composition. Heamission mode is potentially a signal
from which to create an image (Kimseng et al., 2001

ESEM also allows us to have elemental analysishemical characterization of a sample by
Energy dispersive X-ray spectrometer (EDS) techamids a type of spectroscopy, it relies on
the investigation of a sample through interactitve$ween electromagnetic radiation and
matter, analyzing x-rays emitted by the matteresponse to being hit with charged patrticles.
Its characterization capabilities are due in lapget to the fundamental principle that each
element has a unique atomic structure allowingys-that are characteristic of an element's

atomic structure to be identified uniquely from le@ather.
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In this study the ESEM type XL30, manufactured Ijlips have been used in order to have
the visual analysis of the particles before andrafeatments. The ESEM observations have
been done all the time in dry media with 1-20 t@messure. The EDS method has also been

used in order to have chemical characterizatiah®&urface of the particles.

3.2. Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is an useful tool fonvestigating both the surface
morphological characterizations of solid materiglsee dimensional surface topography of
the sample) and mechanical interactions occurringaderial/tip interfaces at micro- or nano-
dimensions. Figure 1.6 shows a typical configuratdof an AFM. It uses mechanical effects
between sample and tip. The tip is mounted onablle cantilever which moves along in
XYZ directions on the sample. The deflection of damtilever is recorded with the help of a
laser beam and permits the evaluation of the fobetween tip and sample. This procedure
allows also an investigation of non-conducting ske®@nd the characterization of surfaces
with atomic resolution due to the small tip sizette nano scale. It is often used to study
surface topography. Specific probes can be usath#édyze lateral variations of frictional,
elastic, thermal, electrical and magnetic propsrtier AFM measurements a special sample
treatment is not necessary. Furthermore, the sudaalysis can be performed in liquid or
gaseous environment. Additionally, AFM can be ugedetermine inter-particle forces (Butt
et al., 2005).
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Figure 11.6. Schematic Representation of Basic ConfiguratioAlef
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AFM has different methods to operate and analyeedifierent properties of the samples. In
this part the different operating methods of AFMI e presented in detail.

A. Tapping Mode

In the tapping mode, AFM operates by scanning atiached to the end of an oscillating
cantilever across the sample surface. The cantilesv@scillated at or slightly below its
resonance frequency with an amplitude ranging affyiccrom 20 nm to 100 nm. The tip
lightly “taps” on the sample surface during scagnicontacting the surface at the bottom of
its swing (fig. 1l.7.a). The feedback loop maintia constant oscillation amplitude by
maintaining a constant root mean square of thellason signal acquired by the split
photodiode detector. The vertical position of tbamer at each (x,y) data point in order to
maintain a constant “set point” (reduced) amplituslestored by the computer to form the
topographic image of the sample surface (fig. b).7By maintaining a constant oscillation
amplitude, a constant tip—sample interaction isma@ed during imaging. The reflected laser
beam reveals different information. The verticalghe of the sample surface, the variation in

the amplitude and the phase contrast data are sakriitaneously.

Lazer beam E — e

3 '-.1 Sample surface
Return signal, k "Free” Amplitude
(geflected) |
LY I" I',

Fluid layer

— " T
/\—/\/ Ampiitucze reduced

(a) (b)
Figure I1.7. Tapping Mode of AFM
a) AFM Cantilever, oscillating on the Sample b)d-&Reduced Amplitude in Tapping

Mode (AFM Manual, Veeco)

The images of the vertical height of the sampléaser can be also evaluated in order to find

different surface roughness parameters of the sanipere are many statistical values which
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define the surface roughness of the samples. Tist used surface roughness definitions by
the scientists are;

Ra: Arithmetic average of the absolute values of thréase height deviations measured from

the mean plane.

R =1i\ZJ\ (Eqn.11.1)
n iz

Rmax : Maximum vertical distance between the highest amaest data points in the image.

R, = [Max(z(x, y))) = Min(z(x, )] (Eqn.I1.2)

RMS (Rg): Root mean square average of height deviations thkem the mean data plane,

n

The variation in the amplitude signal is used &sea—back mechanism in order to correct the

expressed as;

displacement of the cantilever in z direction aakéep constant amplitude on the sample
surface.

The difference in the reference signal and thetedeaignal (by oscillation of the cantilever

on the sample surface) is used for phase contregds as it can be seen in the figure 11.8.
The phase contrast images of the sample gives sbaracteristics of the sample material
itself. These material characteristics may includasticity, magnetic and electric forces

present (Berquand et al., 2003).

Extencler
Electronics ——phase

i

Figure 11.8. AFM Tapping Mode, Phase Contrast Signal (AFM Manvaleco)
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The phase angle (contrast) measurements give ahffanformation about the interaction
between the cantilever tip and the sample surfame rspecifically for heterogenic materials.
Some theoretical studies have been done aboutatienvof phase contrast signal by different
authors (Anczykowski et al, 1996, Burnham et @897, Magonov et al., 1997, Boisgard et al.
1998, Cleveland et al., 1998, Marth et al., 199@&n@/ et al., 1999, Garcia et al., 1999 and
2000, Durig, 2000, San Paulo et al., 2001, Sabastial., 2001, Yeh et al. 2004, Liu et al.
2005 ). On the other hand, a systematic explanatidtine phase angle images is very difficult
(Chen et al., 2002), because the difference inpin@se angle values could be related to
different reasons (viscoelastic properties, surfegght etc).

The experimental observations show that the heigttphase contrast images depend on the
ratio between the free amplitudedfand reduced amplitude (set point)sfAwhich is used

as feed back mechanism (Whangbo et al., 1998)rdtieebetween these amplitudes has very

important role for analysing material surface (Magoet al., 1997).

B. Contact Mode

In contact mode, the cantilever tip is placed tataot with the sample surface. Repulsion
force (F) acting upon the tip is related to thetibewer deflection value (x) under Hooke's

law;

F=-kCx (Eqn.i1.4)
where Kk is cantilever spring constant. The springstant value for different cantilevers
usually varies from 0.01 to several N/m. The schanmibustration of contact mode can be
seen in figure 11.9. In contact mode, there are pwssible methods for surface imaging:
Constant force:the deflection of the cantilever is maintained ¢ants by a feed back
mechanism while moving on the sample. The changéhénforce is interpreted as the
topography of the sample. The sensibility of thehuod is up to 0.1 nm.

Constant height:the height of the sample is maintained constanttheddeflection of the
cantilever is interpreted in order to find the swd characteristic of the sample.

The contact mode has some disadvantages. Speeduofisg is restricted by the response
time of feedback system. When exploring soft sasflée polymers, biological samples,
Langmuir-Blodgett films etc.) they can be destroymdthe scratching because the probe
scanning tip is in direct contact with the surfacEnerefore, under scanning soft

inhomogeneous samples the local flexure of samptéace varies. As a result acquired
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topography of the sample can prove distorted. Blessxistence of substantial capillary
forces imposed by a liquid adsorption layer canremse the resolution (AFM manual,

Veeco).

Feedback Loop Maintains
Constant Cantilever Deflection

Controller
Electronics

_- Laser

Scanner
Detector
Electronics

Muznuros

A-B Z -
A:B -

of deilection =

signal

Split e —

Photodiode . _ i

Detector . %/
Elndian <

Figure 11.9. Feed-back Loop of the Contact Mode (AFM Manualest

Cantilever & Tip

On the other hand, contact mode gives us also dksilflity to measure the adhesion force
between the cantilever tip and the sample.

Adhesion Force Measurements

Conventional force plots are simply a plot of clever deflection on the Y-axis versus Z-

piezo position on the X-axis. They normally inclugkeo traces, an approach curve and a
retract curve. On a hard surface in air, a curweilar to that shown in Figure 1.10 is

commonly obtained.

frnction
@ PULL-OFF

Adhésion Force :
F= k.z
K : Cantilever stiffness

Figure 11.10. A Force Plot of AFM in Contact Mode (Roberts, 2P05
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The tip — sample distance decreases as the cuegefigom right to left (approach). Very close
to the surface, the tip snaps into contact withsinéace due to short range attractive forces
(contact). As the piezo continues to extend, thastipressed harder into the surface and the
cantilever deflection increases (repulsion). Thezpithen reverses direction and begins to
increase the tip-sample distance, thus decreaBagéantilever deflection (attraction). As the
piezo continues to retract, the cantilever straigainst this force until it finally breaks free

and returns to its non-contact value (pull — ofappela et al., 1999).

C. Non - Contact Mode
In non — contact mode of AFM, the cantilever isilketed at a frequency which is slightly
above the cantilever’'s resonance frequency typicaith an amplitude of a few nanometers
(<10nm), in order to obtain an AC signal from trenttlever. The tip does not contact the
sample surface, but oscillates above the adsotb&btlayer on the surface during scanning.
The cantilever's resonant frequency is decreasdtidoyyan der Waals forces, which extend

from 1 nm to 10 nm above the surface, and by dtdrey range forces which extend above the

surface. (fig. 11.11)

=10 reicrms

r10'5

+10°¢
Electrostatic Forces
___— (Auractive or Repulsive)
- 0100100 microms

4107  Fluid Surface Tension
_—Forces (Auractive)
— 10—200 nem

4108

Van Der Waals Farces
1Q-2— (Auractive)
Amgsiroem level

— —=g ]

\— Surface Plane

Figure II.11. Interparticular Forces Between Cantilever Tip &fpde Surface (Picoforce

Manual, Veeco)

The decrease in resonant frequency causes thetadeplof oscillation to decrease. The
feedback loop maintains a constant oscillation #&omg or frequency by vertically moving

the scanner at each (x,y) data point until a “satp@amplitude or frequency is reached. The
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distance the scanner moves vertically at each @ey point is stored by the computer to
form the topographic image of the sample surfadeAanual, Veeco).

In this study, Multimode Nanoscope IlIA atomic fermicroscopy from Digital Instruments,
Veeco Metrology Group® has been used. In tappinglendPP 11100, phosphorus (n)
doped silicon cantilever probe with spring const&ht40 N/m has been used in order to have
topographical analysis of the initial host and ¢uesticle surface and also talc coated host
particle surface in hybridizer. In contact mode, Nificon nitride cantilever probe with spring
constant (k) 0.32 N/m was used in order to stuéyaitthesion forces between the particles.
The properties of the used cantilever probes ipitepand contact mode measurements are

presented in details in appendix V.

3.3. Laser Diffraction Granulometer

The patrticle size distribution of the powders wasasured by a laser diffraction method using
the Mastersizer 2000 from Malvern Instruments [file equipment uses the diffraction of

laser beam in order to find the particle size thstion of powders between 0.02 um and
2000 pm range.

The Mastersizer essentially consists of a laserstratter and a receiver (300 RF lens) unit,
detectors, a dry powder feeder unit with an airtarenin order to control the dispersing air

pressure and a cyclone (fig. 11.12).

Laser

Diffraction Laser Cyclone
Unit

Powder Cell

Drv J

Dugpersion
Ulhut Venturi

Q Air Pump

Figure 11.12. Basic Configuration of Laser Diffraction Granulotee
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A representative powder sample is placed in thdeeanit and a vacuum is switched on. The
vacuum draws the powder sample into the instrumahtchosen dispersing air pressure (up
to 4 bars). The dispersed powder passes througHatte® beam. The dispersed powder
scatters laser light at angles that are inversedgartional to the size of the patrticles, i.e. &rg
particles scatter light at small forward anglesergas small particles scatter light at wider
angles (Figure 11.13). This scattering is captubgdan array of detectors. Hence, there is a
direct relationship between the distribution of sitattered light energy on these detectors and
the particle size distribution (Chatelet, 1996).

# Diffraction

Diffusion

Sample

() (b)

Figure 11.13. Principle of Laser Diffraction Granulometer

a) Laser Diffraction Unit of the Granulometer bjdractions of laser light and particles

In this apparatus powder de-agglomeration is ctlattoby adjusting the dispersing air
pressure. The variation of the pressure (P) witlhesponding air velocity (V) in the venturi

can be seen in figure 11.14.b.

0.5cm n
‘ ' 20
0.5¢cn . ‘
0 1 P (bar) 4 5
() (b)

Figure 11.14. Air Venturi of the Granulometer
a) Dimensions of the Venturi b) Pressure vs. Cpording Air Velocity in the Venturi
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Here we determine at which dispersing air prestheguest particle start to be liberated from
the host particles. The presence of liberated padicles can be detected by making a
comparison between number particle size distrimgtiwith different pressures (Vilela, 2006).

It is important to note that the diameters from thger diffraction method are calculated
assuming spherical particles, so incorrect valuay tme obtained for irregular or needle-
shaped particles. Thus the size distribution fortled test powders was checked by image

analysis using a scanning electron microscope.

3.4. Helium Pycnometer

The solid density of the powders was measured wsihglium pycnometer (Accupyc 1330,

Micromeritics) which works on the basis of gas thspment. The instrument determines the
solid density of solid objects or powders basedhanfollowing equation assuming an ideal

gas:

(Eqn.11.5)

V, =V, + Ve
R

P

2

The general principle is that the solid powder sengd unknown volume Vis placed in a
known sample cell volumed/ and pressurized with helium gas to the desiragetgressure
P1. The pycnometer has an internal “added volumeintiex (V) which is added to the cell
volume by opening a valve between the two chamférs.resulting lower pressure B then
recorded, allowing the calculation ofpVVThe pycnometer is programmed to perform the
above pressurizations and valve 22 openings autcetigt V, and \t are known through
accurate calibration using the provided calibratspheres. The helium is able to fill all
spaces open to the atmosphere, including the postde the powder sample. The solid
density is calculated from the volume of sample #medknown sample mass. The instrument
reports an average value from the number of ruasifsed by the user. The specified number

of runs is input with a numeric keypad on the frohthe pycnometer.

3.5. Tapped Density Tester

In this study, the tapped density (sample masst@pmlume of the sample) and apparent
density (sample mass/ initial volume of the samplethe powders have been calculated by
using a tapped density tester (Erweka Ltd.) in otdgredict the flowability properties of the

powders.
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The tester essentially consists of 2 graduatechdgis placed on the tester platform. The
tapping action is generated by a camshaft which ife platform and allows it to drop back
to its original position. The normal speed is 3@pst per minute. The number of taps can be
selected from a user interface. In this technigaes were applied until a maximum packing
condition was achieved. The level of powder in ¢naduated cylinder was checked after
every 10 taps till there was no further reductioenvel. This was taken as the tapped volume
which was used for calculating the tapped denditye measurements were done in three
times and an average value was reported.

By using tapped and apparent density values, thiéyadf the powder to flow (table I1.1) and
its compressibility (table 11.2) can be predicteddalculating Carr index {) (egn. 11.6) and
Hausner Ratio (Bl (egn. 11.7).

| = (,Otapped - apparemJ (Eqn.l1.6)
IOtapped
H _ Prappea (Eqn.I1.7)
R —
Table II.1. Flowability of the Powders According to Carr Index
Carr Index (%) Flowability Powder State
5-15 Excellent Sand-like powder without fibres & finerpeles
15-18 Good Sand-like powder without fibres & fine partisl
18 — 22 Mediocre Powder with small amount of fines parscle
22-35 Bad Powder with fine particles
35-40 Very Bad Cohesive powder
> 40 Execrable Very cohesive powder

Table 11.2. Compressibility of the Powders According to HaudRatio

Hausner Ratio Compressibility
<1.25 Few compressibility
1.25-1.4 Intermediate compressibility
>1.4 High compressibility
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3.6. Freeman Technology Powder Rheometer (FT4)

The FT4 Powder Rheometer is a device that is abtdassify powders by their flowability.

The aim of this device is to provide an automatesting program that is relatively
independent of the operator and is quick. It hapecial profile propeller type blade which
can be rotated and simultaneously moved axially anppowder cell and the axial force and
the rotational force can be measured (fig.11.15).

< H ==

R

Figure 11.15. FT4 Powder Rheometer (Freeman, 2006)

There are different kinds of control variables athbaxis such as velocity, force and torque.
All powder samples are pre-conditioned using thstrinment’s conditioning methodology to
have a homogeneously packed powder bed. The comidigy blade action gently disturbs the
powder bed and creates a uniform, lightly packest sample that can be readily and
consistently reproduced. The conditioning cycle poses a traverse of the blade downward
towards to the bottom of the powder cell and théragerse upward as shown in figure 1..16
The downward traverse would typically use a 5° fpasinelix in order that the blade action is
more slicing than compacting. The upward traverseld typically use a 5° negative helix
that gently lifts the powder and drops it over tilade. In both upward and downward
movement of the blade for conditioning the tip sheéthe blade is constant and 100 mm/s.

This process removes any packing history such exgnsolidation or excess air (Freeman,
2008).
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VAR

g/ 5l

Figure 11.16. Downward and Upward Conditioning Cycles of FT4 BewRheometer
(Freeman, 2006)

After the conditioning step, there are differerntay of test programs for different rheological
characteristics of powders can be used. In the gesgrams, the blade moved along a
downward helical path, but in the opposite direttim impose a compaction regime, thereby
forcing the power to flow around the blade. In thitady, flow rate index (FRI) program,
which includes 4 different test cycles with 4 diffiet blade tip speeds (100 mm/s, 70 mm/s,
40 mm/s, 10 mm/s) has been used in order to clesizetthe flowability properties of the
powders. It allows determining the sensitivity tketpowder samples to the stirrer blade
speed. The flow rate index values for the powdeescalculated by dividing the Titotal
energy value to the"8total energy value. Higher the FRI value, lowes flowability of the
particles (Freeman, 2006). A typical total energgaading to tip speed graph can be seen in
figure 11.17.

Conditioning /

///_—-
FRI

Total energy consumed during test, mJ

Test number 1 2 3 4 5 6 7 8 9 10 1

Blade tip 100 100 100 100 100 100 100 100 70 40 10

speed mm/s . )
Stability (Rep) and Variable Flow Rate (VFR) Test

Figure 11.17. A Typical Graph of Total Energy Consumed vs. Blage Speed
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3.7. Contact Angle Measurement

The contact angle measurement is used to detertménevettability property of a solid by a

liquid. Generally, the determination of the contangle is conducted using the sessile drop
method. The liquid is dropped by a micro syringetloa solid and the contact angle between
the baseline of the drop and the tangent at the boaindary is measured. Young formulated

a relation between the interfacial tensjoat a point on a 3 phase contact line (fig.11.18).
YLv

Figure 11.18. Scheme of the Contact Angle

Psv

The indices ‘S’ and 'L’ stand for solid and liquigs. andy,y describe the surface tension
components of the two phases wherggasrepresents the interfacial tension between the
phases ané stands for the contact angle corresponding tcatigge between vectgg, and

yuv. Young formulated the relationship between thesmtjties;

Yo Lcosd =y, —yg (Eqn.11.8)

In contact angle measurements, powder beds havegrepared for each powder sample. A
liquid drop of controlled volume (10 ul and aroudednm diameter) is placed on the powder
bed of the particles and then photographed. Théacomngle is determined by drawing a
tangent to the profile at the point of three-phasatact after the drop profile has been

enlarged by image projection.

3.8. Dynamic Vapour Sorption (DVS)

Dynamic vapour sorption (DVS) analysis is a techeign which a solid sample is subjected
to varying conditions of relative humidity and teangture in order to understand the moisture
sorption affinity of solids. A schematic view ofdynamic vapour sorption (DVS) analyser
(Surface Measurement Systems Ltd.) is given inrEdu19. The apparatus consists in a twin
pan microbalance with a high resolution, housedlena temperature controlled incubator. A

given amount of the solid sample is placed in #tra@e holder and suspended to one side of
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the balance whereas a reference holder is suspeadée other side. A part of carrier gas
(usually nitrogen) is bubbled through the testitigand humidified. The desired humidity of
carrier gas is achieved by mixing dry and humid #iass in the correct proportions using

automated mass flow controllers.

Mass flow
controfler 1

Napour
humidifier

:M&sq:lnw # "'H | Tand RH

controller 2 probes

Figure 11.19. Scheme of the Dynamic Vapour Sorption (Lazghadd.e2005)

The gas is divided into two equal parts, flowingtpthe sample holder and the reference
holder. In order to reduce uncertainties causeddpour adsorption/desorption on sample
holder's wall, the net liquid uptake is determineg comparing the sample holder to the
reference holder. Continuous monitoring of the danweight permits to follow the liquid
adsorption from the beginning up to equilibriumioPto being exposed to any vapour, the
samples (around 100 mg) are equilibrated at 0% dRirmove any surface adsorbed vapour
and to establish a dry mass baseline. Next, the@legmnare exposed to carrier air with varying
relative humidity. The relative humidity is increals step by step during adsorption and
decreased during desorption. At each step, the Isama@ss is allowed to reach equilibrium
before humidity is varied. The two basic results ba derived from DVS data is the sorption

kinetics and equilibrium adsorption isotherms (Lizedg et al., 2005)

4. MATERIALS

In this study, two different “model couples” haveeelm used for dry coating trials.
Poly(methyl methacrylate) (PMMA) with Talc partisl¢™ model couple) and Cellets with
Talc particles (¥ model couple) have been used as host and gudatlgmin dry particle

coating trials.
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4.1. Poly(methyl methacrylate) (PMMA)
Poly(methyl methacrylate) (PMMA) is a thermoplasiitd transparent plastic. Chemically, it

is the synthetic polymer of methyl methacrylatehdss the chemical formula of {G:Hs);.

The structure of the PMMA can be seen in figur2Ql.
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Figure 11.20. Chemical Structure of PMMA

Methyl methacrylate is the basic molecule, or moegnirom which PMMA is formed
(fig.1.21). The chemical formula for this materisd CH=C(CH;)COOCH;. There are
different methods for PMMA synthesis. These techag] have been explained by early
researchers (Limmer et al. 2002, Ahmad et al., 200¥ et al., 2008, Kuan et al., 2008, Zhu

et al. 2008).
H  CH;  Polymerization S
o=c =~ tCH—CHy
H C=0 C=0
7 I
0 0
A "
CHj CH;
Methyl Methacrylate PMMA

Figure 11.21. Chemical Structure of Methyl Methacrylate and PMMA

PMMA is an important commercial plastic and it loiféerent properties (odourless, tasteless,
nontoxic etc.) which make it very interesting fofferent applications. It has a good impact
strength property. It is softer and can be easihatshed. Zhu et al. (2008) used PMMA
particles as filler for improving mechanical projes of PVC matrix. They have observed
that the tensile strength of PVC matrix increasesinf 21.4 MPa to 42.9 MPa and the
elongation at break is enhanced greatly from 1A®%6.8% because of the PMMA patrticles
in the mixture (5 wt%).
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PMMA has been used in a wide range of areas ankicappns, such as in aircraft windows,
signs, lighting, dentures, food-handling equipmamd contact lenses. PMMA has also been
used as bone cement, to affix implants and to remlodt bone. It is supplied as a powder
with liquid methyl methacrylate (MMA). Surgeons camlge the curing of the PMMA bone
cement by pressing their thumb on it. Mendicin@ale(2008) explained the fabrication of an
antibiotic impregnated PMMA intramedullary rod. PMMis also used as carrier for
sustained local delivery of drugs (Vallet—-Regi &f 4998, Tao et al., 2003). Elvira et al.
(2004) loaded PMMA microspheres with different amisu of cholesterol by using
supercritical carbon dioxide in order to understémel drug release properties of the loaded
particles. They observed that the drug releaseofa®MA particles decreases significantly
when the cholesterol amount on the PMMA carryingtiplas increases. PMMA has also
been used as model particle for studying the serfaoperties of composite powders by dry
coating method in early studies (Ramlakhan et2800, Pfeffer et al., 2001). Horiuchi et al.
(1999) used PMMA particle as carrier particle folfestent pigments. They observed that
although PMMA has a high Tg, and high particle stbe pigment coated PMMA patrticles
had a homogeneous coating structure with goodiiityeg

In this study, PMMA particles from Acros Organicsed as the host component in dry
coating trials. It has the volume mean diamete4;3})) 160 um, average molecular weight
(Mw) 35000 g/mol and 1.2 g/ml density)( The properties of the PMMA patrticles are also

presented in table II.3.

Table I1.3. Properties of PMMA Particles
d4.31(um) [ d[1.0] (um) [[ p (g/mi) || Mw (g/mol)

160 130 1.24 35000

PMMA particles have a regular spherical shape andosh surface as it can be seen from
figure 11.22 that was taken by ESEM. The morpholagythe particles enables us to see the
coating performance easily by visual methods andisitalso suitable for different

characterization methods.
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4.2. Cellets

Cellets are pellets made of microcrystalline celtal. It has a wide range of particle sizes, the
standard types start with Cellets 90 (100-200 una) @end with Cellets 1000 (1000-1400
pum). It is odourless, tasteless and extremely viesdt is insoluble in water. As inert
carriers, they are mainly used for controlled re¢eformulations, homogeneous distribution
of the active agent and for drug delivery. It haghhabrasion resistance which improves the
coating process. Cellets particles have a regplaerscal shape, smooth surface as it can be
seen from figure 11.23 and they have very high namital strength property.

v Del wo ——— 500um

PN Del WD P ==—=—" 500 um 5
SE 116 Cellets 200 Initial

F @IE_C12.0 Cellets 00nikiRI

(b)
Figure 11.23. Surface Morphology of Cellets Particles
a) Cellets 90 b) Cellets 200

Laarhoven et al. (2008) coated cellets particleth viRoly(vinly alcohol), Poly(ethylene
glycol) and (hydroxypropyl) methyl cellulose in erdto study the strength against attraction
with a repeated impact tester. They observed tinangl attraction testing the uncoated cellets
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granules do not show any attrition. When celletsiglas are coated, all the attrition observed
is due to the failure of the coating.

Cellets 90 and cellets 200 patrticles, from PharamstiSanaq AG, used as two different host
components in dry coating trials. Basically, thdyodifference between the cellets 90 and
cellets 200 particles is the particle size distitms. The densityp] of cellets particles is 1.52
g/ml. The properties of the cellets 90 and cel&8 particles can also be seen in table 11.4.

Table 11.4. Properties of Cellets Particles

d[4.3] (um) | d[1.0] (um) || p (g/ml)

Cellets 90 100 74 1.52

Cellets 200 305 217 1.52

4.3. Talc

Talc is a mineral composed of hydrated magnesidioate with the chemical formula
MgsSizO10(0OH), which corresponds to 4.8% .8, 31.7% MgO and 63.5% SjO lts
elementary sheet is composed of a layer of magmeskygen/hydroxyl octahedra,
sandwiched between two layers of silicon-oxygematetdral as it can be seen from the
figure 11.24.

Figure 11.24. Chemical Structure of Talc (Mulryan, 1992)

The main or basal surfaces of this elementary dih@etot contain hydroxyl groups or active
ions, which makes talc very hydrophobic and ineatarial. Talc is practically insoluble in
water and in weak acids and alkalis. It is neitlgplosive nor flammable. Although it has
very little chemical reactivity, talc has a markafdinity for some organic chemicals. Talc's
melting point is at 1500°C and the density is 2r@ldBalard, 2001).

Talc is the softest material according to Mohsea@dlmineral hardness. Its smoothness, high

lubricating and hiding power and ability to absaib and grease makes it very important
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material for industrial applications. It has beesed as filling material in paper, plastic and

ceramic industries (Lopez, 1998). In the pharmacalapplications, talc has been used as
lubricant, anti—caking agent. It has also been useutder to improve the brightness of the

tablets (Kablitz et al., 2006). In food industrgictis widely used as technological additive in

a number of foods and as processing aids in théamézal extraction of virgin olive oil.

In this study, talc particles from Luzenac S.A haeen used as guest particles in dry coating
experiments. The volume mean diameter (d[4:8f the particles is 14 um. In order to obtain

talc particles with smaller particle size distrilouts, some talc particles have been treated in
hybridizer at 16000 rpm operating velocity for 6noties. At the end, it has been obtained talc
particles, which is called as talc 16000, with 4 yolume mean diameter. The properties of

talc particles are presented in table II.5.

Table I1.5. Properties of Talc Particles
d[4.3] (um) [ d[1.0] (um) | p (g/ml)
Talc 14 8 2.8

Talc 16000 4 1 2.8

It can be seen from the figure 11.25, both talc tald 16000 particles have slab geometry.

Figure 11.25. Surface Morphology of Talc Particles
a) Talc b) Talc 16000
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5. CONCLUSION

In this chapter, the descriptions of the dry caateguipments, different characterization
methods that have been used for analysing diffggepsicochemical properties (flowability,

wettability, surface morphology etc.) and the chegastics of the powders that were used for
dry coating trials have been explained in detailthe following chapter the obtained results

will be presented and discussed.
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CHAPTER Il
Effect of Equipment and Operating Conditions
on the End—-Use Properties of Composite

Particles






Chapter Il — Dry Coating of PMMA & Talc Particles

1. INTRODUCTION

As it has been discussed previously, it is very glemto understand the relationship between
the couple (host & guest particles), process (egaift, operating conditions, etc.) and their
effect on the end-use properties or for a certaid—ese property, the required material
properties (size ratio, initial affinity of adhesietc), process (equipment, energy that the
equipment needs to supply, etc.) of the particlesbe able to simplify the problem, it has
been chosen some model couples.

In this part of the study, it is aimed to coat finst model couple, poly(methyl methacrylate)
(PMMA) (host particle) particles with talc partisléguest particles), by different dry particle
coating devices and operating conditions (massep#aige of talc, operating velocity) in order
to understand the effect of the equipment and tipgraonditions on the end—use properties
of the new generated particles. Nara Hybridizer §\¥B)), Cyclomix Hosokawa and Turbula
mixers have been used as three different dry partimating equipments (Chapter 1l). These
equipments have certain differences according éowhy they function and also the energy
that they supply to the powder sample to obtairticgan the surface of the host particles.
The feasibility of dry coating of the PMMA — Tal@anpicles was investigated for each dry
particle coating equipment. Several characterisati@thods are used to study the physico—
chemical properties of the coated particles. Visaiibn before and after coating is performed
with an Environmental Scanning Electron MicroscdR$EM), it enables us to qualitatively
estimate the type of coating obtained and the amoludeposited guest particles on the host
particles. The particle size distributions and owastrength of the composite particles have
been studied by using a laser diffraction granukemén dry feed mode). In this apparatus
the powder de-agglomeration is controlled by adpgsthe dispersing air pressure. It has been
found the maximum dispersing pressure that tharapatan resist.

An Atomic Force Microscopy (AFM) has been used mep to understand guest particle
deposition on host particle, analyze the surfacephmogy of the particles and also to find
the adhesion force between the particles. Accortbntpe results that have been obtained, it
enables us to calculate the amount of guest pastich the surface of the host particles by
using a model for adhesion force.

The flowability of the PMMA particles has been aizald before and after the coating process
in different equipments by using a Freeman Techgyloowder tester (FT4) and a tapped

density tester.
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2. DRY COATING OF PARTICLES IN HYBRIDIZER

The Nara Hybridization System (NHS — 0) has beesduss dry coating equipment with
different mass percentages of Talc particles. loridyzation, high mechanical impact forces,
compression and shearing are used in order tatlcegtarticles.

First of all, it is necessary to find the optimurpecating conditions of Hybridizer for the
model couple and also to understand the fragmentditehaviour of the powders. For that
reason, a preliminary study has been done for PMAMA Talc particles individually. In
preliminary study, the PMMA and talc particles amndividually treated in the hybridizer at
different rotational velocities and their fragmedita characteristics have been studied.
PMMA particles with different mass percentages alt tparticles have been treated at
different operating velocities for dry coating expeents. In this part, the characterisation of
powders before and after coating is presentedteilde

2.1. Hydrodynamic Properties of Nara Hybridizer

In order to have an idea about the effect of roteti velocity of hybridizer on generated air
velocity, a study of hydrodynamic properties of IHgizer has been done.

The air velocity inside the hybridizer was measubgdusing an anemometer. A reference
point in order to detect the air velocity has bebnsen in the recirculating chamber of the
hybridizer as it can be seen from Figure 111.1.

Anemometer inside of the
recirculating chamber\

Feed chinte Circulation route

Striking pin —

Jacket
(heat medium/coolant)

Figure Ill.1. Scheme of Experimental Setup

Nara Hybridizer has been operated (empty) with fi@n{ 1000rpm to 9600 rpm) different
velocities and 4 different pressures (0 bar, Or$,da2 bars, 0.3 bars).
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In the experiments, the anemometer has been uskedhsitime program in which it takes the
all data in specific time range (>1 data per set@md after it calculates the mean value for
this specific time range. In this study, the tinamges has been defined as 10 seconds (that
means for one velocity more that 10 values) andriites in order to compare the data.

It can be seen from figure III.2 that the veloaifythe air increases with increasing rotational
velocity of hybridizer as expected. It was obsertieat there is no significant effect of air
(purge) pressure on the circulating air velocitgide the hybridizer. It shows that the

de-agglomeration of the particles is affected kgtion of the rotor.

12

s P =0.3bar
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©

Air Velocity (m/s)
-3

~

0 2000 4000 6000 8000 10000 12000
Velocity of Nara (rpm)

Figure 1l1.2. Air Velocity Inside of the Recirculating Chambdrara According to

Different Air (Purge) Pressures

2.2. Preliminary Study of Poly(methyl methacrylate) Paricles

In the preliminary study, the PMMA particles haveeh treated at different rotational
velocities. The particle size of the final PMMA hbhsen determined with the Malvern
Mastersizer laser diffraction granulometer and egped as the d[3:2] or surface weighted
mean diameter. In addition, we have determined yile&d of the hybridizer that is the
percentage of material removed from the devicdateind of an experiment with respect to
the amount of introduced powders in the beginning.

The rotational velocity of the Hybridizer is up 16000 rpm, here we used 2500 rpm (15.6
m/s), 4000 rpm (25 m/s), 5600 rpm (35 m/s), 9608 (60 m/s) and 15000 rpm (93.8 m/s) as
operating velocities.

The effect of operating time has been also studdedording to early studies that have been
done by Vilela et al. (2005), it was seen thatdperating time has no significant effect (after
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couple of minutes) on the particle fragmentationhybridizer treatments, 6 minutes has been
chosen as the fixed operating time.

The maximum batch size of the Hybridizer (NHS—Oglsut 50 g. According to work has
been done by Pfeffer et al. (2001), the advisdahlrcharge should be between 25 and 35 g in
order to have a good powder circulation in the mgxchamber. For that reason, the initial
charge of the powders has been fixed at 30g.

2.2.1. General Mass Balance

The initial charge of 30 g powder is introducedthe Hybridizer. For the each rotational

velocity, the percentage of the PMMA removed frdra tlevice at the end of the experiment
with respect to initial charge has been companedhé figure IlI.3, the % of the collected

powder according to different operating velocitas be seen.
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Figure 111.3. Effect of rotational velocity on Amount of PMMA Qetted

It can be seen that the amount of PMMA collecteggifrom 60 % at low velocities of
rotation up to a stable value of about 90 % foatiohal velocities greater 5600 rpm. This can
be explained by the fact that, air flow generatgddiational velocity of the rotor is not high
enough to have a good recirculation of the powadethat some of the powder stays in the

recirculation tube.

2.2.2. Effect of Rotational Velocity on Particle Size Digtbutions

Here, it is aimed to understand the fragmentatiehaliour of the particles with different
operating velocities. The patrticle size distribatianalyses of PMMA particles have been

done for each 5 operating velocities of Hybridigeetween 2500 rpm — 15000 rpm). The
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figures 111.4 and IIl.5 show the volume and numbletributions of PMMA particles before

and after treatment in hybridizer with differenteogting velocities.

“25

——PMMA V:2500 RPM
—~— PMMA V:40000 RPM
1 - -PMMA V:5600 RPM
1 —%—PMMA V:9600 RPM
—— PMMA V:15000 RPM
—+—PMMA Initial

—
—A—
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—X—
—_

(%)

. Volume
Number (%)
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°

Particle Sze (um) Particle Size (um)
Figure lll.4. Volume Particle Size Distribution ot Figure III.5. Number Particle Size Distribution of
PMMA Particles Before and After Treatment wit PMMA Particles Before and After Treatment with

Different Operating Velocities Different Operating Velocities

It can be seen that the treated PMMA particles G109rpm and 15000 rpm have a fine
particle population (<20 um) compared to other oitles because of the particle breakage.

These fine populations can be seen easily in th&beu particle size distributions (Fig. 111.5).

d[3,2]:Surface Weighted Mean (Lim)

o 2000 4000 6000 8000 10000 12000 14000 16000
Velocity of Nara (rpm)

Figure II.6. Effect of Rotational Velocity on Particle SizesRIMMA

The evolution of the surface weighted mean diame&;2]) for PMMA patrticles before and
after the treatments confirms the observations tatheuparticle size distributions (Fig. 111.6).
The powders, that are produced at low rotationkloies, has an initial particle size d[3,2]

of about 160 um, but the mean particle size is aeduwith higher rotational velocities,
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falling to less than 10 pum for rotational velocstigreater than 5600rpm. This would indicate
particle breakage at these high rotational velesitlt is also confirmed by visual observation
with the ESEM as seen in the figure II1.7.

500KV Z0 400 SE 93

(@) 4000 rpm (b) 5600 rpm (c) 9600 rpm
Figure II.7. Surface Morphology of PMMA Particles after Treatrsein Hybridizer

2.3.Preliminary Study of Talc Particles

In the preliminary study with talc particles, tharficles has been treated at 4000, 5600 and
9600 rpm operating velocities for 6 minutes opetime as it has been done for PMMA
particles. The initial talc particles have a volumean particle diameter (d[4+3Jaround 14
pum.

The figures 111.8 and 111.9 show the volume and renparticle size distributions of the talc
particles before and after the treatments. It canséen that the talc particles keep their
particle size for each operating velocity. It shawshat, up to 9600 rpm operating velocity of
Nara Hybridizer talc particles are not broken.sltaiso confirmed by visual observation as

seen in figure 111.10.
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—=—Talc @ 4000 rpm

—#—Talc N @ 4000 rpm
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Figure 111.8. Volume Particle Size Distribution ofFigure I11.9. Number Particle Size Distribution of
Talc Particles Before and After Treatment with Talc Particles Before and After Treatment with

Different Operating Velocities Different Operating Velocities

It can be seen that the talc particles are geneagljylomerates and have slab morphology.

b

: EK‘%}‘_ g

(@) 4000 rpm (c) 9600 rpm
Figure 111.10. Surface Morphology of Talc Particles after Treattsen Hybridizer

In the preliminary study of the PMMA and talc peles, it has been observed that the particle
recovery varies from 60% up to 90%, at 9600 rpmtnebshe PMMA particles are broken
but on the other hand talc particles keep theitigarsize for each operating velocities.
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After the preliminary study, 4000 rpm (25 m/s), B&pm (35 m/s) and 9600 rpm (60 m/s)
have been chosen as operating velocities to codViRNarticles with 2 different mass
percentages (1%, 5%) of talc particles for 6 misus%6 mass percentage of Talc corresponds
to theoretical monolayer coating percentage in gemal packing of the PMMA particles.

(Appendix I1)

2.4.Dry Coating of Poly(methyl methacrylate) with Talc

In this study, it is aimed to understand the effecthe energy that the hybridizer applies to
powder sample, which is directly related to therapeg velocity, and mass percentage of talc
particles on the end-use properties of the gerckerptevders. More precisely, we are
interested to analyse the effect of the operatomgditions of hybridizer and mass percentage
of talc on the coating strength and flowability peaties of the particles. On the other hand,
we are also interested to analyse the topographodifications by AFM and afterwards it is
also interesting to calculate the amount of taltiglas on the surface of PMMA patrticles by
using an adhesion force model. The results of PMddAted with 1% and 5% talc particles
for each operating conditions of hybridizer will peesented (table 111.1). Then, the results of
the hybridizer trials will be compared with the ults of basic mixed PMMA and Talc

particles.

Table Ill.1. Operating Conditions of Dry Coating Treatments ybHidizer

Host Guest || Operating [| Operating | Mass % Batch || Temperature

Particles || Particles|| Velocity Time of Guest Size of Cooling
(rpm) (min) Particles (g_;) Jacket (°C)
4000

PMMA Talc 5600 6 1% 30 13
9600
4000

PMMA Talc 5600 6 5% 30 13
9600

In basic mixing, PMMA particles initially treatedch(hybridizer at 4000, 5600, 9600 rpm) and

initial talc particles with 2 different mass pertayes (1% & 5%) are put into a tube (30 g

batch) and they are mixed by shaking by hand fonirgutes. It can be considered as a simple
approach to the concept of ordered mixture.
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2.4.1. General Mass Balance
In the figure 111.11 the results of the percentajgowder recovery of PMMA and PMMA
coated with 1% and 5% talc particles for 4000 rf@&00 rpm and 9600 rpm rotational

velocities are presented.

HH
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% aof Ponder Cdllected
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Velocity of Nara (rpm)

[BPMMA BIPMMA + 1% Talc BPMMA + 5% Talc|

Figure Ill.11. Effect of Rotational Velocity and Mass Percentafj@alc on the Amount of

Powder Collected After Treatments in Hybridizer

It can be seen that the percentage of powder regamereases with increasing operating
velocity. It was also observed that the particleoxery of PMMA coated with 5% talc
particles is higher than 1% talc coating and alBMMA particles for each velocity. This is
probably due to the lubricant properties of talctipkes which helps particles to flow easily
inside the recirculation tubes of the hybridizen tbe other hand, it was observed that the
unrecovered particles generally stayed on the vedligator, inside the recirculation tube and
the small space between the rotor and stator. deraio understand the reason of particle
accumulation on the walls of the stator and ingite recirculation tube, the electrostatic
properties of the particles have been analysedifmyndtion of particle charge method. The
method is explained and the results are shownenAgipendix IV. It was found that both
lubricant and electrostatic discharging propertiefs talc particles decreases particle

accumulation in hybridizer trials.

2.4.2. Measure of Solid Densities of the Dry Coated Parties

The solid densities of PMMA coated with talc pdes: for each mass percentage of talc

particles and for each operating velocities havenbeetermined by using a helium
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pycnometer. It was found that the solid densityhef PMMA and the talc was unchanged by
treating in the Hybridizer for all speeds of ravati This is not unexpected.

Another measure of the overall performance of theration is done by comparing the solid
densities of the coated particles with the caledatalues by assuming all the talc guest

particles are fixed on the PMMA host particles.

1 (Egn.lIl.1)
pMixture - (1_ X) N X
IOPMMA pTalc

Figure 111.12 shows that, the solid density val@e close to the expected values for the

mixture, indicating that there is good recoveryoWwders from the Hybridizer.

1zad ™ psolid at 4000 rpr @ psolid at 600 rprm
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Figure I11.12. Variation of Solid Densities of Coated Particlescéuiding to Talc Percentage

However the densities of the coated particles lvays less than the calculated values for the
mixture. The tendency is for the experimental valt® be closer, the higher the speed of
rotation which suggests improved coating with gegeatechanical action. In addition, it can

be seen that the values for 1 % talc coating atkinvabout 99 % of the theoretical values

whereas the values for 5% coating are only wit®af the theoretical values. This indicates
that it is more difficult to add particles to anisting coating. These conclusions should
however be treated with caution as the differermetsveen the density of the talc and the
PMMA is not great enough to give a good precisinod the values are at the detectable limit
of the method.
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2.4.3. Characterization of Surface Morphology of the Partcles

Environmental scanning electron microscopy (ESEMS been used to observe the surface
morphology of the particles as shown in the figlird3. It can be seen that the hybridizer
seems to embed the talc particles on the PMMA gastifor each rotational speed. As it
would be expected, the amount of talc particlestren surface of the PMMA particles is
greater for the 5 % talc coating than 1 % talc iogat

PMMA + 1% Talc

(a) 4000 rpm (b) 5600 rpm (c) 9600 rpm
Figure 111.13. Surface Morphology of PMMA Particles Coated by 186 &% Talc Particles
in the Hybridizer

The shape and size of the PMMA host particles atechanged by the 4000 rpm and 5600
rpm treatments in hybridizer. However the obseorabf the results for 9600 rpm treatment
shows evidence of big changes both in particle stzeq size and the amount of background
debris. This confirms the particle size analyssults shown in figure 111.6 which suggests
extensive breakage of the PMMA patrticles at 9600.rp

The surface morphology analyses have also beenfdotige basic mixed particles. It can be
seen that 9600 rpm pre-treated PMMA particles watlc particles are all broken. It was
observed that there are free agglomerates of @ticles for PMMA with 5% talc coating
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experiments (for 4000 and 5600 rpm pre-treatmeas)pared to results of coated particles in
the hybridizer (fig.lll.14). It shows the effect afiechanical forces of Hybridizer. In basic
mixing, the force generated is not sufficient tedk the agglomerates of talc particles and
attach them on the surface of the PMMA particles liis reason the agglomerates rest in the
powder sample.

- PMMA + 1% Talc

AccV Spot Mage Dol
WOOKV 20 40dx  BSE 84

(a) 4000 rpm (b) 5600 rpm
Figure I11.14. Surface Morphology of PMMA Particles Coated by 184 &% Talc Particles

by Basic Mixing Method

2.4.4. Characterization of the Particles by Atomic Force Mcroscopy

In this part of the study, an Atomic Force MicroggdAFM) has been used in order to

examine the topographical analysis of the coatedpated particles and to understand the
guest particle deposition on host particle, and as find the adhesion force between the
particles. Afterwards, according to the resultst thave been obtained, the percentage of
surface coverage of the particles was calculateasing a model for adhesion force.
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A. Topographical Analysis of the Particles

In the topographical analysis of the particles, Altdl has been used on the different surface
ranges (from 10x10 pm? to 1x1um?) of the PMMA aald tnitial particles and also PMMA
with 1% and 5% talc coated particles.

The tapping mode of the AFM is used for analysingace topography of the samples. For
each trial, height, amplitude and phase angle gadue registered simultaneously. Cantilevers
with a phosphorus doped silicon tip of about 15420 in height and a spring constant of
0.40 N/m were used (MPP-11120) (Appendix V). Thens@ate of the piezo tube was kept at
0.6 Hz, the tip velocity was kept at 1.20 um/s #mel resonant frequency of the tip was
between 275 — 325 kHz (according to the tip) duthmgmeasurements. The ratio between the
free amplitude (A) and the amplitude set point {4 has been chosen as 0.8. This ratio has
been found by comparing the quality of surface gwpphy images of several experiments. It
is seen that the cantilever probe hasn’t got anyadge by touching the sample and also it
gives remarkable height and phase results atdhi r

The results of initial PMMA particles, talc paresl and PMMA coated with 1% and 5% talc
particles will be presented.

A.l. Topographical Analysis of the PMMA Particles
Surface topography of the initial PMMA sample haem studied by using 10 different

representative particles (according to particlepshé& size) with 3 different magnitudes of
imaging (1x1 pum, 2x2 um, 5x5 um). The AFM cantilegan be seen during a topographical
analysis of a PMMA particle in figure I11.15.

In figures 111.16 and 111.17, the height imagesaoPMMA patrticle (in 2D and 3D formats) can
be seen. According to these images, the surfaghmass analysis has been done by an AFM
software. There are different values to charaaehsg surface roughness but most of the time
average surface roughness (Ra) and root mean sauenage of surface roughness (RMS) are
used by researchers (Heng et al., 2000, Chen, 0812, Li et al., 2006, Liang et al., 2007) .
10 different particles with 5x5 pm?2 imaging magdiuhas been used for surface roughness
analysis, a Ra value has been obtained for the PMid#aicles, between 60 nm-120 nm
(Ra,e86) and the RMS value varies between 80 nm—-16Qtainhe 111.2)
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Figure 111.15. PMMA Particle
and Cantilever of AFM

r 1
ni 1: Height 5.0 jim

Figure 111.16 . Height Image of 5x5 um2 Figure 111.17 . 3D Height Image of 5x5 pm2
Surface of PMMA Particle by AFM Surface of PMMA Particle by AFM

A.2. Topographical Analysis of the Talc Particles

Surface topography of the initial talc sample wdicdlt to analyse more precisely for large

magnitudes of imaging like 5x5 pm?2. The talc pdescare very soft and have a very small
particle size (between 1um-18um) compared to PMMAiges and because of that, while
the cantilever probe is analysing the particle aef the cantilever tip may touch to the
particles and move them. The AFM cantilever carsdxen during a topographical analysis of

Talc particles in the figure 111.18.
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=L

Figure 111.18 . Talc Particles and

Cantilever of AFM

r 1
i 1: Height 5.0 jim

Figure 111.19 . Height Image of 5x5 um2 ~ Figure 111.20. 3D Height Image of 5x5 um?
Surface of Talc Particle by AFM Surface of Talc Particle by AFM

In figure 111.19 and 111.20, images of surface rdungss of talc particles can be seen. It is
observed that the surface roughness is much highdrmore evident for talc particles

compared to PMMA particles and it is found the Réue for the talc particles is between

100 nm-220 nm (R&131) and the RMS value varies between 140 nm—-a7rQable 111.2)

A.3. Topographical Analysis of the PMMA Coated with1% and 5% Talc Particles

The topographical analysis has been done also%oaidd 5% talc coated PMMA particles.
The idea was to study the effect of talc coatingtlo® surface roughness of the PMMA
particles after coating. Figure 111.22 and Ill.2Bosv the height images of 1% talc coated
PMMA particles.
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Figure [11.21 . PMMA Coated with 1%
Talc Particles and Cantilever of AFM

r 1
ni 1: Height 5.0 jim

Figure 11.22 . Height Image of 5x5 um?2 Figure 111.23. 3D Height Image of 5x5 pum2
Surface of PMMA + 1% Talc Surface of PMMA+1% Talc Coated Particle
Coated Particle by AFM by AFM

The surface roughness values of PMMA with 1% talating has been determined for Ra
between 70 nm-140 nm (Ra&91 nm) and RMS varies between 100 nm-190 nm. It is
observed that the surface roughness increased deoéthe existence of talc on the surface.
The change in the surface roughness is not muclpa@ed to initial PMMA particle which is
due to the small amount of talc particles on théase of PMMA patrticles.

The height images of 5% talc coated PMMA partielespresented in figure 111.25 and 111.26.
The surface roughness values have been found mgbbrifor the PMMA coated with 5%
talc compared to initial PMMA patrticles as expect€de Ra value is between 88 nm—-180 nm
(Rawe105 nm) and RMS is between 90 nm—200nm. (Tabl2)lll
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3§ Ry = .
Figure [11.24 . PMMA Coated with 5%
Talc Particles

r 1
ni 1: Height 5.0 jim

Figure 111.25 . Height Image of 5x5 um? Figure I11.26 . 3D Height Image of 5x5 pm?2
Surface of PMMA with 5% Talc Coated  Surface of PMMA with 5% Talc Coated
Particle by AFM Particle by AFM

Table 111.2. Surface Roughness Values of Uncoated and CoatéidI®a(5x5 pm?)

Material Ramin — Ranax || Raave ("M) | RMSmin — RMShax || RMSave (NM)
(nm) (nm)
PMMA 60 —-120 86 80 - 160 118
TALC 100 - 220 131 140 - 270 186
PMMA + 1% Talc 70— 140 91 100 - 190 132
PMMA + 5% Talc 88 — 180 105 90 - 200 155

It has been seen that, coating with talc has ceeéfects on the surface roughness of the
PMMA particles. But, how can we be sure if there t@lc particles on the surface? To be able

to answer that question, a study has been done able to understand the existence of talc
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particles on the surface of PMMA particles by conmga height results with phase contrast

results.

B. Phase Contrast Analysis of the Particles

An interesting feature of the AFM tapping modetssaapability of detecting the phase angle
of the AFM cantilever oscillation. This phase angtevides information on localized AFM
probe—sample interactions and has become an inmpomade in AFM applications on
recognizing heterogeneous (different surface roagbnchemical composition, elasticity etc.)
materials. However interpretation of the phase restthas some difficulties. (Chen et al.
2002)

In this part, it is aimed to distinguish the talricles deposition on the surface of the PMMA
particles according to different surface charastes of the particles that are obtained in the
topographical analysis and phase difference.

It is known that talc particles are much softernttRMMA particles, because of that we
suppose phase contrast results would give us éiffgghase angles in the coated patrticles.
The results of initial PMMA, talc and PMMA coatedtiv1% and 5% talc particles will be
presented in this part.

B.1. Phase Contrast Analysis of the PMMA Particles
In the figure 111.27, 111.28, the height, phase &g@nd amplitude data of the same PMMA

particle with different magnitudes of imaging candeen.
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Height Phase Angle Amplitude

Figure Il .27. Height, Phase Angle and Amplitude Images of 1x2 @orface of PMMA
Particle by AFM
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Height Phase Angle Amplitude
Figure 111.28. Height, Phase Angle and Amplitude Images of 2x2 @orface of PMMA
Particle by AFM

It was observed that in the same section of imafégight and phase angle, the phase angle
data varies up to 40° (fig.l11.27) which is probgabhe reason for the difference in height of
the surface (surface roughness). The same studgdmmsdone for 10 different particles with
5x 5 pum2 magnitude of imaging and it is found tiet phase angle varies between -100° and

40° for initial PMMA particles. (table 111.3)

B.2. Phase Contrast Analysis of the Talc Particles

The results of height and phase angle data haweebaksn compared for talc particles. In the
figure 111.29 and 111.30 the images of height, phasigle and amplitude of talc can be seen.
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Figure 111.29. Height, Phase Angle and Amplitude Images of 1x® Borface of Talc
Particle by AFM
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Height Phase Angle Amplitude
Figure 111.30. Height, Phase Angle and Amplitude Images of 2x2 @orface of Talc

Particle by AFM

It has been observed that the phase angle ofgaltwre evident than PMMA. The reason is
the surface roughness and also because of theiahat@rface characteristics. Talc is much
softer than PMMA and because of that we have obthivariety of phase angle values
(between -130° and 110°). (table 111.3)

B.3. Phase Contrast Analysis of the PMMA Coated wit 1% and 5% Talc Particles
The results of phase angle, height and amplitudigesaof PMMA coated with 1% and 5%

talc particles can be seen in the figure 111.31 Hh82 for 1x1 pm? magnitude of imaging.

Height Phase Angle Amplitude
Figure 111.31. Height, Phase Angle and Amplitude Images of 1x2 gorface of PMMA

coated with 1% Talc Particles by AFM

In the figure 111.31, a talc particle which is atted vertically on the surface of the PMMA
particle can be seen. On the other hand, if we eoenfhe phase angle and height results, we

can see that for the same section of the partrdestrface roughness seems stable but the
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phase angle gives different values between 50%8Advhich is a characteristic result of Talc

particles.
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Figure 111.32. Height, Phase Angle and Amplitude Images of 1x2 @orface of PMMA

coated with 5% Talc Particles by AFM
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For 5% talc coating we have also evidence, it shthesexistence of talc particles on the
surface of PMMA particles. In figure 111.32, a slagalc particle on the PMMA surface can
be easily recognized because of the morphologltalacteristics. Also the phase angle scale
iIs up to 85°which is much higher than PMMA scal20(3°<x<40°). The results of phase
angle, height and amplitude values with 2x2 pm4img magnitude for PMMA coated with
1% and 5% talc particles can be also seen in thuedilll.33.

The height and phase angle comparison has beerfalob@ different particles with 5x5 pumg?
imaging magnitude. It can be seen from table Iiik&t for 1% talc coating the phase angle
values are between -100° and 60° but on the otied lfor 5% Talc coating the phase angle
values are between -100° and 85°. The probabkonreahould be the difference in mass

percentage of talc particles in the samples.

Table 111.3. Phase Angle Values of Uncoated and Coated Par{fek&s|L m?)

Material Phase Angleyi (°) Phase Anglga (°)
PMMA - 100 40
TALC -130 110
PMMA + 1% Talc - 100 60
PMMA + 5% Talc - 100 85
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PMMA Coated with 1% Talc

1
2.0 pm

| _DuaZeom |

PMMA Coated with 5% Talc

1 T ! I -
1: Helght 2.0 gim na 2 Phase 2.0 pm. n.e 2: Amplitade 2.0 pm.

Height Phase Angle Amplitude
Figure 111.33. Height, Phase Angle and Amplitude Images of 2x2 gorface of PMMA coated

with 1% and 5% Talc Particles by AFM

In order to show the existence of talc particlestlua surface of PMMA particle, the AFM
images has been analysed numerically. In this plathe study, the numerical results of
height—phase angle global profiles of the partile® pum?2 - 10 images) have been taken and
converted into a graph of height versus phase awglees. Each image has 256 pixel
resolutions so there are 256x256x10 points forheight and phase angle graphs of each
sample. This allows visualizing the difference besw the different samples. At the same
imaging magnitude, results of initial PMMA and tajcaphs have been compared with 1%
and 5% talc coated PMMA patrticles. In the figure3d, the graph of initial PMMA and talc
particles signature can be seen. It can be obsé¢ha#dhe PMMA and talc particles have

different phase angle characteristics as it has bbserved from the AFM images.
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Figure 111.34. Height vs. Phase Angle Profiles for Initial PMMAdTalc Particles

In figure 111.35, the graph of initial PMMA, talcra PMMA coated with 1% and 5% talc
particles are shown. It is observed that, the sigeaof the 1% trial is not very different from
the initial PMMA values but when increasing to 5¥%e signature gets closer to the signature
of the talc. If we compare the signatures of PMMrated with 1% and 5% talc particles, it
can be seen that for PMMA coated with 5% talc phlasi there are many more points with

high phase angle values which shows us the effemtiaiing percentage of talc particles.
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Figure 111.35. Height vs. Phase Angle Profiles for Initial PMMAalc and PMMA Coated
with 1% and 5% Talc Particles
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As it has been discussed in the literature reviavdry particle coating technology adhesion
forces between the particles have very importatd. rohe adhesion forces between the
particles were examined by using contact mode ®fARM and the results are presented in

the next part.

C. Measurement of Adhesion Forces Between the Partige

The adhesion forces between the material surfadedixed particle at the cantilever tip can
be measured by using the contact mode of AFM. Tieeopscanner moves the substrate on
which the adhesion force of the fixed particle isasured in vertical direction. Due to the
deflection of the cantilever in relation to the reawent of the piezo the adhesion force can be
measured. In this study a triangular NP probe (maidsilicon nitride) with the spring
constant k = 0.32 N/m has been used to determaadhesion forces between the fixed talc
particles at the tip and coated, uncoated PMMAtafwparticles.

The accuracy of force measurements depends iropdtte sensitivity of the AFM, but also
on the accuracy of the value of the spring constEim¢ value of the spring constant is most
sensitive to the variation of the cantilever thieks. The spring constant of an AFM
cantilever is usually estimated by the manufactuaed noted on the documentation that
accompanies the probe. Generally, the nominal gmamstant values that are supplied by the
manufacturer can be in error. In order to calibthtespring constant of the cantilever probe,
thermal tuning has been done. In thermal tuning, dantilever’'s mechanical response to
thermal noise is measured. This is the cantilevansion in response to thermal agitation. As
it can be seen in the figure 111.36, by fitting tliequency spectrum to a Lorentzian line shape,
the AFM software arrives at an estimate of the iardr's spring constant. The spring
constant has been found as k = 0.51 N/m by thetumatg.
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Figure 111.36. Thermal Tuning of the Cantilever Probe
104

Serkan OTLES



Chapter 11l — Dry Coating of PMMA & Talc Particles

Adhesion force measurement between a fixed pardicthe cantilever tip and a sample has
been done previously by other researchers. Aimal.e2005) have characterized force—
displacement curves on rigid and soft polymer filmsontrolled atmosphere. The authors
point out several causes of misinterpretation e@tdedisplacement curves: the lack of an
accurate knowledge of the cantilever stiffness afhdhe tip size and the difficulty in
separating viscoelastic, elastic, and plastic &feCleaver et al. (2004) has also studied the
adhesion forces by AFM. They studied the influeateelative humidity and applied load on
the adhesion forces between individual polystygarticles. The adhesion forces between the
polystyrene particles were found to be between 288350 nN for 1% relative humidity.
Another study has been done for pharmaceutical pesmdy Louey et al. (2001). They have
determined the adhesion forces between a fixechgilarticle at the cantilever tip and lactose
particles. In their study they used a silicon dariprobe with k = 0.42 N/m and found
adhesion force values between 40 nN and 120 nN.

In adhesion force analysis, talc particles havenlgeed by epoxy resin at the cantilever tip.
By using an optical microscopy, the talc partidiese been glued at the triangular cantilever
tip symmetrically in order to have a representatie¢a. It can be seen in the figure 111.37,
before and after the adhesion force experimentsdhélever tip has been checked to make
us sure that the talc particles stay on the tigralfte experiments.

Before After

Figure 111.37. The Talc Particles on the Cantilever Tip Beford afiter the Analysis

In this study, the adhesion forces between taltges and the coated and uncoated PMMA
particles have been found and also the variatioradifesion forces according to mass
percentage of talc in the mixture has been studiedeach powder sample, around 600-700
adhesion force curves have been obtained by anglysinimum 15 particles and 6 different

surfaces.
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In figure 111.38, an example of an adhesion foraween talc particles at the cantilever tip
and a sample of PMMA, and as the second case tiesiath force between the talc particles
at the cantilever tip and a sample of talc candemnsThe force peak between the sample and

the cantilever tip corresponds to the pull-off mment of the tip from the sample.

S0

Talc — PMMA

Force (nl)

Talc — Talc

-3.5 -3 -2.5 -2 -1.5 -1 -0.5 a
£ sensor (pm)

Figure 111.38. Adhesion Force Curves between Talc—PMMA and Tahte-Particles

It has been found that, the adhesion forces betweetalc particles vary between 5 nN and
220 nN with an average value of 55 nN. For the cdighe adhesion forces between talc and
PMMA particles, the data range is between 0 nN@hdN with an average value of 13 nN.
It has been found that 98% of the adhesion forceesu(total 660) between talc and PMMA
particles have values between 0 nN and 40 nN astd2fb of adhesion curves have values
between 40 nN and 90 nN. According to obtained sidneforce values, it has been observed
that the talc particles have much more affinity &mthesion with talc particles than with
PMMA particles. (Table I1.4). The initial affinitypf the particles has also been analysed by
theoretically calculating the adhesion energy betwide particles. The results can be seen in
the Appendix.VI.

Table 111.4. Adhesion Force Values for Uncoated and Coateddhasti

Material Average Adhesion || Standard Deviation
Force (nN)
PMMA 13 14.5
TALC 55 5.2
PMMA + 1% Talc 21 10.6
PMMA + 5% Talc 27 8.3
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The adhesion force analysis have been also donehéorcoated PMMA particles with
different mass percentages of talc particles ireotd understand the variation of adhesion
forces according to different coating percentagesfigure 111.39, the distributions of the
adhesion forces between the talc particles thafieed at the cantilever tip and the coated

and uncoated PMMA patrticles are given.

- PMMA

- PMMA + 1% Talc

- PMMA + 5% Talc
Frequency (%)

Adhesion Force (nN)

Figure 111.39. Distributions of Adhesion Forces between Talc BMMA Coated with 1% &
5% Talc Particles

It can be seen that coating of PMMA patrticles wdlt particles has a certain effect on the
distribution of adhesion forces. It was observedt tthe adhesion force values have a
tendency to increase with increasing mass percertatalc particles in the coating. As it can

be seen from the figure I11.40, for the initial PMi\particles the 98% of the adhesion forces
are between the range of 0—40 nN and this adhésioe frequency decreases to 85% for 1%
talc coated PMMA particles and 70% for 5% talc eda®MMA patrticles. At the end we have

obtained average adhesion force values, 21 nN%otalc coated PMMA particles and 27 nN

for 5% talc coated PMMA particles.
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Figure 111.40. Distributions of Adhesion Forces between Talc BMMA Coated with 1% &
5% Talc Particles (between 0 — 95 nN)

As it was described in the first chapter, Van deaal§¥ forces have an important role in
particle adhesion. The reason of having dry pasiend according to particle sizes of PMMA
and talc particles, the Van der Waals forces aobalsly the most dominant adhesion forces
for our case. In order to have a rough estimatlmyuathe Van der Waals forces between the
PMMA and talc particles, Hamaker integration (clead) including surface roughness has
been used (eqn.l.3).

The average surface roughness values (Ra) from Akddsurements have been taken as
surface roughness values for the calculations.Vidreder Waals forces between the PMMA
and Talc particles has been found as 10 nN for rB6amerage surface roughness f8a
Compared to the average adhesion force value bettvee PMMA and talc particles that
have been obtained from AFM measurements (13 g, rough estimation of Van der
Waals forces have a close value.

On the other hand, the AFM results of the partitlage been used in order to theoretically
calculate the adhesion force by using a model.nbdel that has been generated by Thomas
and Ouabbas (2008) uses the ordered mixture caritéptassumed that all the particles are

spherical and there is monolayer coating as itogageen in the figure 111.41.
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Cantilever Tip

Figure 111.41. Concept of the Adhesion Force Model

The aim is to calculate the adhesion force valuetsvéen the fixed talc particles at the
cantilever tip and coated PMMA particles accordtogdifferent mass percentages of talc
particles. The total adhesion force between theghes has been described as:

F=FS+FS (Eqn.111.2)
The equation is based on the idea that, in the ABNEsion force trials the fixed talc particle
at the cantilever may have attraction either witlother talc particle on the surface of the
PMMA particle or with directly to the PMMA particléccording to this assumption, the total
adhesion force has been described as the sumnedtiba force between the PMMA and talc
particle () multiplied by the surface fraction of talc freéMA surface (), and the
adhesion force between the talc particleg (Rultiplied by the surface fraction of the talc
particles on the surface of the PMMA particle)(S
According to assumptions of monolayer ordered mettoating (the particles are attached

singly on the surface) we have:
S+S=1 (Eqn.lIL.3)

Afterwards by putting equation 111.3 inside to etjaa 111.2, it is obtained:

F=F+S(F-F) (Eqn.lIL.4)
On the other hand, the volume fraction of talg)(particles in the mixture has been described

according to mass fraction (Yvand the equation IIl.5 was obtained:
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W (Eqn.111.5)

V, = :
W+ 2 (1-w)

0

The authors tried to derive the surface fractiogoést particles on the surface of the host
particle as a function of volume fraction. The aod fraction of guest particles was taken to

be the ratio of projected surface area of guedighes to the total surface area of the host

particle;
3 m
N oA Eqgn.lll.6
Sl:Sprojected :4101r1 :}*ﬂ*&*& ( qn )
S 3™ 4 m por
Polo

Afterwards the surface fraction of talc particles the surface of the PMMA particle is

described as a function of volume fraction as it lba seen in the equation IIl.7;

Slzl*rO*( V, j (Eqn.1IL.7)
4 r, \1-V,

At the end the total adhesion force has been destiaccording to adhesion forces between
the talc—talc and PMMA—talc particles (they areantdd from AFM measurements) and mass

fraction of talc particles;

W (Eqn.111.8)

1

r

* _0 %

LA ow)
1 71_VV1
po( )

F=F+ (Fl_FO)*

NP

In our case, the average adhesion force betweeRANWA and talc particles ¢ was found

to be 13 nN and between the talc particleg (Fwas found to be 55 nN. According the
model, the total adhesion force between the taltiges at the cantilever tip and talc coated
PMMA particles have been calculated. For 1% talated PMMA particles the adhesion
force was found to be 15.8 nN and for 5% Talc ab&®MA it was found to be 27.7 nN. It
can be seen from figure 111.42 that the calculatallies are similar to the AFM experimental
data (up to 10% coating) when the adhesion foroeeases linearly. In order to better

understand the adhesion force model, 10% and 25%coated PMMA particles have also
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been analysed. It can be seen that the differert@elen the calculated and experimental
adhesion force values becomes larger for 25% tated PMMA particles because the model
is only valid for a monolayer coating. The resudtow that 25% mass percentage of talc
particles corresponds to more than a monolayeirgpat

120

80
y = 3,6842x + 10,275
R? = 0,9927

© Calculated Fadh Values

m Experimental Values

Adhesion Force (nN)

— Linear (Calculated Fadh Values)

15 20 25 30
% Talc (m/m)

Figure 111.42. Experimental & Calculated Adhesion Force Valuesveen Talc Coated
PMMA Particles and Talc Particles

Figure 111.43 shows the evaluation of adhesion éovalues according to mass percentage of
talc in the coating. The 5% talc coating correspotal the theoretical hexagonal compact
monolayer of the particles. But at this level theerage force (27 nN) is much less than
55 nN, corresponding to talc—talc interactions.sT$hows that, there are still low talc—-PMMA

interaction forces. If we increase the adhesionddinearly with the percentage, we cross the
55 nN level at 26 %. This would correspond to tle¥cpntage where the talc headed

cantilever probe never comes in contact with PMM&ace, i.e. a continuous coating.
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m
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Figure 111.43. Evaluation ofAdhesion Force with Talc Percentage
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There is another interesting feature of the adimeficce model. It also allows us to calculate
the amount of guest particles on the surface ohtist particle according to AFM measured

adhesion force values. The results are presentids inext part.

2.4.5. Calculation of Talc Particle Deposition on the Surdce of the Coated Particles

This part of the study aims to calculate the amafntalc particles on the surface of the
PMMA patrticles by using the model that has beerduse calculation of adhesion forces
between the fixed talc particles at the cantilgieand different mass percentages talc coated
PMMA particles.

As described in the early part of the study, theleh@nables us to calculate adhesion force
values according to mass fraction of the guesighast This means that, it is also possible to
calculate the mass fraction of the guest particleshe surface of the host patrticle if the
adhesion forces between the coated particles anfikéd guest particle at the cantilever tip is
known.

In the AFM adhesion force measurement for eachighar(from 15 different particles), 6
different surfaces have been chosen in order te hepresentative values as it can be seen in
figure 111.44. In that case, according to the ageradhesion force values which have been
obtained from each 6 different surfaces (an aveadgeinimum 100 adhesion force values),

the mass fraction of the talc particles for eadtigla has been calculated.

Figure 11.44. The Different Particle Zones of Adhesion Force Meaments

In equation II1.8, the adhesion force between #le and PMMA (k) has been taken as 13
NN and the adhesion force between the talc pasti¢t¢ has been taken as 55 nN which are

the AFM measured average adhesion force valueke (ihid).
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Table 111.5 shows an example of the calculationtié mass fraction of talc particles
according to the adhesion force between the fisdrgarticles at the cantilever tip and each
chosen surface of a 1% talc coated PMMA patrticlecokding to this example (table 111.5), it
can be seen that the talc particles are not honeagesty distributed on the PMMA surface. It
is observed that at second and sixth surface agadgmve much more talc particles compared
to other surface zones. The amount of talc partiejgosition has been calculated for all 15
different particles of 1% talc coated PMMA partgldt was found that the deposition of talc
particles on the surface of the PMMA particles kiakies between 0.6% and 4% with an
average value of 2.3%. The average value is mae the initial mass fraction of the talc
particles which is 1%. The possible reason couldhleeexistence of the non analyzed zones

on the PMMA particle surface.

Table I1I.5. An Example of Calculated Amount of the Talc Paeticobn a 1 % Coated PMMA

Particle
Surface Number Measured Average Real Mass Fraction of
Adhesion Forces (nN) Talc Patrticles
1% 19 2.1 %
2" 32 6.4 %
3¢ 16 1.1%
4" 15 0.7 %
5" 14 0.4 %
6" 35 73%
Total Surface 21.8 3%

The amount of talc particle deposition on the PMMdéxticles has also been calculated for
5% talc coated PMMA particles. In the table Ille6y example of the measured adhesion force
for each surface zone of a 5% talc coated PMMAIigarand mass fraction of talc particles

for can be seen.

113
Serkan OTLES




Chapter Il — Dry Coating of PMMA & Talc Particles

Table 111.6. An Example of Calculated Amount of the Talc Paetscbn a 5 % Coated PMMA

Particle
Surface Number Measured Average Real Mass Fraction of
Adhesion Forces (nN) Talc Particles
1% 22 3.1%
2" 18 1.8 %
3¢ 25 4.1 %
4" 36 7.6 %
5" 33 6.7 %
6" 29 5.4 %
Total Surface 27.2 4.8 %

As it can be seen from the table 111.6 that the farticle deposition has been found as 4.8%,
which is very close to the initial mass fractiomelsame study has also been done for the rest
15 different PMMA coated with 5% talc particles. eThalc deposition has been found
between 3.9% and 6.5% with an average value o%#.Zhere is a small difference between
the initial mass fraction of talc particles in thgstem (5%) and the calculated amount of talc
deposition on the PMMA surface (average 4.4%). mba analyzed zones of the coated
PMMA particles may be one of the reason and aleddst of talc particles after treatment in
the Hybridizer has to be considered. On the othedhagglomeration of talc particles on the
surface of the PMMA particle (more than monolayeatang) would prevent the cantilever to

reach the PMMA surface and it can be another refsdhis result.

2.4.6. Characterization of Coating Strength of the Particks

A Malvern Mastersizer laser diffraction granulomietgth dry powder feed has been used to
evaluate the strength of the coating on the hostiches. In this apparatus powder de-

agglomeration is controlled by adjusting the dispey air pressure. Here we determine at
which dispersing air pressure the guest particdet $6 be liberated from the host particles.
The presence of liberated fine particles can beatied by making a comparison between
number particle size distributions with differemegsures.

In this study, the laser diffraction granulometexrshbeen used with each dispersing air
pressure between 0.1 bar and 4.0 bar in order tierrdamne more precisely the liberation

pressure for the particles. Afterwards, the pressidrparticle liberation, an approach to the
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generated kinetic energy of the treatment (accgrdim operating velocity) and mass
percentage of talc particles have been compareel.r@$ults of hybridizer and basic mixing
experiment have also been compared at the end.

A. Effect of Operating Velocity on Coating Strength ofthe Particles

The coating strength analysis has been done fdr eperating velocity for PMMA coated
with 1% and 5% talc particles. To be able to undeisd effect of velocity on the coating
strength, PMMA with 1% talc coating results hasrbelkosen to be presented. Analyses have
been done for each dispersing pressure. Firsi,ahalresults of 0.5, 1.5, 2.5 and 3.5 bar will

be presented then the particle liberation pressimesach velocity will be presented more
precisely.

. 2| —# Coating at 4000 rpm . { —#Coating at 4000 rpm
» -o- Coating at 5600 rpm » -0-Coating at 5600 rpm
—4- Coating at 9600 rpm
20{ —-Talc
s X PMMA
— PMMA at 9600 rpm

-4 Coating at 9600 rpm
—-Talc

-x-PMMA

— PMMA at 9600 rpm

Number (%)

& o

10 1 10 100 1000

Particle Size (um) Particle Size (um)

Figure 111.45. Number Particle Size DistributionFigure 111.46. Number Particle Size Distribution

of Coated and Uncoated Particles at 0.5 bar  of Coated and Uncoated Particles at 1.5 bar

Dispersing Pressure Dispersing Pressure

It can be seen in figure 111.45, at 0.5 bar, thetipee size distributions of coated particles at
4000 rpm and 5600 rpm are similar to initial PMMArficles which are around 145 pm. On
the other hand, coated particles at 9600 rpm asdlesmn size than those at 4000 and 5600
rpm. At this velocity the particles have also ailamdistribution with PMMA treated at the
same velocity, it is around 1 um and the initi&d {@articles have a number mean patrticle size
distribution at 0.5 um.
In figure 111.46 the particles size distributionktbe particles with 1.5 bar dispersing pressure
can be seen. It can be observed that there isftaighhe left side for the coated particles at
4000 rpm. It shows a population of particles atuatb5 um. It means that the dispersing
pressure for the liberation of the PMMA particlé<l@00 rpm is between 0.5 and 1.5 bar. The
rest of the particles keep their particle sizeriistions at that pressure.
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At 2.5 bar pressure, it can be seen that for tincpess coated at 5600 rpm and 9600 rpm still
keep their particle size distributions (fig.lll.47The particle size distribution of coated

particles at 4000 rpm have the same fine particeufation at 5 um as it was at 1.5 bar
dispersing pressure.

. 22| Coating at 4000 rpm . «{ -#Coating at 4000 rpm

-o- Coating at 5600 rpm -o-Coating at 5600 rpm
-+ Coating at 9600 rpm 21 —4—Coating at 9600 rpm
20]—0-Talc ~-Talc

- 1 % PMMA
*- PMMA 181 — PMMA at 9600 rpm
16 f
14 N

— PMMA at 9600 rpm
°

Number (%)

KRR ARSI

100 1000

Particle Size (um) Particle Size (um)

Figure I11.47. Number Particle Size Distribution Figure I11.48. Number Particle Size Distribution
of Coated and Uncoated Particles at 2.5 bar ~ 0f Coated and Uncoated Particles at 3.5 bar

Dispersing Pressure Dispersing Pressure

At 3.5 bar pressure, it can be seen that the grvaphrticles coated at 5600 rpm makes a shift
to the left (fig.111.48). It has a fine particle polation at around 3 pm. It shows us that the
particle liberation pressure is between 2.5 andb@i5for coated particles at 5600 rpm. For
particles coated at 9600 rpm, the initial partgilee distribution is retained which means even
the 3.5 bar pressure is not high enough againgpdhecle interactions between the Talc and
PMMA patrticles. It was also observed that for eagterating velocity, the particle size
distributions of the coated patrticles were higlhantthe particle size distribution of alone talc
particles at any pressures. It shows the difficoltghe detachment of talc particles from the
surface of the PMMA particles because of the strortgractions between the particles.

Figure 11.49 gives more precisely the particlesliition pressures for each operating velocity.
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Figure 111.49. Number Particle Size Mean vs. Dispersing Pressure
For 1% Coated and Uncoated PMMA Particles

It was observed that the liberation pressure ibar3for particles treated at 4000 rpm, 2.8 bar
for particles treated at 5600 rpm and 3.7 bar fantigles treated at 9600rpm. Table 1.7
shows the patrticle liberation pressures and cooredipg air velocity in the venturi for 1%
talc coated PMMA patrticle at different operatindoggties of the hybridizer. It can be seen
that the dispersing pressure for particle liberaticreases with increasing rotational velocity.
This is probably related to the energy that theesyggives to the powder sample. However, it
should be remembered that the change in the madizé distribution could be either because
of particle detachment or also fragmentation otipl&s or agglomerates. Especially at 9600
rpm treatments most of the particles are broken ted difference in the particle size

distribution could be reason of detachment of paldicles and also breakage of particles.

Table IlI.7. Dispersing Pressures and Air Velocities for Plrtizgetachment for 1% Talc
Coated PMMA Patrticles in Hybridizer

Material Dispersing Air Pressure Air Velocity
PMMA + 1% Talc at 4000 rpm 1.3 bar 64 m/s
PMMA + 1% Talc at 5600 rpm 2.8 bar 107 m/s
PMMA + 1% Talc at 9600 rpm 3.7 bar 122 m/s
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B. Effect of Mass Percentage of Talc on Coating Stretig of the Particles
In this part of the study, it is aimed to study #féect of the mass percentage of the talc
particles on the coating strength. The PMMA pagchave been treated with 1% and 5%
Talc particles at 4000, 5600 and 9600 rpm for 6utas.

—+-Talc -*- PMMA —+-Talc -*- PMMA
® PMMA+1%Talc 4000 rpm © PMMA+5% Talc 4000 rpm 1000 ® PMMA+1%Talc 5600 rpm © PMMA+5% Talc 5600 rpm
O—Eg— Q0 X X X X o——— 0 —0— 0 m—x% 3 X

5
8

Number Particle Size Mean (pum)

L o ° ] ° . ; . ’ _
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‘ bispersing Pressuvre (bar) ‘ ' ‘ bispersing Pressu‘re (bar) ‘ ‘
Figure 111.50 . Number Particle Size Mean vs. Figure Ill. 51. Number Particle Size Mean vs.
Dispersing Pressure for 1% and 5% Talc Dispersing Pressure for 1% and 5% Talc

Coated and Uncoated Particles at 4000 rpm Coated and Uncoated Particles at 5600 rpm

The particle size distributions of patrticles, tlae treated at 4000 and 5600 rpm in the
hybridizer, according to dispersing pressures @asden in the figure [11.50 and II1.51. It is
observed that for 4000 rpm treatments, 1% Talc ezbgtarticles start to have particle
detachment (or fragmentation) at 1.3 bar disperpnegsure and for 5% coated particles, it is
at 1.7 bar. On the other hand, for 5600 rpm treatsel% Talc coated particles the particle
liberation pressure is 2.8 bar but contrarily te tiesults of 4000 rpm, for 5% Talc coated
particles the liberation pressure is lower than dbéch is 2.6 bar. Figure 111.52 shows the
number particle size distributions of 1% and 5% taated PMMA patrticles at 9600 rpm in
hybridizer. It can be seen that the particle liherapressure is 3.7 bar for 1% talc coating and
3.4 bar for 5% talc coated PMMA particles. Accoglito results of coated patrticles in the
hybridizer (table 111.8), it is concluded that tleeis no observed effect of mass percentage of

talc on the coating strength of the particles #rattreated in the hybridizer.
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Figure 111.52. Number Particle Size Mean vs. Dispersing Pressarré% and 5%

Talc Coated and Uncoated Particles at 9600 rpm

Table 111.8. Dispersing Pressures and Air Velocities for Plrtizgetachment for 1% and 5%

Talc Coated PMMA Patrticles in Hybridizer

Material Dispersing Air Pressure Air Velocity
PMMA + 1% Talc at 4000 rpm 1.3 bar 64 m/s
PMMA + 1% Talc at 5600 rpm 2.8 bar 107 m/s
PMMA + 1% Talc at 9600 rpm 3.7 bar 122 m/s
PMMA + 5% Talc at 4000 rpm 1.7 bar 77 m/s
PMMA + 5% Talc at 5600 rpm 2.6 bar 103 m/s
PMMA + 5% Talc at 9600 rpm 3.4 bar 118 m/s

In basic mixing trials, it is observed that thetde liberation pressure for PMMA treated at

4000 rpm with 1% talc coating is 0.9 bar and for ¥¥e coating the particle liberation
pressure is 0.8 bar (Appendix IIl). For PMMA at B6@m with 1% talc the particle liberation
pressure is 1.1 bar and for 5% Talc coating therdition pressure decreases to 0.7 bar. Also

for PMMA at 9600 rpm with 1% talc coating, the pads start to detach (or break up) at 1.9

bar and for 5% talc coating the particle liberatjgnessure is 1.3 bar. According to these

results, for the particles that are treated by dasixing method, the particle liberation

pressure decreases with increasing talc perceimabe coating (Appendix.lil).
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Particle Liberation Pressure

C. Effect of Equipment on Coating Strength of the Paiicles

It was observed that there is a relation betweenctiating strength of the particles and the
operating velocity of the hybridizer in the earlgrpof the study. In this part, we compare the
coating strength of the particles that are tredtgdhybridizer and by basic mixing method.

We are interested to compare hybridizer and bastmghaccording to a simple approach of
the kinetic energy (per mass) that they give tosystem. In that case, for the hybridizer the
kinetic energy per mass has been simply calculatedrding to rotational velocity of the

blades. The linear velocity (V) (m/s) of hybridizZelades was calculated by using equation

[11.9. Where, n corresponds to rotational velo¢tyurs/second) of the rotor.

V(m/s)=2mn (Ean.l1.9)
The linear velocities of the hybridizer trials Hasen found as; 25 m/s (for 4000 rpm), 35 m/s
(for 5600 rpm) and 60 m/s (for 9600 rpm). For basiging 1 m/s has been assumed as the
shaking velocity and the kinetic energy per massleen calculated according to this value.
Afterwards kinetic energy per mass values wereutatled by using equation 111.10 according

to the linear velocities.

E, :;Vz (Eqn.I1.10)

The particle liberation pressure and the corresimgndir velocity according to the kinetic
energy per mass that the equipments give to thalpowample can be seen in the figure
[11.53 and 111.54.

PMMA+L% Tale at 5600 rpm . n .
Hybridizer L e PNMA + 5% Tale at 5600 rpm

Hybridizer

2

o
PMMA + 5% Tale at 4000 rpm | g

PMMA+1% Talc at 4000 rpm E
Hybridizer E
@
=

51 PMMA 5600 rpm+1% Tale Hybridizer
Basic Mixing ¢]

Vs(m/s)
Particle Liberation Pressure

o541 PMMA 5600 rpm + 5% Talc -
Basic Mixing

o A} [ 1000

1 o m 1 0
Kinetic Energy per Mass (JIkg) Kinetic Energy per Mass (J/kg)

Figure 111.53. Effect of Equipment on Particle Figure 111.54 . Effect of Equipment on Particle
Liberation Pressure for 1% Coated Particles by Liberation Pressure for 5% Coated Particles by

Hybridizer and Basic Mixing Method Hybridizer and Basic Mixing Method
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It was observed that the particle liberation pressocreases almost 2 times whenever the
assumed kinetic energy generated by hybridizer msmeases 2 times. This result shows
there is a proportional relation between the plartidberation pressure and the supplied
kinetic energy of the system. It is also observet the particle liberation pressures of the
particles that have been treated by hybridizerhagher than basic mixed particles for each
case. It is probably related to the mechanicalddahat the equipment applies to the particles.
On the other hand, it should be remembered thae thee many factors (elastic properties,
surface roughness, surface energy etc.) that dffeanechanical coating strength.

As it was observed from the ESEM images, the taftigdes are attached on the surface of the
PMMA particles for basic mixing trials but on theher hand talc particles are more
embedded on the surface of the PMMA particles fgbridizer trials because of the
mechanical forces.

It can be seen from figure 111.55, similar resuls/e also been obtained for the particles that
are treated at 9600 rpm by hybridizer and PMMAiatl treated 9600 rpm and coated with
1% and 5% Talc particles by basic mixing methodadidition, we can see that the particle
liberation pressure ratio between the particlesnfioybridizer and basic mixing increases

when the operating velocity gets higher.

PMMA+1% Talc at 9600 rpm g
35 - Hybridizer
4 - f) T+ 120
g PMMA+5% Talc at 9600 rpm
2 34 Hybridizer Lo
it
o 55
g PMMA at 9600 rpm + 1% Talc + 80
5 . Basic Mixing )
> * E
o 1E0 B
— 45 >
[
= FiN
L - _ +40
s PMMA at 9600 rpm + 5% Talc
o Basic Mixing
05 4 T+ 20
a o

01 1 10 100 1000 10000

Kinetic Energy per Mass (J/kg)
Figure I11.55. Effect of Equipment on Particle Liberation PresdoreCoated Particles by
Hybridizer at 9600 rpm and Basic Mixing Method
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2.4.7. Characterization of Flowability Properties of the Farticles

The flowability properties of the uncoated and edd®MMA patrticles have been determined
by Erweka Tapped Density Tester and Freeman TesgpdPowder Rheometer (FT4). The

methodologies of the flowability analysis have begplained in the chapter Il (material and

methods). The apparent density is the density itft@diides the air gaps inside the powder
sample. The tapped density has been found by ma&@@gstrokes to the powder samples
inside graduated cylinder.

The modification of flowability properties PMMA palers has been analysed according to
different operating velocities of hybridizer andfelient mass percentages of talc particles in
the coating. At the end we have also comparedebts of powders that have been treated in

hybridizer and by basic mixing method.

A. Effect of Operating Velocity on Flowability Properties of the Particles

The flowability properties of particles has beeralgsed for each operating velocity of
PMMA coated with 1% and 5% talc particles. To b&edb understand effect of velocity on
modification of the flowability properties, PMMA i 1% talc coating results has been
chosen to be presented. In the figure I11.56, theation of the tapped densities for uncoated

and 1% talc coated PMMA particles can be seen.

A A A A A
g T 2. & o & s, s & & -
5 068 4
2
8 04 = PMMA Initial
o PMMA+1% Talc,V=4000 rpm
0.2 A PMMA+1% Talc,V=5600 rpm

A PMMA+1% Talc,V=9600 rpm
* PMMA at 9600 rpm
o] 1[")0 2[1)0 3[")0 4(1JO 5(“)0 G(lJO 7(“)0 800

Total Strokes

Figure 111.56. Evaluation of Tapped Densities of PMMA Particlesf@e and After Coating
with Talc According to Different Operating Velo@s of Hybridizer

The PMMA patrticles have a good flowability £41.01 G= 0.99) initially. According to the

graph, it can be observed that the dry coated PMpa#ticles by talc have much better
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flowability properties than ground PMMA patrticlealso it can be observed that the high

operating velocities of the hybridizer decreaseavélbility of the particles due to the particle

breakage that causes increase in the contact sufaihe particles. The results of Hausner

Ratio and Carr Index for each sample can be setfreitable I11.9.

Table 111.9. Carr Index and Hausner Ratio for Uncoated and 1#t€&ebPMMA Particles

Materials Carr Index (%) | Flowability | Hausner Ratio

Initial PMMA 0.99 +0.02 Excellent 1.01 £0.02

PMMA at 4000 rpm 16.03 £ 0.04 Good 1.19 £ 0.04
PMMA at 5600 rpm 18.72 £ 0.05 Mediocre 1.23£0.05
PMMA at 9600 rpm 35.81+£0.05 Very Bad 1.56 +0.05
PMMA+1% Talc at 4000 rpm 3.04 £0.03 Excellent 1.03 £ 0.03
PMMA+1% Talc at 5600 rpm 8.20 £ 0.02 Excellent 1.09 +0.02
PMMA+1% Talc at 9600 rpm 27.82 +0.04 Bad 1.39+0.04

Figure 111.57 and 111.58 show the results of FT4perments. It can be seen that we have

homogeneous mixture at the end of conditioning 8iepach powder sample.
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Figure I11.57 . FT4 Results of Initial and
Treated PMMA Particles in Hybridizer
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Figure 111.58 . FT4 Results of Initial and 1%
Talc Coated PMMA Patrticles in Hybridizer

The results of the Freeman Technology Powder TéB4) can be seen in the table I11.10.

The flowability data is inversely proportional witlow Rate Index data. It is observed that

the results of uncoated and coated PMMA particke$DB4 give good correlations with the

results of the tapped density tester. It can beerviesl that the treated PMMA particles in
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Hybridizer have a lower flowability than the dryated particles, at each operating velocity.

(4000 rpm, 5600 rpm and 9600 rpm).

Table 111.10. Evaluation of Flowability of Uncoated and 1% CoafdMA Particles by FT4

Materials 8™ Cycle (mj) | 11™ Cycle (mj) FRI

Initial PMMA 273 £0.03 293 +0.03 1.10 £ 0.03

PMMA at 4000 rpm 105 =+ 0.05 122 £ 0.05 1.16 £ 0.05
PMMA at 5600 rpm 101 £ 0.05 121 £ 0.05 1.20 £ 0.05
PMMA at 9600 rpm 54 £ 0.08 296 £ 0.08 5.48 £ 0.08
PMMA+1% Talc at 4000 rpm 108 +0.03 119 +0.03 1.08 £0.03
PMMA+1% Talc at 5600 rpm 99 £ 0.05 114 £ 0.05 1.15+0.05
PMMA+1% Talc at 9600 rpm 60 + 0.09 263 £ 0.09 4.39 £ 0.09

The FRI data also shows that the dry coated PMM@ighes treated at 9600 rpm have very
bad flowability. The reason for this can be atttdalito the breakage of the large PMMA

particle into fines.

B. Effect of Mass Percentage of Talc on Flowability Ryperties of the Particles

This part of the study aims to study the effecthaf mass percentage of talc particles on the
flowability properties of the coated particles. Tiesults of the tapped and apparent densities
of the 1% and 5% talc coated PMMA particles at 408600 and 9600 rpm operating

velocities and for 6 minutes operating time carséen in the figure 111.59.
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Figure 111.59. Evaluation of Flowability of PMMA Particles Befoend After Coating with

1% and 5% Talc for Each Operating Velocity

According to the graph, it hasn’t been seen a sagmt difference between the 1% and 5%

talc coated PMMA particles at any velocities. Ihdze seen in the table 111.11, the Hausner

Ratio and Carr Index values of 1% and 5% talc acbRI&MA particles are similar.

Table Ill.11. Carr Index and Hausner Ratio for 1% and 5% Tala€&@bBMMA Particles

Materials Carr Index (%) | Flowability | Hausner Ratio
PMMA+1% Talc at 4000 rpm 3.04 £0.03 Excellent 1.03 £ 0.03
PMMA+1% Talc at 5600 rpm 8.20 £ 0.02 Excellent 1.09 £ 0.02
PMMA+1% Talc at 9600 rpm 27.82 +0.04 Bad 1.39+0.04
PMMA+5% Talc at 4000 rpm 3.02+0.03 Excellent 1.03 £ 0.03
PMMA+5% Talc at 5600 rpm 8.63 +£0.03 Excellent 1.09 £ 0.03
PMMA+5% Talc at 9600 rpm 29.01 £ 0.04 Bad 1.41 +0.04

The results of FT4 also shows that for 4000 andDS@dn treatments there is no difference

between 1% and 5% coatings but contrarily, for 9600 treatments it has been observed that

there is a certain effect of coating percentagehenflowability properties of the particles.

The results of FT4 can be seen in the

table 111.12.
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Table 111.12. Evaluation of Flowability of 1% and 5% Coated PMNPArticles by FT4

Materials 8™ Cycle (mj) | 11" Cycle (mj) FRI
PMMA+1% Talc at 4000 rpm 108 £ 0.03 119+ 0.03 | 1.08 +0.03
PMMA+1% Talc at 5600 rpm 99 £ 0.05 114 £ 0.05 1.15+0.05
PMMA+1% Talc at 9600 rpm 60 £ 0.09 263+£0.09 | 4.39+0.09
PMMA+5% Talc at 4000 rpm 100 £ 0.04 109+0.04 | 1.09+0.04
PMMA+5% Talc at 5600 rpm 119 £0.03 135+0.03 | 1.13+0.03
PMMA+5% Talc at 9600 rpm 71 +£0.08 287 £0.08 | 4.04 +£0.08

It can be seen that for 9600 rpm treatments, 5% dahted PMMA particles have better
flowability than 1% talc coated particles. In orderverify the effect of FT4 analysis on the
coating of the PMMA particles, the coated PMMA pdes have been reanalysed visually by
ESEM after the analysis with the FT4. The resuis loe seen in the figure 111.60.

PMMA + 1% Talc

(a) 4000 rpm (b) 5600 rpm (c) 9600 rpm
Figure 111.60. Surface Morphology of PMMA Patrticles Coated by 184 &% Talc

Particles in the Hybridizer after Analysing by FT4
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It has been seen that the talc particles areastilthe surface of the PMMA particles after
analysing with FT4. The coating strength of thetipkes has been also reanalysed after the
measurements with FT4 and no difference is seerrd@ind after analysing with FT4 for the
liberation pressures of the particles.

In order to understand the effect of the dry capequipment on the flowability properties of
the particles, the results have been compared tivéhresults of the particles that have been

treated by basic mixing method.

C. Effect of Equipment on Flowability Properties of the Particles

In this part of the study, we compare the flowaypijproperties of the particles that were
treated by hybridizer and by basic mixing metholde FT4 analysis of uncoated and 5% talc
coated PMMA patrticles can be seen in the tabl&3ll.

Table I11.13. Effect of Equipment on the Flowability PropertigsGmated PMMA Particles

Materials 8™ Cycle 11" Cycle FRI
(mj) (mj)

PMMA at 4000 rpm 105 +0.05 122 +0.05 | 1.16 £ 0.05

PMMA at 5600 rpm 101 +0.05 121 +0.05 | 1.20 £ 0.05

PMMA at 9600 rpm 54 +0.08 296 +0.08 | 5.48 £0.08
PMMA+5% Talc at 4000 rpm 100 + 0.04 109+0.04 | 1.09 £0.04
PMMA+5% Talc at 5600 rpm 119 +£0.03 135+0.03 | 1.13 +0.03
PMMA+5% Talc at 9600 rpm 71 +0.08 287 +0.08 | 4.04 £0.08
PMMA at 4000 rpm + 5% Talc Basic Mixing || 102 + 0.03 115+0.03 | 1.13+£0.03
PMMA at 5600 rpm + 5% Talc Basic Mixing || 112 + 0.04 129+0.04 | 1.15+£0.04
PMMA at 9600 rpm + 5% Talc Basic Mixing || 60 = 0.08 291 +0.08 | 4.88 £0.08

It is observed that for each operating velocity particles that were coated by hybridizer
have better flowability than the particles that eveoated by basic mixing method. The
possible reason could be that the talc particlesvare de-agglomerated and better dispersed

on the surface of the PMMA particles in hybridizeals because of the applied mechanical
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forces on the particles. On the other hand, indoasxing trials the talc particles may rest as
agglomerates and not well dispersed on the sudbttee PMMA patrticles.

2.5.Conclusions

The PMMA-talc model couple has been coated suadgsdiy dry coating method in
hybridizer and also by basic mixing technique. Efiect of the equipment, the operating
conditions and the mass percentage of guest petich the end-use properties of the
particles has been studied. A preliminary study wadgormed in order to determine the
optimum operating conditions of Hybridizer for PMMANnd talc particles and their
fragmentation behaviour. In the preliminary stuthe effect of different operating velocities
of hybridizer on the particle fragmentation and amtoof final powder recovery has been
studied for PMMA and talc particles separately.efftards, the particles were dry coated
with different operating conditions and mass petages of talc particles.

Several characterisation methods were used to shedphysico—chemical properties of the
coated particles. Visualisation before and aftatiog was performed with an Environmental
Scanning Electron Microscopy (ESEM), enables usgjualitatively evaluate guest particle
deposition on the host particles. It was observed, tfor the particles that are processed in
hybridizer or generated by the basic mixing methbdre is discrete coating of talc particles
on the surface of the PMMA particles.

The topographical analysis of the uncoated andedoptrticles has been done by tapping
mode of the AFM. It was observed that the surfaxeghness is more evident and irregular
for Talc particles compared to PMMA patrticles.

It was seen that the coating of PMMA particles wilififerent mass percentages of talc
particles had certain effects on the surface roaghrof the PMMA particles. The obtained
surface roughness and phase angle values showhthaopography of the surface of the
PMMA particles has been modified because of coatiitly talc particles.

Phase angle analysis of tapping mode enablesdistinguish the talc particles deposition on
the surface of the PMMA particles. It was obsertret the height, phase angle and amplitude
data are similar for initial PMMA particles. It wagen that the difference in the phase angle
data is due to the surface roughness of the PMM#Acpes and varies between -100° and 40°.
On the other hand, it has been observed that theepangle data of talc particles are more
evident than PMMA patrticles, which is probably doethe surface roughness and also the

difference in material surface characteristicss known that the talc particles are much softer
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than PMMA patrticles. It was found that the phasgl@walues go up to 110° for initial talc
particles.

The difference in the topographical characterist€ghe initial PMMA and talc powders
enable us to understand the existence of talcceston the surface of the PMMA particles
by comparing the results of height, phase angle anglitude for 1% and 5% talc coated
PMMA particles. The analyses have been done on rddfgyent sections of coated particles.
For each section, two different phase angle datges at stable surface height prove us the
existence of talc particles on the surface of tMMA particles. In a novel approach, the
height and phase angle images have been analysedrically and the presence of talc
particles on the surface and the effect of coategcentage was seen. The results of
topographical analysis by AFM also correspondethévisual observation and showed that
discrete coating has been obtained for both 1%Gafhdalc coated PMMA patrticles.

The adhesion forces between talc particles thafieed at the cantilever tip and coated and
uncoated PMMA particles has been measured by disengontact mode of AFM. The results
show that the adhesion forces between the talicjgartare higher than the adhesion forces
between PMMA and talc particles. The effect of mpescentage of talc particles on the
evaluation of adhesion forces between the partltdssbeen also studied. It was observed that
the adhesion force values have a tendency to iser@éh increasing mass percentage of talc
particles in the coating.

The adhesion force analyses have shown us thet effethe amount of coating on the
adhesion force between the patrticles. It was olesktlvat the adhesion forces increase with
increasing mass percentage of talc particles. €asan is the adhesion force between the talc
particles is much higher than the adhesion for¢eden the talc and PMMA patrticles. On the
other hand, it should be also considered thatterpmeting the results of an AFM experiment
is not always straightforward. The absolute distabetween the surfaces is usually not
known exactly, and neither is the tip geometryadidition, the fine tips and the surfaces often
deform elastically or plastically during a measueaety which further complicates
interpretation of the results.

Talc deposition on the surface of the PMMA parschlas also been examined by using the
adhesion force model. The results show that the palrticles are not homogeneously
distributed on the surface of the PMMA patrticles. 186 talc coated PMMA particles the

calculated talc deposition have been found highan t1% (2.3%), but for 5% coating we
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have calculated a very close value (4.4%). The awalyzed zones of the coated PMMA
particles may be one of the reason and also the tlls particles after treatment in the
hybridizer has to be considered. On the other regglomeration of talc particles on the
surface of the PMMA particle (more than monolayeatang) can be another reason for these
results.

The coating strength of the composite particles basn studied by using a Malvern
Mastersizer laser diffraction granulometer. We haltermined at which dispersing air
pressure, the guest particle start to be liberfted the host particles. The effect of operating
velocity and mass percentage of talc particles @aticg strength was studied. In order to
understand the effect of equipment on coating gtreof the particles, the coating strength
results of the particles that have been treatetiyiyidizer also compared with the particles
that were generated by basic mixing method. It s@esn that the dispersing pressure for
particle liberation increases with increasing fiotal velocity which is probably related to
the energy that the system gives to the powder kar®m the other hand, an effect of mass
percentage of talc particles on the coating strermjtthe particles that are treated in the
hybridizer has not been observed. At 4000 rpmnmeats, the coating strength increases with
increasing mass percentage of talc particles utraxy to that result, at 5600 rpm treatments
the particle liberation pressure is 2.8 bar for tiflé coated particles and that value decreases
to 1.6 bar for 5% talc coated particles. In additcmncerning the particles that are treated in
hybridizer, it was seen that the coating strendtthe particles is inversely proportional to the
mass percentage of talc particles for the partittias are generated by basic mixing method.
On the other hand, it was observed that the coatirepgth of the particles is much stronger
for the patrticles that are treated in the hybridiban for those generated by the basic mixing
method. This is probably related to the kinetic rggethat the equipment applies to the
particles. On the other hand, when analysing thaelgometric results it should be considered
that the difference in the particle size distribug of the particles with different dispersing
pressure could be either detachment of guest [eriie also particle fragmentation.

In order to complete the visual analysis by ESEMA#omic Force Microscope (AFM) has
been used to study guest particle deposition ort pasticles and to analyze surface
morphology of the particles (surface roughnesssehdifference etc.). The evaluation of

adhesion forces between patrticles has also bediedtu
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The flowability properties of the uncoated and edd®MMA particles have been determined
by using a tapped density tester and Freeman Temhn®owder Rheometer (FT4). The
effects of operating velocity, coating percentagd aquipment on the flowability properties
of the powders have been studied. It was seenthleatlry coated PMMA patrticles by talc
have better flowability properties than grinded Pk darticles. It was seen that that the high
operational speeds of the hybridizer decrease fiditya of the particles due to particle
breakage which causes increase in the contactcsudfathe particles. No effects of coating
percentage have been observed on the flowabildgepties of the powders for low operating
velocity treatments but on the other hand, for 900 treatments, it was seen that the 5%
talc coated particles have better flowability th#b talc coated particles. The results of
tapped and apparent densities and FT4 show ugathach operating velocity, the particles
that were coated by hybridizer have better flowgbthan the particles that were coated by
the basic mixing method. The applied mechanicatdoon the particles by the hybridizer
causes de-agglomeration and good dispersion of pafticles on the surface of PMMA
particles which is not the case for basic mixingl$rso it shows us the reason of the effect of
the equipment on the flowability properties of pjmvders.

As a conclusion, it has been seen that dry coatamgbe made by simple stirring or with the
Nara Hybridizer. The hybridizer uses mechanicatdsrfor dry coating and that gives great
coating strength to the coated particles. It waseoled that the dry coating of the particles by

each method had modified the flowability propertéshe particles.
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3. DRY COATING OF PARTICLES IN CYCLOMIX

The Hosokawa Cyclomix is another type of high forner that has been used for dry
particle coating process in this study. The Cyclomses high mechanical impact forces,
compression and especially shearing in order to tbeaparticles. Cyclomix is a batch system
like hybridizer but it has a much larger batch sipenpared to hybridizer. The batch size of
the hybridizer is limited to 50 g powder but thenimal shaped mixing vessel of the cyclomix
can be filed maximum up tol litre powder (aboukd). The operating velocity of the

cyclomix can reach up to 3000 rpm.

A preliminary study of the model couple (PMMA-taic) the cyclomix has been made in
order to find the optimum operating conditions ahé fragmentation behaviour of the
particles in the Cyclomix.

Afterwards, according to preliminary study the @terg conditions have been defined and
the PMMA with (1%, 5%) talc particles were treatedhe cyclomix.

The characterizations of the powders were donerbedod after coating. At the end, the
results are compared with the results for the layber in order to understand the effect of
equipment on the end — use properties of the pawvder

3.1. Preliminary Study of Poly(methyl methacrylate)Particles

The PMMA particles have been processed at 3 diffesperating velocities of cyclomix for a
fixed 6 minutes operating time. The particle sizgtributions of the treated particles have
been analysed by the Malvern Mastersizer laseradtibn granulometer. The visual analyses
of the powders have been done by the Environm&uahning Electron Microscopy (ESEM)
before and after the treatments.

The operating velocities of the cyclomix were choas 1020 rpm (8.5 m/s), 1600 rpm (13.4
m/s), 3000 rpm (25m/s).

As described in the chapter II, the cyclomix isipged with a jacket at the vessel, a cover
and an outlet valve for cooling/heating purposasthk trials the temperature of the cooling
jacket was fixed at 13°C.

In order to have good recirculation of the powdarsyclomix, it is advised by the company
Hosokawa to choose initial filling charges betwé® ml and 700 ml. In this study, the

initial filling charges of the powders were fixed=H0 ml.
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3.1.1. General Mass Balance

The 500 ml PMMA particles were introduced to theclognix. After the treatment, the
powder exits at the bottom is opened and the tlepdeticles are recovered. The recovered
powders after the treatments are compared withirtiti@l charge with different operating
velocities. It can be seen from the figure lll.@igre is a high percentage of particle recovery

for each operating velocity.
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Figure 111.61. Effect of Rotational Velocity on % of Collected PMiParticles

3.1.2. Effect of Rotational Velocity on Particle Size Digtbutions

The particle size distribution analyses of PMMA tjdes have been performed for each
operating velocity of the cyclomix (1020 rpm, 16@dn, 3000 rpm). The volume and number
particle size distributions of PMMA particles befaand after treatments in cyclomix can be
seen in the figure 111.62 and I11.63.
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Figure 111.62. Volume Particle Size Distribution  Figure 111.63. Number Particle Size Distribution
of PMMA Patrticles Before and After Treatment of PMMA Particles Before and After Treatment
with Different Velocities with Different Velocities
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According to the volume and number particle sizstriiutions of the treated PMMA
particles, there is no particle fragmentation facle velocity of the cyclomix. As it can be
seen in the figure 111.64, the surface weighted mearticle sizes of the treated PMMA

particles also confirm that observation for eaclosigy.

d[3,2]:Surface Weighted Mean (um)

0 500 1000 1500 2000 2500 3000 3500
Velocity of Nara (rpm)

Figure 111.64. Effect of Rotational Velocity on Particle SizesRIMA

The visual observation of the treated PMMA partdias also been done for each operating
velocity of the cyclomix. It can be seen from thgufe I1.65, these show no particle

fragmentation for each operating velocity of theloynix.

(@) 1020 rpm (b) 1600 rpm (c) 3000 rpm
Figure I11.65. Surface Morphology of PMMA Particles after Treatrseim Cyclomix
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In the preliminary study, it was observed thatPiMMA particles keep their particle size and
shape for each operating velocity. Afterwards, PMIdéxticles have been coated with 1%
and 5% talc particles at different operating velesi of cyclomix for 6 minutes fixed

operating time.

3.2.Dry Coating of Poly(methyl methacrylate) with Talc

In this study, PMMA particles have been coated Wih and 5% talc particles with different
operating velocities of cyclomix (table 111.14). &loperating time has been fixed at 6 minutes
like for the trials with hybridizer. The effects operating velocities and mass percentages of
talc on the end—use properties of the particle teeen studied.

At the end, the results of cyclomix trials are camgu with hybridizer trials in order to
understand the effect of equipment on the coatirength and flowability properties of the
particles.

Table I11.14. Operating Conditions of Dry Coating Treatments ytlBmix

Host Guest || Operating || Operating | Mass % || Batch || Temperature

Particles || Particles || Velocity Time of Guest | Size of Cooling
(rpm) (min) Particles | (ml) Jacket (°C)
1020

PMMA Talc 1600 6 1% 500 13
3000
1020

PMMA Talc 1600 6 5% 500 13
3000

3.2.1. General Mass Balance

The figure 111.66 shows the percentage of recovgr@dder after the treatments in cyclomix
for each operating velocity. The initial filling atge of the vessel was 500 ml that
corresponds to around 620 g particles. It was eksethat the recovered powder ratio is very
high for each operating velocity and mass percentdgalc particles.
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Figure 111.66. Effect of Rotational Velocity and Mass Percentafj€alc on the % of Powder

Recovered After Treatments in Cyclomix

It was also seen that the mass percentage of asiclps in the mixture increases the powder
recovery percentage in a very small amount as showime figure 111.67. It can be seen that
the maximum powder recovery was reached for 5% daéting at 3000 rpm treatments in

cyclomix. The effect of lubricant properties of ttadc particles may have a role for this result.

x_

% of Loss Powder

1600
Velocity of Cyclomix (rpm)

= PMMA PMMA + 1% Talc = PMMA +5% Talc ]

Figure 111.67. Evaluation of Loss Powder Percentage in Cyclomix

3.2.2. Measure of Solid Densities of the Dry Coated Parties

The solid densities of the particles that wereté@an cyclomix and hybridizer have been
compared. It can be seen from the figure I11.6&, $blid densities of the particles that were
treated in cyclomix or hybridizer are less than¢hiulated values for the mixture (eqn 111.1)
and they increase with increasing mass percentagédcgarticles in the mixture as expected.
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Figure 111.68. Solid Densities of Coated Particles in Cyclomix &hydridizer

On the other hand, the solid densities of the gagifrom cyclomix are higher compared to
the particles from hybridizer and or much closerthe perfect coating. The loss of talc
particles in hybridizer trials may be a reason fiois result, even though the difference

between the densities of talc and PMMA is too stwaliave a good precision.

3.2.3. Characterization of Surface Morphology of the Partcles

The surface morphology of the particles have bemslyaed by using ESEM as for the

hybridizer trials.

-
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Figure 111.69 . Surface Morphology of PMMA Particles Coated by 18d &% Talc
Particles in the Cyclomix 137
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It can be seen from the figure I11.69 that the éetsize and shape are not changed in all
operating velocities of cyclomix. The amount ofctglarticles on the surface of the PMMA

particles is greater for the 5% coating than 1% ¢akting as expected.

3.2.4. Characterization of Coating Strength of the Particks

The particle liberation pressures have been founddmparing the number particle size
distributions with different dispersing air presssifor the coated particles in cyclomix as it
was done for the coated patrticles in hybridizer.

The effects of operating velocity and mass pergenta talc in the mixture on the coating
strength have been studied individually for cycheitneatments. Afterwards, the results of the
cyclomix trials are compared with the trials of higizer in order to understand the effect of

the equipment on the coating strength of the copéaeticles.

A. Effect of Operating Velocity on Coating Strength ofthe Particles

The coating strength analysis has been done foaridd% talc coated PMMA particles for

each operating velocity of the cyclomix. 0.5, 125, 3.5 bar air dispersing pressures have

precisely.

-& Coating at 1020 rpm
-0-Coating at 1600 rpm
—4— Coating at 3000 rpm
—-X-Talc

— PMMA

5 R

Number (%)

8 o,
; b
: T

been chosen in the first part then the particleribion pressures have been found more
kb

—# Coating at 1020 rpm
-o- Coating at 1600 rpm
—& Coating at 3000 rpm
-X-Talc
— PMMA

01 1 10

Particle Size (um) Partlcle Size (um)

Figure I11.70. Number Particle Size DistributionFigure 111.71 . Number Particle Size Distribution

of Coated and Uncoated Particles at 0.5 bar of Coated and Uncoated Particles at 1.5 bar

Dispersing Pressure Dispersing Pressure

It can be seen from the figure II.70, initial PMMsad 1% talc coated PMMA particles have
similar particle size distributions around 160 pAfterwards, whenever the dispersing air
pressure increases to 1.5 bar, it was observedtagparticle size distribution to the smaller
particle sizes for coated PMMA particles at 1026hr(fig.111.71). It shows that the particle
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liberation pressure for coated PMMA particles a2 @pm is between 0.5 and 1.5 bar. The
other talc coated PMMA particles keep their pagtgize distributions at 1.5 bar pressure.

2 - 21 _m i o i

.| 2 Coatna at 1020 o | -geang st 1883 pm - Ggina 1600 o
27 -o-Coating at 1600 rpm 21 —PMMA A
] —& Coating at 3000 rpm 2
—*-Talc
1 —PMMA

Number (%)
—

o N & o o

100 1000 01

Particle Size (um) Particle Size (um)

100 1000

Figure 111.72. Number Particle Size DistributionFigure 111.73 . Number Particle Size Distribution
of Coated and Uncoated Particles at 2.5 bar of Coated and Uncoated Particles at 3.5 bar

Dispersing Pressure Dispersing Pressure

At 2.5 bar pressure, talc coated PMMA particlest@®0 rpm has a smaller particle size
distribution (3.8 um) compared to 1.5 bar presshesause of the particle liberation
(fig.11.72). On the other hand, coated PMMA paedi at 3000 rpm have still the same
particle size distribution at this pressure. BuB& bar pressure the particle size distribution
for the coated particles at 3000 rpm decreasesptn3Moreover, other talc coated PMMA
particles at 1020 and 1600 rpm become much clostettalc particle size distribution at 3.5
bar pressure as it can be seen from the figuréllin the figure 111.74, the patrticle liberation

pressures for each operating velocity can be seea precisely.

-
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Figure 111.74. Number Particle Size Mean vs. Dispersing Pressure

for 1% Coated and Uncoated PMMA Particles
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As it can be seen from the table Ill.15, the patitberation pressures increase with
increasing operating velocity of cyclomix. The m@ads probably the generation of high
mechanical impact and shearing forces at high dipgraelocities. In addition, it should be
remembered that the difference in particle sizeridigions of the particles could be also

reason of the particle fragmentation.

Table I11.15. Dispersing Pressures and Air Velocities for Petizetachment for Coated

Particles in Cyclomix

Material Dispersing Air Pressure Air Velocity
PMMA + 1% Talc at 1020 rpm 1.1 bar 56 m/s
PMMA + 1% Talc at 1600 rpm 2.3 bar 95 m/s
PMMA + 1% Talc at 3000 rpm 2.9 bar 109 m/s

B. Effect of Mass Percentage of Talc on Coating Stretiyof the Particles
The effect of mass percentage of talc on the cgattrength of the particles has also been
studied for cyclomix trials. In the figure IIl.73)J1.76 and IIl.77 number particle size
distributions of particles that were treated at@0P600 and 3000 rpm operating velocities

with 1% and 5% talc particles are presented.
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Figure II1.75. Number Particle Size Mean vs. Figure 111.76 . Number Particle Size Mean vs.
Dispersing Pressure for PMMA at 1020 rpm Dispersing Pressure for PMMA at 1600 rpm
with 1% and 5% Talc Coating with 1% and 5% Talc Coating

It was observed that for 1020 rpm treatments tiiegba liberation pressure is 1.1 bar for 1%
talc coating, whenever the mass percentage ofptatiicles in the mixture increases to 5%,

the particle liberation pressure decreases to &qfly.l1.75). At 1600 rpm treatments, we
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had the same observation, the particle liberatiomsgure is 2.3 bar for 1% coating and
decrease to 2.1 bar for 5% talc coated particlgdl{f76). Moreover, at 3000 rpm treatments
the particle liberation pressure is 2.9 bar for thf% coated particles and decreases to 2.5 bar

for 5% talc coated particles (fig.Il1.77).
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Figure 111.77. Number Particle Size Mean vs. Dispersing Pressure
for PMMA at 3000 rpm with 1% and 5% Talc Coating

As it can be seen from the table 111.16, the pbatikiberation pressures decrease with
increasing mass percentage of talc particles inntingure. The high percentage of talc

coating may cause some multi-layering of talc pbes (agglomeration) on the surface of
PMMA particles. In particle size analysis, there anpacts between patrticles, particles and
the walls of the granulometer and also particleth thie dispersing air. Multi-layering may

increase the impact shock surface and becauseisofttvould be easier to break up talc
particles on the surface at higher coating percamsta

As it was seen for the hybridizer trials, for eagierating velocity of the cyclomix, the coated
PMMA particles always had greater particle sizdritigtions compared to talc particles for

all pressures. This is probably the reason of iffecudty to detach talc particles from the

surface of PMMA particles because of the stron@rattions between talc and PMMA

particles. In addition, as it was noticed in théotgizer trials, the difference in the particle

size distributions could be due to particle fragtagan.
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Table 111.16. Dispersing Pressures and Air Velocities for Phetidetachment for 1% and 5%
Talc Coated PMMA Particles in Cyclomix

Material Dispersing Air Pressure Air Velocity
PMMA + 1% Talc at 1020 rpm 1.1 bar 56 m/s
PMMA + 1% Talc at 1600 rpm 2.3 bar 95 m/s
PMMA + 1% Talc at 3000 rpm 2.9 bar 109 m/s
PMMA + 5% Talc at 1020 rpm 0.9 bar 48 m/s
PMMA + 5% Talc at 1600 rpm 2.1 bar 90 m/s
PMMA + 5% Talc at 3000 rpm 2.5 bar 100 m/s

C. Effect of Equipment on Coating Strength of the Paiicles
In this part of the study, in order to understamel @ffect of equipment on the coating strength
of the particles, the results of 1% and 5% talctedgparticles in cyclomix have been
compared with the hybridizer trials. Figure lIl.’Zd I11.79 show the evaluation of the
particle liberation pressures of cyclomix and hglaer trials for 1% and 5% talc coated
PMMA particles.

Particle Liberation Pressure
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Figure I111.78 . Effect of EQuipment on Particle  Figure I11.79 . Effect of EQuipment on Particle
Liberation Pressure for 1% Coated Particles by Liberation Pressure for 5% Coated Particles by

Cyclomix and Hybridizer Cyclomix and Hybridizer

The kinetic energy per mass has also been simjtyleted according to rotational velocity
of cyclomix as has been done for the hybridizealdri The linear velocities (V) of the
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cyclomix blades were calculated for each 3 bladesding the equation I11.9. The results are
shown in table 111.17. (ghae diameter of the blade)

Table I11.17. Linear Velocities of 3 Blades of the Cyclomix Gesponding to the Rotational

Velocities
Rotational Velocity V1 (dpjage:12 €M) V5 (dpjade: 10 cm) V3 (dplage:6.5Ccm)
1020 rpm 6.4 m/s 5.3 m/s 3.2mls
1600 rpm 10.1 m/s 8.4 m/s 5m/s
3000 rpm 18.8 m/s 15.7 m/s 9.4 m/s

Afterwards the kinetic energy per mass value wdsutated for each blade by using the
equation 111.10. Then the average value has beemntas the energy per mass value of the
cyclomix for the given rotational velocity.

The results show us that the coated particles slooyix have higher particle liberation
pressures at the similar kinetic energy per massegsacompared to the coated particles in
hybridizer (figure 111.78 and 111.79). The differer in the operation methodologies of the
equipments, usage of different mechanical forceslifferent orders (impact, shearing) is

probably the reason for this result.

3.2.5. Characterization of Flowability Properties of the Farticles

The flowability properties of the treated particlexyclomix has been determined by Erweka
tapped density tester and Freeman Technology povir@@meter (FT4) as it has been done
for treated particles in hybridizer.

The effects of operating velocity of cyclomix anffetent mass percentages of talc particles
in the mixture on the modification of flowabilityq@perties of the powders have been studied.
The results of flowability properties of treatedtpdes in cyclomix have also been compared
with the results of treated particles in hybridizer order to understand the effect of

equipment on the modification of flowability propies of the powders.

A. Effect of Operating Velocity on Flowability Properties of the Particles
The flowability properties of 1% and 5% talc coateMMA particles for each operating
velocity of cyclomix have been analysed. The tapgeasity results of uncoated and 1% talc

coated PMMA particles can be seen in the figur80ll
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Figure 111.80. Evaluation of Flowability of PMMA Particles Befoend After Coating with
Talc According to Different Operating Velocities ©f/clomix

The coated PMMA particles and individually treat®dlMA particles in cyclomix have very
good flowability properties as it can be seen fitbmntable 111.18. The reason is probably, that
there is almost no particle fragmentation in cyadbonials. In addition, at 3000 rpm trials
(maximum operating velocity of cyclomix), we caredbat the flowability becomes excellent

after coating with 1% talc particles.

Table 111.18. Carr Index and Hausner Ratio for Uncoated and 1#t&bPMMA Particles

Materials Carr Index (%) | Flowability | Hausner Ratio

Initial PMMA 0.99 +0.02 Excellent 1.01 £0.02

PMMA at 1020 rpm 9.63+0.04 Excellent 1.11 £ 0.04
PMMA at 1600 rpm 13.51 +£0.04 Excellent 1.16 £ 0.04
PMMA at 3000 rpm 19.32 £ 0.05 Mediocre 1.24 £0.05
PMMA+1% Talc at 1020 rpm 5.74 £ 0.03 Excellent 1.06 + 0.03
PMMA+1% Talc at 1600 rpm 8.42 +0.02 Excellent 1.09 £ 0.02
PMMA+1% Talc at 3000 rpm 9.10 £ 0.05 Excellent 1.10 £ 0.05

The Freeman Technology powder tester (FT4) has laésmm used in order to complete

analysing the flowability properties of the pamil(Table 111.19).
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(mm/s)

Figure 111.81. FT4 Results of Initial and
Treated PMMA Particles in Cyclomix

Figure 111.81 and 111.82 show the results of FT4perments. It can be seen that we have

homogeneous mixture at the end of conditioning 8&iepach powder sample.

Table 111.19. Evaluation of Flowability of Uncoated and 1% CoaRMMA Particles by FT4

Materials 8™ Cycle (mj) | 11™ Cycle (mj) FRI

Initial PMMA 273 £0.03 293 £0.03 1.10 £ 0.03

PMMA at 1020 rpm 109 = 0.07 125 + 0.07 1.15 +0.07
PMMA at 1600 rpm 107 £0.03 127 £ 0.03 1.19+£0.03
PMMA at 3000 rpm 112 £ 0.08 144 + 0.08 1.29 £ 0.08
PMMA+1% Talc at 1020 rpm 102 £ 0.03 115+ 0.03 1.13+£0.03
PMMA+1% Talc at 1600 rpm 98 +0.03 114 +0.03 1.16 £ 0.03
PMMA+1% Talc at 3000 rpm 105 £ 0.06 127 £ 0.06 1.21 £ 0.06

It was observed that for each operating velocitgyaflomix the talc coated PMMA particles
have better flowability than treated PMMA particlascyclomix. The FRI values of 1020 and
1600 rpm trials don't have much difference. For B@Pm treatments the FRI values are

higher than other particles and shows little desgwan the flowability properties.
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B. Effect of Mass Percentage of Talc on Flowability Ryperties of the Particles
In this part of the study, the effect of mass petage of talc particles on the flowability
properties of the coated PMMA patrticles has beewlistl. The results of the tapped and
apparent densities of 1% and 5% talc coated PMM#gbes at 1020, 1600 and 3000 rpm for

6 minutes operating time are shown in the figur&3l.
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Figure 111.83. Evaluation of Flowability of PMMA Particles Befoesnd After Coating with
1% and 5% Talc for Each Operating Velocity

The Carr index and Hausner ratio values of 1% adt&lc coated PMMA particles are
presented in the table 111.20. It can be seen thakll cases we have excellent flowability
according to tapped and apparent density analyisisasn’t been observed a significant
difference of flowability properties between thesukts of 1% and 5% talc coated PMMA
particles.

Table 111.20. Carr Index and Hausner Ratio for 1% and 5% CoalMi R Particles

Materials Carr Index (%) |Flowability | Hausner Ratio
PMMA+1% Talc at 1020 rpm 5.7+0.03 Excellent 1.06 £ 0.03
PMMA+1% Talc at 1600 rpm 8.4 +£0.02 Excellent 1.09 £ 0.02
PMMA+1% Talc at 3000 rpm 9.1+£0.05 Excellent 1.10 £ 0.05
PMMA+5% Talc at 1020 rpm 4.9 +0.03 Excellent 1.05 +£0.03
PMMA+5% Talc at 1600 rpm 8.1+0.04 Excellent 1.09 £ 0.04
PMMA+5% Talc at 3000 rpm 8.9+0.04 Excellent 1.10 £ 0.04

146

Serkan OTLES



Chapter Il — Dry Coating of PMMA & Talc Particles

The FT4 has also been used to understand the effe¢elc percentage on the flowability
properties of the powders. It can be seen thaFRlevalues are around 1.1 and 1.2, it shows
us that the particles have very good flowability Both 1% and 5% talc coatings. On the
other hand, we didn’t observe much difference betwihe results of 1% and 5% talc coated
PMMA particles since in cyclomix trials; there i robserved particle fragmentation
(table 111.21).

Table I11.21. Evaluation of Flowability of 1% and 5% Coated PMNRArticles by FT4

Materials 8™ Cycle (mj) | 11" Cycle (mj) FRI
PMMA+1% Talc at 1020 rpm 102 +0.03 115+ 0.03 1.13+0.03
PMMA+1% Talc at 1600 rpm 98 + 0.03 114 +0.03 1.16 £ 0.03
PMMA+1% Talc at 3000 rpm 105 +0.06 127 +0.06 1.21 +0.06
PMMA+5% Talc at 1020 rpm 100 £ 0.01 110+ 0.01 1.10+0.01
PMMA+5% Talc at 1600 rpm 95 +0.04 106 + 0.04 1.12+0.04
PMMA+5% Talc at 3000 rpm 107 +0.06 126 + 0.06 1.18 + 0.06

C. Effect of Equipment on Flowability Properties of the Particles
In this part of the study, the flowability propedi of coated particles in cyclomix and
hybridizer have been compared with each other gteroto understand the effect of the

equipment on the flowability properties of the p@nsl

Table I11.22. Effect of Equipment on the Flowability Propertig-Gmated PMMA Particles

Materials 8™ Cycle | 11™ Cycle FRI
(mj) (mj)
PMMA+5% Talc at 4000 rpm Hybridizer || 100 £ 0.05| 109 + 0.05| 1.09 + 0.05
PMMA+5% Talc at 5600 rpm Hybridizer || 119 £ 0.05| 135 £ 0.05] 1.13 + 0.05
PMMA+5% Talc at 9600 rpm Hybridizer || 71 +£0.05| 287 +£0.05 4.04 + 0.05
PMMA+5% Talc at 1020 rpm Cyclomix || 100 + 0.01| 110 +0.01| 1.10 £ 0.01
PMMA+5% Talc at 1600 rpm Cyclomix || 95+0.04 | 106 +0.04 1.12 +0.04
PMMA+5% Talc at 3000 rpm Cyclomix || 107 £ 0.06| 126 + 0.06| 1.18 + 0.06
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The results of FT4 for 5% talc coated PMMA particia cyclomix and hybridizer can be
seen in the table 111.22. As it has been obseneddrb, for all operating velocities the coated
particles have better flowability properties thaweated particles either in cyclomix or
hybridizer. The results of cyclomix trials are daniwith low operating velocity hybridizer

treatments. The only difference between the cycltorand hybridizer trials is, at high

operating velocity of hybridizer (9600 rpm) theseparticle fragmentation of PMMA particles
that decreases the flowability of the particles atdhat velocity the particles have bad
flowability than initial state. But for cyclomixitdls the particles have good flowability for all
operating velocities because we didn't observe payicle fragmentation at any operating

velocities of cyclomix.

3.3.Conclusions

The Cyclomix uses mechanical impact forces, congprasand shearing as hybridizer does in
dry particle coating. The difference between cyacloand hybridizer probably, in hybridizer
the mechanical impact force is more significant @uthe other hand in cyclomix shearing is
more significant than other mechanical forces. Thifference affects the particle
fragmentation and end use properties of the powders

The preliminary study has been done for initial PMMarticles in order to understand its
fragmentation behaviour in cyclomix at differenteogting velocities. It has been observed
that contrarily to the hybridizer trials, even &k thighest operating velocity there is no
particle fragmentation of PMMA particles in cyclomit may be explained by the difference
of type and amount of mechanical forces that thepeagent applies on the particles.

It was observed that the loss particle amount $s iae cyclomix treatment than hybridizer
treatments. The probable reason is that, in hyderdhere are empty spaces between the rotor
and the wall of the hybridizer where the particheay stay but the conical shaped mixing
vessel of the cyclomix doesn’t have empty spacesdsn the walls and blades.

Visualisations before and after coating was peréawith an ESEM, in order to analyse the
morphology of the particles and deposition of gymsticles on the host particles. It has been
observed that, dry coating of the particles in ogak concludes with discrete coating of talc
particles on the surface of the PMMA particles.

It has been observed that, like in the hybridizat, the particle liberation pressures increase
with increasing operating velocity of cyclomix basa of the generation of high mechanical

impact and shearing forces at high operating veésciOn the other hand, it was found that
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for 1% talc coated PMMA particles, after 1900 rpmerating velocity of cyclomix the
particle liberation pressure is stable until thexmmaum operating velocity (3000 rpm). For 5%
trials, the particle liberation pressure is staslier1890 rpm operating velocity until 3000
rom. On the other hand, it was seen that the partiberation pressures decrease with
increasing mass percentage of talc particles imtheure. It should be also considered that
the particle size difference could be reason dfegiparticle fragmentation or detachment of
talc particles or both of them at the same timeth& end, the cyclomix trials have been
compared with hybridizer trials in order to undarst the effect of equipment on the coating
strength of the particles. The kinetic energy perssvalues has been simply calculated
according to rotational velocity of cyclomix andbiizer. It was observed that the coated
particles in cyclomix have higher particle libeoatipressures at similar kinetic energy per
mass values compared to the coated particles indg#r. The difference in the operation
methodologies of the equipments, usage of differeathanical forces in different orders
(impact, shearing) can be probably reasons ofrdsisit.

Contrary to the coated particles in hybridizer, doated PMMA particles and individually
treated PMMA patrticles in cyclomix have very goddwhability properties because of no
particle fragmentation in cyclomix trials. As itdiheen observed for the hybridizer trials, for
each operating velocity of cyclomix the talc coateMMA particles have also better
flowability properties than treated PMMA particles cyclomix. The effect of mass
percentage of talc particles on the flowabilitytbé particles has also been studied. It was
seen that there is no significant difference oivldbility properties between the results of 1%
and 5% talc coated PMMA particles in cyclomix.

As a conclusion, it was seen that the cyclomixl$® @an useful equipment for dry particle
coating process. Cyclomix uses mechanical forcpsc{ally shearing) in order to coat the
particles and gives very high coating strength prgpto the new generated patrticles. Dry
coating of PMMA with talc particles improves thdlowability compared to the treated
PMMA particles in cyclomix.
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4. DRY COATING OF PARTICLES IN TURBULA

Turbula is also another type of mixer that has hessd for dry particle coating experiments.
It allows us to mix powders by rotational movemenfsthe chamber (chapter Il). The
particles are mixed in a closed container that Hasolume. The mixing container is set in
three—dimensional movement that exposes the prdduah always changing, rhythmically
pulsing motion.

In this study, PMMA particles were pre—treated wdlially in hybridizer in order to be able
to compare the results with high force mixers (iker & cyclomix). Afterwards, the
treated PMMA patrticles with 1% and 5% talc parscleere mixed by turbula.

The characterization of particles has been donerbéefnd after the treatments and the results

have been compared with the results of hybridiner@clomix trials.

4.1. Preliminary Study of Poly(methyl methacrylate) Partcles

In this part, the effect of rotational velocity wirbula on PMMA patrticles has been studied.
PMMA particles have been initially treated in hybzier at 4000, 5600 and 9600 rpm for 6
minutes. After the hybridizer treatment, PMMA pelds have been treated inside a 1L
container (30 g) at 96 rpm operating velocity foméhutes operating time by turbula. The
volume and number particle size distributions of\PMthat were treated by turbula particles
can be seen in the figure 111.84 and 111.85.

5
—m— PMMA 4000 rpm Hybridizer - Turbula * | = PMMA 4000 rpm Hybridizer - Turbula
18 [ --0-- PMMA 5600 rpm Hybridizer - Turbula
o PMMA 5600 rpm Hybridizer - Turbula| [ 2] —&—PMMA 9600 rpm Hybridizer - Turbula
—0—PMMA Initial

14|~ PMMA 9600 rpm Hybridizer - Turbula|

12{—0— PMMA Initial 15

Number (%)

Particle Size (um) Particle Size (um)

Figure 111.84. Volume Particle Size Distributio Figure 111.85. Number Particle Size Distribution
of Treated PMMA Particles by Turbula of Treated PMMA Particles by Turbula

It can be seen that the particle size distributimingre-treated particles at 4000 and 5600 rpm
in hybridizer then treated by turbula have simarticle size distributions with initial state of

PMMA particles. On the other hand, pre-treatediglag at 9600 rpm then treated by turbula
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has a fine particle population around 8 pum, whibbvss the particle fragmentation. The
visual analysis by ESEM has also been done befodeafier treatments. As it can be seen

from the figure 111.86, the results confirm the gwometric analysis.

(c) 9600 rpm Hybridizer —

Turbula

(a) 4000 rpm Hybridizer —

Turbula

(b) 5600 rpm Hybridizer —
Turbula
Figure 111.86. Surface Morphology of PMMA Particles Pre-TreatedHybridizer then by

Turbula

At the end, if we compare the results of turbulthviiybridizer trials (figure I11.6 and 111.7), it
can be observed that there is no effect of opeyawelocity of turbula on the particle
fragmentation as expected. Because turbula is seoctional mixer not a high shear mixer

like hybridizer or cyclomix.

4.2. Dry Coating of Poly(methyl methacrylate) with Talc

PMMA particles were pre—treated in hybridizer dtedtent velocities (4000, 5600, 9600 rpm)
then treated PMMA particles have been coated withahd 5% talc particles by turbula at
96 rpm operating velocity for 6 minutes (table28). In turbula trials, 30 g batch mass has
been treated as hybridizer trials.

Table 111.23. Operating Conditions of Dry Coating Treatments unbula

Pre-Treatment Mass % Operating Operating || Batch
Host in Hybridizer Guest || of Guest Velocity Time Size
Particles || Velocity (rpm) || Particles|| Particles of Turbula (min) (9)
(rpm)
4000 1%
PMMA 5600 Talc 96 6 30
0
9600 > %
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The effect of mass percentage of talc on the cgatrength and flowability properties of
particles has been studied as it was done for tiger and cyclomix trials. At the end, the

results of turbula have been compared with hybeidizyclomix and basic mixing trials.

4.2.1. Measure of Solid Densities of the Dry Coated Parties

The solid densities of the particles that weretegeay turbula have been measured and
compared with the solid densities of the partidlest were treated in hybridizer. It can be

seen from the figure 111.87, the solid densitiescoéted particle by turbula has similar values
with calculated mixture values (eqn 1ll.1). Thegea is that, the particles stay inside a closed

container so we can have an almost perfect pargcievery in turbula trials.

1,3

m psolid at 4000 rpm Hyb

Samples from
129 1 o psolid at 5600 rpm Hyb } P
128 | & psolid at 9600 rpm Hyb t Turbula
—— Mixture Density
127 1 o psolid at 4000 rpm Hyb - Turbula
1261 * psolid at 5600 rpm Hyb - Turbula

a psolid at 9600 rpm Hyb - Turbula
}Sajmples from
Hybridizer

0% 1% 2% 3% 4% 5% 6%
Talc (%)
Figure 111.87. Solid Densities of Coated Particles in Turbula biythridizer

Solid Density (g/ml)

1,22 /E
a

1,21 @”

1.2

It should also be remembered that the differenddensolid densities of the particles can be

reason of sampling and inhomogeneity of the mixture

4.2.2. Characterization of Surface Morphology of the Parttles

ESEM has also been used to observe the surfacehology of the coated particles by
turbula as shown in the figure 111.88. It can bers¢hat there are free agglomerates of talc
particles in the 5% talc mixture because turbulastd give enough mechanical energy to
de-agglomerate the talc particles.

On the other hand, the effect of pre-treatmentbyibridizer can be distinguished easily. It
was observed that at 9600 rpm pre-treatments imidigbr, PMMA particles are broken at
this velocity.
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PMMA + 1% Talc

Acc - Spat Magn Dot
A00KV 20 dode, BSEDL
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P S ,Ji ‘X
(c) 9600 rpm

(a) 4000 rpm
Figure 111.88. Surface Morphology of Pre-Treated PMMA Particleslybridizer and Coated
with 1% and 5% Talc Particles in the Turbula

4.2.3. Characterization of Coating Strength of the Partices

The coating strength of the particles has beenddaynanalysing the changes on the number
particle size distributions of the particles. TH&eet of mass percentage of talc particles on
the coating strength has been studied. Finallyctaing strength results of the particles that
were treated by turbula have been compared withridiygbr, cyclomix and basic mixing

trials.

A. Effect of Mass Percentage of Talc on Coating Stretiyof the Particles
The pre-treated PMMA particles (4000, 5600 9600 rprhybridizer) with 1% and 5% talc
coating by turbula at 96 rpm for 6 minutes operatiime can be seen in the figure 111.89,
[11.90 and 111.91.
It was observed that the particle liberation presssi 1.0 bar for pre-treated PMMA patrticles
at 4000 rpm coated with 1% talc by turbula andeitrdases to 0.8 bar pressure for 5% talc

coating.
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Figure 111.89 . Number Particle Size Mean vs.  Figure 111.90. Number Particle Size Mean vs.

Dispersing Pressure for 4000 rpm Pre-treated Dispersing Pressure for 5600 rpm Pre-treated

PMMA with 1% and 5% Talc by Turbula PMMA with 1% and 5% Talc by Turbula
107+Talc 9600 rpm - PMMA 9600 rpm
g ® PMMA 9600 rpm Hyb+1% Talc © PMMA 9600 rpm Hyb+5% Talc
8
s
o)
g 5 %00 4
g %#i\’—?
z

o 0,5 1 15 2 2,5 3 3,5 4 4,5 5

Dispersing Pressure (bar)
Figure 111.91. Number Particle Size Mean vs. Dispersing Pressur@é600 rpm Pre-treated
PMMA with 1% and 5% Talc by Turbula

For 5600 pre-treated PMMA particles, the partigleedation pressure is 1.2 bar for 1%
coating and 0.9 for 5% talc coating. The 9600 rpmtpeated PMMA particles coated with
talc particles by turbula has also similar coastrgngth characteristic. The particle liberation
pressure is 2.1 bar for 1% talc coating and it ei@ses to 1.8 bar for 5% talc coating. As it can
be seen from the table I11.24, the particle libemat(or fragmentation) pressure is higher for

1% talc coatings than 5% talc coating for all thees.
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Table 111.24. Dispersing Pressures and Air Velocities for Phtidetachment for 1% and 5%

Talc Coated Particles by Turbula

Material Dispersing Air Pressure Air Velocity
PMMA 4000 rpm+ 1% Talc 1.0 bar 52 m/s
PMMA 5600 rpm+ 1% Talc 1.2 bar 60 m/s
PMMA 9600 rpm+ 1% Talc 2.1 bar 90 m/s
PMMA 4000 rpm+ 5% Talc 0.8 bar 44 m/s
PMMA 5600 rpm+ 5% Talc 0.9 bar 68 m/s
PMMA 9600 rpm+ 5% Talc 1.8 bar 81 m/s

B. Effect of Equipment on Coating Strength of the Patricles

In order to understand the effect of equipment le ¢oating strength of the patrticles, the

kinetic energy per mass has been simply calcufatedlach equipment according to operating

velocities. The linear velocities have been caledaby using equation

1.9 for

corresponding rotational velocities of the equiptaeAfterwards the kinetic energy per mass

have been calculated by using equation I11.10 tigh Ishear mixers apply on the particles

probably has an important role for that result.
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Figure 111.93. Effect of Equipment on Particle
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It can be seen from the figure 111.92 and 111.984800 and 5600 rpm pre-treated PMMA with
1% and 5% talc coatings by turbula have a little thgher particle liberation pressures

compared to basic mixing trials. On the other haindan be seen that the particle liberation
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pressures of the particles that were treated tutaror basic mixing have similar values with
the particles that were treated at 1020 rpm inawyct. Moreover, it was observed that at
higher velocities of hybridizer and cyclomix, tharficle liberation pressures are much higher
than turbula trials. The effect of mechanical egettat the high shear mixers apply on the

particles probably has an important role for tlesstuit.

4.2.4. Characterization of Flowability Properties of the Rarticles

The flowability properties of the particles haveebeanalysed by using tapped & apparent
densities and FT4 results. The effects of massepéage of talc particles in the mixture and

effect of equipment on the flowability propertigstioe particles has been studied.

A. Effect of Mass Percentage of Talc on Flowability Ryperties of the Particles
In this part of the study, the 1% and 5% talc cobgterticles have been compared with each
other in order to understand the effect of the npessentage on the flowability properties of

the particles. In the figure 111.94, evaluationstapped densities of the coated particles are

shown.
12
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St Beror IR y
® 0g ig 3
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a PMMA at 5600 rpm Hyb+1% Talc &« PMMA at 5600 rpm Hyb+5% Talc
021 + PMMA at 9600 rpm Hyb+1% Talc <« PMMA at 9600 rpm Hyb+5% Talc
= PMMA Initial o PMIMA 9600 rpm Hyb
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Figure 111.94. Evaluation of Flowability of PMMA Particles Befoesnd After Coating with
1% and 5% Talc by Turbula

It can be seen from the table 1l.25, 1% and 5% taated PMMA particles have better
flowability than pre-treated PMMA particles in hydizer. It was also observed that at 9600
rpm pre-treated PMMA patrticles in hybridizer haewbad flowability properties because of

the particle fragmentation at this operating velpoof hybridizer. On the other hand, it was
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observed that there is no significant differenctvieen the results of 1% and 5% talc coated

particles according to tapped and apparent dessitie

Table 111.25. Carr Index and Hausner Ratio for Coated and Undd@MMA Particles

100

Materials Carr Index (%) | Flowability | Hausner Ratio

Initial PMMA 0.99 +£0.02 Excellent 1.01 +£0.02

PMMA at 4000 rpm Hyb 16.03 £ 0.04 Good 1.19 £ 0.04
PMMA at 5600 rpm Hyb 18.72 £ 0.05 Mediocre 1.23+£0.05
PMMA at 9600 rpm Hyb 35.81 £0.05 Very Bad 1.56 +0.05
PMMA 4000 rpm+1% Talc Turbula 3.32+0.04 Excellent 1.03 £0.04
PMMA 5600 rpm+1% Talc Turbula 8.91 +0.05 Excellent 1.09 £0.05
PMMA 9600 rpm+1% Talc Turbula 27.53+£0.05 Bad 1.38 £ 0.05
PMMA 4000 rpm+5% Talc Turbula 3.70+£0.03 Excellent 1.04 £ 0.03
PMMA 5600 rpm+5% Talc Turbula 8.12+£0.03 Excellent 1.09 £ 0.03
PMMA 9600 rpm+5% Talc Turbula 29.40 £ 0.08 Bad 1.42 +0.08

The FT4 has also been used to study the flowalphtperties of the particles. The results of

the FT4 trials can be seen from the figure 111.98 #1.96. It can be observed that, at the end

of the conditioning step we have obtained a homeges powder mixture (stable total energy

value) for each sample.
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Figure 111.95. FT4 Results of Initial and Pre -
Treated PMMA Particles in Hybridizer
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It was observed that, the 1% and 5% talc coated RMidrticles have better flowability
properties than just pre-treated PMMA particlesitagias observed from the tapped and
apparent density results. On the other hand, we'tdadbserve much difference between the
FRI results of 1% and 5% talc coated PMMA partic(eagble 111.26)

Table 111.26. Evaluation of Flowability of 1% and 5% Coated PMNRArticles by FT4

Materials 8" Cycle (mj) | 1™ Cycle (mj) FRI

Initial PMMA 273 +0.03 293+0.03 | 1.10+0.03

PMMA at 4000 rpm Hybridizer 105 + 0.05 122 £ 0.05 1.16 £ 0.05
PMMA at 5600 rpm Hybridizer 101 +£0.05 121 +0.05 1.20 £ 0.05
PMMA at 9600 rpm Hybridizer 54 +£0.08 296 £ 0.08 5.48 £0.08
PMMA 4000 rpm+1% Talc Turbula 105 + 0.03 116 £ 0.03 1.11 £0.03
PMMA 5600 rpm+1% Talc Turbula 103 £ 0.05 117 £0.05 1.14 £0.05
PMMA 9600 rpm+1% Talc Turbula 68 + 0.09 289+0.09 | 4.25+0.09
PMMA 4000 rpm+5% Talc Turbula 103 £ 0.04 119 +0.04 1.16 £ 0.04
PMMA 5600 rpm+5% Talc Turbula 107 +£ 0.03 128 +0.03 | 1.20+0.03
PMMA 9600 rpm+5% Talc Turbula 76 £0.08 313+0.08 | 4.12+0.08

B. Effect of Equipment on Flowability Properties of the Particles

In this part of the study, the flowability propediof coated particles by turbula have been
compared with the coated particles in hybridized agclomix in order to understand the
difference between a conventional mixer and highganixers for the flowability properties
of the particles.

It can be seen from the table I11.27, the flowapibf the coated particles in the high force
mixers (hybridizer & cyclomix) have better flowabyl than coated particles by turbula. The
generated high mechanical forces in high force msixeould cause de-agglomeration and
better dispersion of talc particles on the surfalcMMA patrticles. On the other hand, lack

of high mechanical forces causes fine particle @ggration and a worse dispersion of talc
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particles on the PMMA surface compared to compgsateicles from the high force mixers

which would be the probable reason of this result.

Table I11.27. Effect of Equipment on the Flowability Propertig-Gmated PMMA Particles

Materials 8™ Cycle | 11™ Cycle FRI
(mj) (mj)

Initial PMMA 273 +0.03| 293 +0.03| 1.10 £ 0.03

PMMA+5% Talc at 4000 rpm Hybridizer || 100 + 0.05| 109 + 0.05| 1.09 = 0.05
PMMA+5% Talc at 5600 rpm Hybridizer || 119 + 0.05| 135 + 0.05| 1.13 £ 0.05
PMMA+5% Talc at 9600 rpm Hybridizer | 71 +£0.05| 287 +0.05 4.04 = 0.05
PMMA+5% Talc at 1020 rpm Cyclomix || 100 + 0.01| 110 +0.01| 1.10 £0.01
PMMA+5% Talc at 1600 rpm Cyclomix || 95+0.04| 106 +0.04 1.12 +0.04
PMMA+5% Talc at 3000 rpm Cyclomix || 107 + 0.06] 126 + 0.06| 1.18 + 0.06
PMMA 4000 rpm+5% Talc Turbula 103 £0.04| 119+ 0.04| 1.16 + 0.04
PMMA 5600 rpm+5% Talc Turbula 107 £ 0.03] 128 + 0.03| 1.20 = 0.03
PMMA 9600 rpm+5% Talc Turbula 76 +0.08 | 313 +0.08 4.12 +0.08

4.3. Conclusions

PMMA particles have been coated by different masggntages of talc particles by turbula
mixer in order to understand the difference betwaetonventional mixer and high force
mixers (hybridizer & cyclomix) and their effect ¢time end—use properties of the particles.
The PMMA particles have been pre-treated in hybkeadiat 4000, 5600 and 9600 rpm
operating velocities (to be able to make a comparigith high force mixer trials) than they
were coated with different percentage of talc pbes by turbula. In the preliminary study, it
was observed that there is no effect of turbulaembn the fragmentation of the particles.
Afterwards, the pre-treated PMMA particles haverbeeated with 1% and 5% of talc
particles by turbula at 96 rpm operating velocihakimum velocity of turbula) for 6 minutes.
The visual analysis has also been done before #iad aating. According to the ESEM
analysis, it was observed that, we have obtaineliserete talc coating on the surface of

PMMA patrticles in turbula trials like in hybridizemnd cyclomix trials. On the other hand, it
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was observed that there were free talc agglomematése mixture because of insufficient
mechanical forces in turbula trials.

The laser diffraction granulometer has been usedrder to understand the particle size
evaluation and coating strength of the coated @asti The effect of mass percentage of talc
particles on the coating strength of the partiblas been studied. It was observed that particle
liberation pressure decreases with increasing pasentage of talc particles in the mixture.
On the other hand, the results of coated partiolesurbula have been compared with the
results of coated particles in hybridizer, cyclonard basic mixing methods in order to
understand the effect of equipment on the coatirenpgth of the particles. It was observed
that coated particles by turbula have a littlehaggher particle liberation pressures compared
to basic mixing trials. On the other hand, it waserved that the treated particles by turbula
have similar particle liberation pressures with tineated particles in cyclomix at low
operating velocity (1020 rpm) but contrarily, aglhioperating velocities the coated particles
in hybridizer and cyclomix have very high partidileeration pressures compared to treated
particles by turbula mixer. The effect of mechahieaergy that the high shear mixers
(hybridizer & cyclomix) apply on the particles padily has an important role for that result.
Moreover, as it has been discussed in the hybrigind cyclomix trials, the granulometric
results should be analysed carefully and it shbeldemembered that either particle breakage
or guest particle liberation may cause differencethie particle size distributions of the
particles with difference dispersing pressures.

As it was observed for the coated particles in tyber and cyclomix, talc coated PMMA
particles have better flowability properties thastjpre-treated PMMA patrticles for both 1%
and 5% talc coatings. On the other hand, we didb&erve much difference in flowability
properties between the results of 1% and 5% tabtecb PMMA particles. It was also
observed that the flowability properties of the tedaparticles in the high force mixers
(hybridizer & cyclomix) have better flowability thacoated particles by turbula since in high
force mixers talc particles have better dispersionhe surface of PMMA patrticles.

At the end, it was seen that the dry coating of PMparticles with talc particles is also
possible by turbula. On the other hand, it was alsserved that utilization of conventional
mixers or high shear mixers for dry particle cogtprocess modifies the end—use properties
of the particles.
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5. CONCLUSIONS

In this study, PMMA particles (host particle) wighvolume mean particle diameter (d[4)3]
around 160 pm have been coated with 1% and 5% palticles (guest particles)
(d[4:3],:14um) by using different dry particle coating gauents in order to understand the
effect of mass percentage of talc particles, efféaquipment and their operating conditions
on the end-use properties of the new generateitipart

The feasibility of dry coating of the particles atieeir fragmentation behaviour has been
studied in preliminary study of the particles. PMM#Rd talc particles have been treated
individually in hybridizer, cyclomix and turbula thi different operating conditions and

afterwards, the operating conditions have beerrmigted for dry coating trials.

5.1. Visual Analysis of The Dry Coated Particles in Diférent Equipments

Environmental scanning electron microscopy (ESEBS been used to observe the surface
morphology of the coated particles by each equifinmiewas observed that for all the mixers
that we have used and also for basic mixing tr\aks,have obtained a discrete type of talc
coating on the PMMA particles.

The difference in the surface coverage of the gadiis related to the mechanical force that
the equipment applies on the particles coating. ridiger and cyclomix uses mechanical
impact, compression and shearing forces in ordercdat the particles. Due to these
mechanical forces, the talc particles are forcedhensurface of the PMMA particles and we
have obtained embedded talc particles on the PMisiAigbes.

On the other hand, turbula is a conventional mawt it uses very low centrifugal forces to
coat the particles. As it would be expected, thpaat of the particles is much less and softer
compared to high force mixers. Because of thatorgas was observed that the talc particles
are just firmly attached on the surface of PMMAtgées in turbula and basic mixing trials.
In addition, the lack of applied mechanical foroesthe particles in turbula and basic mixing
trials, we have observed that there are some fike agglomerates in the mixture. The
generated force is not sufficient to break the agpglrates of talc particles and attach them on
the surface of the PMMA patrticles, because of thason the agglomerates rest in the powder

sample in turbula and basic mixing.
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5.2. Coating Strength of The Dry Coated Particles in Diferent Equipments

The coating strength of the coated particles bfeddht dry coating equipments have been
analysed by using a laser diffraction granulometéth dry feed mode. According to
evaluation in the particle size distributions oé tparticles, the particle liberation pressures
have been found.

The effect of operating velocity on the particleeliation pressure has been studied. It was
seen that the particle liberation pressure incieasgiéh increasing operating velocity for
hybridizer and cyclomix trials. The generated meote forces by the mixers are directly
related to the operating velocity of the equipme8ts, higher velocity would generate higher
mechanical forces and higher mechanical forces avoalise stronger interactions between
the host and guest particles. As it was obsenveldd visual analysis, high mechanical forces
in hybridizer and cyclomix enables us to obtain edded talc particles on the PMMA
surface.

The effect of mass percentage of talc particlethercoating strength of the particles has also
been studied. It was observed that particle libemgbressure decreases with increasing mass
percentage of talc particles in the mixture forlogux, turbula and basic mixing trials. But
for dry coated particles in hybridizer, it was obsel that for different operating velocities,
mass percentages of talc particles have differdieicts on the coating strength of the
particles.

In order to understand the effect of equipment twn ¢oating strength of the particles, the
kinetic energy that the equipment generates waglgicalculated by using the operating
velocity of the equipment. It was seen that thealrgted particles in hybridizer and cyclomix
have much higher particle liberation pressures @megpto coated particles by turbula and
basic mixing method. It was observed that the gartiiberation values increase with
increasing calculated kinetic energy per mass galueich is directly related to operating
velocity of the equipment.

There is an important point that should be remeptbénat the evolution of the particle size
distributions with different dispersing pressuresild be related to particle detachment and
also particle fragmentation.
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5.3. Modification of Flowability Properties of Dry Coated Particles in Different
Equipments

The flowability properties of PMMA particles befoamd after dry coating with talc particles
in different equipments has been analysed by usiegman Technology powder tester (FT4)
and a tapped density tester.

In hybridizer trials, it was observed that the doated PMMA patrticles with talc (1% & 5%)
have better flowability properties than treated PMIdarticles in hybridizer. Also it can be
observed that the high operating velocities of kiybridizer decrease flowability of the
particles due to the particle breakage that causa®ase in the contact surface of the
particles.

In cyclomix trials, it was observed that both thg doated PMMA particles (1% & 5%) and
individually treated PMMA particles (except at 30@@mn) in cyclomix have very good
flowability properties. In cyclomix trials, there ialmost no particle fragmentation at any
operating velocities so it would be the reason tfag particles to have good flowability
properties. At 3000 rpm, (maximum velocity of cydlix), the flowability becomes mediocre
for individually treated PMMA patrticles at this apéing velocity but it becomes excellent
after dry coating with talc particles.

In turbula trials, it was seen that the dry coa®dMA particles (1% & 5%) have better
flowability than pre-treated PMMA particles in hydizer. The flowability properties of dry
coated particles in different equipments have #@sen compared. It was seen that the dry
coated particles in hybridizer and cyclomix havédreflowability properties than dry coated
particles by turbula. As it has been discussedrbefagh force mixers apply high mechanical
force on the particles which causes de-agglomeratial good dispersion of talc particles on
the surface of the PMMA particles. On the otherdian turbula trials there are some talc
agglomerates because the mechanical energy thairthda generates is not high enough to
break the agglomerates and disperse them on the A2BINMface. So this may explain the
difference between flowability properties of paddg from hybridizer, cyclomix and
conventional turbula mixer.

The host and guest particle size on the end—ugeegres of the particles may also have an
important role. In Chapter IV, 2 different partickéze distributions of Cellets and Talc
particles has been chosen as the second modelecanpbrder to understand influence of

particle size ratio between the host and guesticteston the end-use properties of the
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particles. Mechanical strength is tried to be edab an estimation of the energy provided in
every process, and to the theoretical calculaticthe® van der Waals forces (initial 'affinity").
The hydrophilic properties of the powders will dedsed by dynamic vapour sorption and

angle of contact characterization methods.
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1. INTRODUCTION

In the second part of this thesis, the aim is tdeustand the effect the particle size of host and
guest particles on the end—use properties of theaated particles. For this reason, Cellets
particles (with 2 different particle size distribris) and Talc particles (with 2 different
particle size distributions) have been chosen as#étond model couple of the study for dry
coating.

In the first part, in order to understand the dffe€ host particle size on the end-use
properties of the particles, Cellets 90 (d[¢;B)0 um) and Cellets 200 (d[4,305 pum)
particles have been coated with talc particles;84L4 um) by different dry particle coating
equipments. The Nara Hybridizer, Hosokawa Cycloamd a Turbula Mixer have been used
to coat the patrticles. In addition, Cellets 90 &wullets 200 particles have also been mixed
with talc particles by basic mixing method. Thesenples will be compared with those
prepared with the Hybridizer, Cyclomix and Turbula.

In the second part, Cellets 200 (d[4;3D5 um) particles and talc particles with 2 diéfetr
particle size distributions (d[4;314 um and d[4;3]4 um) were chosen for dry coating trials
to study the influence of the guest particle siretlee end—use properties of the particles.
Hybridizer, Cyclomix and Turbula have also beendu® dry coating of the Cellets 200
particles with different particles sizes of taletpaes.

The preliminary study of the particles was investggl in order to understand fragmentation
behaviour of the particles and also to define therating conditions for dry coating trials in
different equipments. Several characterisation pagtave been used to study the physico—
chemical properties of the initial and coated pdt. Environmental Scanning Electron
Microscopy (ESEM) was used before and after drytiogatrials for visual analysis of the
particles. An Atomic Force Microscopy (AFM) hasalseen used in order to understand the
guest particle deposition on the host particleasiaf to analyse the surface morphology of the
particles and also to find the adhesion forces behnthe particles. The initial affinity of the
powders has been studied by calculation of Vanvdaals forces between the particles. The
particle size distributions and coating strengtlthef composite particles have been studied by
laser diffraction (in dry feed mode). Coating sgimis tried to be related to an estimation of
the energy provided in each process to understhedeffect of equipment. Also the
hydrophilic properties of the powders have beeristl before and after the coating by

dynamic vapour sorption (DVS) and contact angleattarization methods. The amount of
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guest particle deposition on the host particle das been calculated by using the model for
adhesion force.

2. EFFECT OF HOST PARTICLE SIZE ON THE END — USE PROPERTIES OF
THE DRY COATED PARTICLES

Here, Cellets 90 (d[4;31100 pm) and Cellets 200 (d[4,305 pm) particles have been
coated with talc particles (d[4;314 um) by different dry particle coating equipngeimt order

to understand the effect of host particle sizehmnand—use properties of the coated particles.
In the preliminary study, Cellets 90 and Cellet® particles have been individually treated in
Hybridizer and Cyclomix with different operatinglweities. At the end of the preliminary
study, the optimum operating conditions for the cgting trials have been defined.

The theoretical monolayer coating percentage faragenal surface packing has been
calculated for Cellets 90 and Cellets 200 partieled the mass percentages of talc particles
for each dry coating trial has been found. In tpiart, the results of the different
characterization methods for powders before aner aftic coating have been presented in

details.

2.1. Preliminary Study of Cellets 90 and Cellets 200 Pé&rles

In the preliminary study, Cellets 90 and Cellet® 2@rticles have been individually treated
with different operating velocities of the diffetedry coating equipments for 6 minutes
operation time. The patrticle size of the final el particles have been determined with the
Malvern Mastersizer laser diffraction granulomesed expressed as the d[4:8F volume
mean diameter. In addition, we have also determihedsield of the hybridizer and cyclomix
trials which is the percentage of material removesim the devices at the end of an
experiment with respect to the introduced amoutihestart.

In Hybridizer trials, samples of Cellets 90 and|€&sl 200 have been processed alone for 6
minutes at 4000 rpm (25 m/s), 5600 rpm (35 m/sy 8600 rpm (60 m/s) rotational
velocities. For each trial, initial powder chargasafixed at 30 g.

In Cyclomix trials, 1600 rpm (13.4 m/s), 1900 rpdb© m/s) and 2600 rpm (21.8 m/s)
rotational velocities and 6 minutes operating tina@e been chosen as operating conditions
for preliminary study of the Cellets particles. Tindial filling of the equipment has been

fixed at 500 ml for the treatments.
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2.1.1. General Mass Balance

In hybridizer trials, 30 g of cellets 90 and cedl@00 particles were individually processed in
the hybridizer at 4000 rpm, 5600 rpm and 9600 rperating velocities for 6 minutes. At the
end, the treated particles were recovered frompiwder collector. For each operating
velocity, the percentage of recovery for celletsa@@ cellets 200 particles has been calculated
by dividing the amount of recovered powder to thigdl charge (30g). In the figure IV.1, the

% of the recovered powder according to differerdgrapng velocities is presented.

] |
100 13 cellets 90 & Cellets 200
90
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60 -
50
40 -
30 A
20 A
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% of Powder Collected

4000 5600 9600
Velocity of Nara (rpm)

Figure IV.1. Effect of Rotational Velocity of Hybridizer on temount of Collected
Particles
It can be seen that the percentage of recovenhyobridizer trials are very high for both
cellets 90 and cellets 200 particles. It was olethat the percentage of recovery is about
87% at 4000 rpm and it increases to 95% at 9600 eperating velocity. High operating
velocity causes good recirculation of the powdarside the hybridizer, so higher the
operating velocity the higher the percentage ofigdarrecovery.
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Figure 1V.2. Effect of Rotational Velocity of Cyclomix on the Avant of Collected Particles
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In cyclomix trials, 500 ml cellets 90 and celle@0Zparticles have been individually treated at
1600 rpm, 1900 rpm and 2600 rpm for 6 minutes dpeyaime. The results of particle
recovery for each operating velocity are showrhmfigure 1V.2. It can be seen that there is a

high percentage of particle recovery (between 888698%) for each operating velocity.

2.1.2. Effect of Rotational Velocity on Particle Size Digtbutions

The particle size distribution analyses of cell@@ and cellets 200 particles have been
measured for each chosen operating velocities bfidiger and cyclomix by using the laser
diffraction granulometer. The figures IV.3 and I\show the volume and number particle
size distributions of cellets 90 and cellets 200tipes before and after treatments in

hybridizer with different operating velocities.

2 24| " Cellets 90 Initial N —&— Cellets 90 at 5600 rpm N |
& Cellets 90 Initial -0 Cellets 90 at 400 rom N -0~ Cellets 90 at 9600 rpm N |

-&+ Cellets 90 at 4000 rpm
—4— Cellets 90 at 5600 rpm
-0~ Cellets 90 at 9600 rpm

Volume (%)

002222000¢
K ca000a0200000R 282001 )

R OO kA
o

Particle Size pm) Particle Size (um)
Figure IV.3. Volume Particle Size Distribution Figure 1V.4. Number Particle Size Distribution of
Cellets 90 Particles Before and After Treatmer Cellets 90 Particles Before and After Treatments in

Hybridizer Hybridizer

It can be seen that the treated cellets 90 pastiate5600 rpm and 9600 rpm have a fine
particle population compared to initial and 400@hrpreated cellets 90 particles because of
particle fragmentation. The fine population cardistinguished easily by the number particle
size distributions (Fig. IV.4).

At 4000 rpm, the particles have the same particde distribution with initial cellets 90
particles, because of no particle breakage atofhesating velocity. For 5600 rpm treatments,
there are two different particle populations, baytgles at around 90-100 um and a fine
population at around 20 pum. This shows that somehef particles are broken in the
treatments. For 9600 rpm processing the fine pgarntiopulation decreases to 1 um and it also
shows that most of the particles are broken.
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Figure IV.5. Volume Particle Size Distribution ofFigure 1V.6. Number Particle Size Distribution of
Cellets 200 Particles Before and After TreatmenBellets 200 Particles Before and After Treatments

in Hybridizer
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—4- Cellets 200 at 5600 rpm N
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Q
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in Hybridizer

Figure IV.5 and IV.6 show the volume and numbertiplar size distributions of treated

cellets 200 particles in hybridizer with differeaperating velocities. It can be seen that,

4000 rpm treatments doesn’t cause particle fragatient On the other hand, for 5600 rpm

and 9600 rpm treatments, a fine particle populattas observed because of particle breakage

at these operating velocities. The volume mean elienof the treated cellets 90 and cellets

200 particles and the percentage of recovery #iitrials in hybridizer for each operating

velocity can be seen in the figure IV.7 and IV.8.
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Figure IV.7. Volume Mean Diameter vs. % of

Recovery for Treated Cellets 90 Particles in

Hybridizer
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Figure 1V.8. Volume Mean Diameter vs. % of

Recovery for Treated Cellets 200 Particles in

Hybridizer

It can be seen that the powders, which were predeas low speeds of rotation, have an
initial particle size d[4;3] of about 100 pum forl@es 90 and 305 um for Cellets 200, but the
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mean particle size reduces with rotational velesiggreater than 5600 rpm. This indicates that
there is particle breakage at these high operataigcities. This is confirmed by visual
observations with ESEM as shown in the fig. IV.Bwas observed that there are some
particle fragments in 5600 and 9600 rpm treatmémsellets 90 and cellets 200 particles
because of the generation of high mechanical fobgethe equipment at these velocities. It
can be seen that there are more cellets 90 fragna¢®600 rpm treatment compared to 5600

rpm treatments as expected.

(@) 4000 rpm (b) 5600 rpm (c) 9600 rpm
Figure IV.9. Surface Morphology of Cellets 90 and Cellets 20Ai€las after Treatments in
Hybridizer

The volume and number particle size distributiohgr@ated particles in cyclomix have also

been determined. The particle size distributionsedfets 90 and cellets 200 particles before
and after treatments in cyclomix with different oggeng velocities can be seen in the figure
V.10 and IV.11.

It was observed that, the initial and treated t®IBD particles have the same particle size
distributions (volume) for all operating velocitiescyclomix. On the other hand, at 1900 and
2600 rpm treatments the number particle size digfions are around 70 pm. This may

indicate a slight fragmentation of the particleshaise velocities.
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2 24| B Cellets 90 Initial N —&— Cellets 90 at 1900 rpm N |
& Cellets 90 Initial " -0 Cellets 90 at 1600 rpm N_-©- Cellets 90 at 2600 rpm N |

-&+ Cellets 90 at 1600 rpm
—4— Cellets 90 at 1900 rpm
-0-Cellets 90 at 2600 rpm

Particle Size pm) Particle Size (um)

Figure IV.10. Volume Particle Size Distribution Figure 1V.11. Number Particle Size Distribution
of Cellets 90 Particles Before and After of Cellets 90 Patrticles Before and After

Treatments in Cyclomix Treatments in Cyclomix

Figure IV.12 and IV.13 show the particle size dmitions of initial and treated cellets 200
particles in the cyclomix. It was observed that,1800 rpm treatments the cellets 200
particles keep initial particle size distributid@ontrary to 1600 rpm treatments, at 1900 and

2600 rpm treatments there are fine particle popriat

2 —& Cellets 200 Initial N —&— Cellets 200 at 1900 rpm N
—& Cellets 200 Initial , -0 Cellets 200 at 1600 rpm N -0- Cellets 200 at 2600 rpm N

-0~ Cellets 200 at 1600 rpm
—— Cellets 200 at 1900 rpm
—0-Cellets 200 at 2600 rpm

Particle Size pm) Particle Size (um)
Figure IV.12. Volume Particle Size Distribution Figure 1V.13. Number Particle Size Distribution
of Cellets 200 Particles Before and After of Cellets 200 Particles Before and After
Treatments in Cyclomix Treatments in Cyclomix

The volume mean diameter of the treated celletsgzfficles for each operating velocity of
cyclomix and particle recovery after the trials d@nseen in the figure 1V.14 and IV.15. It can
be seen that the volume mean patrticle size distoibulecreases at high operating velocities

because of the particle fragmentation.
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Figure 1V.14.Volume Mean Diameter vs. % of Figure IV.15. Volume Mean Diameter vs. % of

Recovery for Treated Cellets 90 Particles in  Recovery for Treated Cellets 200 Particles in

Cyclomix Cyclomix
ESEM has also been used to have visual analysiseoparticles. As it can be seen in the
fig.IV.16 there is no particle fragmentation eitloedlets 90 and cellets 200 particles at 1600
rpm treatments. At 1900 and 2600 rpm treatmentgh mechanical forces cause some

particle breakage.

(@) 1600 rpm (b) 1900 rpm (c) 2600 rpm
Figure IV.16. Surface Morphology of Cellets 90 and Cellets 20Ai€las after Treatments in

Cyclomix
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To understand the effect of host particle size oating strength of the particles we have to
protect our host particles against particle break&gr this reason, we chose rotational speeds
where the host particles retain the initial paetisize distribution. For the hybridizer trials
4000 rpm and for the cyclomix trials 1600 rpm hagrb chosen as the operating velocities.
For turbula and basic mixing trials 4000 rpm hasrbehosen for pre-treatments of cellets

particles in hybridizer.

2.2. Dry Coating of Cellets 90 and Cellets 200 with Talc

In the preliminary study, the operating conditidosdry coating of cellets particles with talc
have been determined. Monolayer coating percentagexagonal packing of the cellets 90
and cellets 200 particles has been calculated (Adtipdl). It was found that, 9.6 % talc for
cellets 90 particles and 3 % talc for cellets 2@@iples are needed for monolayer coating of
the cellets particles. The operating conditionsthef dry coating trials can be seen in the
table IV.1.

Table IV.1. Operating Conditions of Dry Coating Treatments

Operating | Operating | Mass % | Batch | Cooling
Host Guest | Equipment | Velocity Time of Guest| Size | Jacket
Particles | Particles (rpm) (min) Particles | (Q) (°C)
Cellets
90 9.6 %
Cellets Talc Hybridizer 4000 6 30 13
200 3%
Cellets
90 9.6 %
Cellets Talc Cyclomix 1600 6 500 13
200 3%
PreTreatec
Cellets 90 9.6 %
PreTreateq Talc Turbula 96 6 30 none
Cellets200 3%
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In Turbula trials, cellets 90 and cellets 200 mées were pre-treated in hybridizer at 4000
rpm rotational velocity. Afterwards, the pre-trehtellets particles have been processed with
talc particles in a 1 L container (30 g) at 96 rpperating velocity for 6 minutes by turbula.

In addition, the basic mixing method has been aled for dry coating of the particles. In
basic mixing, cellets 90 and cellets 200 partides pre-treated in hybridizer at 4000 rpm
operating velocity and then mixed with talc padgglby shaking them by hand as for the
PMMA and talc model couple (chapter III).

Different characterization methods have been ussfdré and after dry coating trials to
understand the effect of host particle size onahé—use properties of the coated particles.
More precisely, we are interested to understancetteet of host particle size on the coating
strength of the particles and also on the modificadf hydrophilic properties of the particles.
ESEM has been used for morphological analysis efparticles before and after coating.
AFM has also been used in order to understandaopegtaphical properties of the particles
and to find the adhesion forces between the pasticThe adhesion force values also enable
us to calculate the guest particle deposition enhtbst particle by the adhesion force model.
Malvern Mastersizer laser diffraction granulomebars been used to analyse the coating
strength properties of the particles. On the ottard, Dynamic vapour sorption (DVS) and
contact angle methods have been used to underskencevolution of the hydrophilic

properties of the particles after coating with fadaticles.

2.2.1. Characterization of Surface Morphology of the Partcles

Figure IV.17 shows the ESEM images of talc coateltets 90 and cellets 200 particles in
different equipments. It can be seen that ther@iparticle fragmentation of coated particles
in any of the dry coating equipment. It was obseérlat, there are some talc agglomerates in
the cellets 90 coated with 9.6% talc particles plbp because of the high mass percentage of
talc particles in the mixture. It can be seen thla¢re are many talc agglomerates in the
turbula trials but on the other hand there are Vfery amount of talc agglomerates for
hybridizer and cyclomix trials. This shows us tlie& of applied mechanical forces on the
particles by the equipments. It was also obserkatfor hybridizer and cyclomix trials, most
of the talc particles are embedded on the surfateeccellets particles but for turbula trials it

can be seen that talc particles are weakly attachdlle surface of the host particles.
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Cellets 90 + 9.6 % Talc

A

Cellets 200 + 3 % Talc

AccV Spot Magn Dol WD
S00KV A0 200c SE 08 001 TIF

() Hybridizer (b) Cyclomix ' (c) Turbula

001 TIF

Figure 1V.17. Surface Morphology of Monolayer Talc Coated CelBdsand Cellets
200 Particles in Different Equipments

The visual analysis has also been done for theedqadrticles from the basic mixing method.
It can be seen that there are talc agglomeratéiseosurface of the cellets particles (fig. 1V.18
& IV.19). It was also observed that the talc pdescare just attached on the surface of the
cellets particles because of the inter-particudacds between the particles.

~ ; ¥ite %
Det Wp ————= $lym
93 001TIF 8,00 2. 0% SE 93 001LTIF

(a) Cellets 90 coated with Talc Particles (b) Cellets 200 coated with Talc Particles
Figure IV.18. Surface Morphology of Monolayer Talc Coated Cel#@sand Cellets
200 Particles by Basic Mixing Method
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The Scanning Electron Microscope is equipped withEmergy Dispersive Spectrometer
(EDS). SEM/EDS provides chemical analysis of regiohminute particles (chapter Il). The

SEM/EDS was used to analyse the chemical compositicghe coatings. Figure 1V.19 shows

the SEM/EDS results of an example of a talc coagdiéts 90 particle in hybridizer. It can be

seen that in one of the regions of the particléaser we have silicon and magnesium which
are the chemical components of talc. This showetistence of talc particles on the surface.
On the other hand, it was observed that in anatbgion of the surface of the cellets 90
particle there was neither silicon nor magnesiunthé® part of the surface there is no talc
particle. The result shows that we have obtainadisarete talc coating on the surface of
cellets 90 particle. The same study has also beagr tbr cyclomix and turbula trials and it

was observed that for all equipments we have obtidtiscrete type of coating. (Appdix.VII)

Spot Magn E
20 1000x SE 87 00LT

5i
My

I -

| R E00 120m 1a0F  IDBR IO 3ED 33OR 3ROD | 4.00 §.00 1200 1600 20,00 2400 2800 3200  36.00

Figure IV.19. Chemical Analysis of the Surface of Talc CoatedeZ€00 Particle in
Hybridizer

2.2.2. Characterization of the Particles by Atomic Force Mcroscopy

The topographical analysis of the coated and uedoatllets 90 and cellets 200 particles

have been done by using an Atomic Force Microsd@®M). The adhesion force between
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the particles has also been found by using the AfM contact mode and afterwards the
guest particle deposition on the host particlesbieesn calculated by using the adhesion force
model. (Eqn.lI1.8)

A. Topographical Analysis of the Particles

In the topographical analysis of the particles, MM has been used with different imaging
magnitudes (from 5x5 umz2 to 1x1 um?) on the iniiad coated cellets 90 and cellets 200
particles (10 different representative particleR)e tapping mode of the AFM is used for
analysing surface topography of the samples. Foh e@aal height, amplitude and phase
values are registered simultaneously. The sameriexgetal apparatus and conditions of
PMMA and talc trials were used (chapter Ill) in foauslar the same ratio (0.8) between the
free amplitude (A) and the amplitude set point {4 since it gives images with good

resolution also for the case of cellets and taldigas. The results of initial and coated

cellets 90 and cellets 200 particles will be présein the next part.

A.1l. Topographical Analysis of the Initial Cellets90 and Cellets 200 Particles
Surface topography of the initial cellets 90 samimdes been studied by using 10 different

representative particles (according to particlepsh& size) with 3 different magnitudes of
imaging (1x1 pum, 2x2 pm, 5x5 pm). Figure IV.20 skaive AFM cantilever while having a
topographical analysis of a cellets 90 particlegukes 1V.21 and V.22 show the height
images of a cellets 90 particle in 2D and 3D fosnateight images with 5x5 pm?2 imaging
magnitude have been used for surface roughnesgsaahccording to these images, it was
found that the average surface roughness (Ra)5Ssni® and root mean square average of
surface roughness (RMS) is 207 nm for initial dsl@0 particles. (table 1V.2)

Figure IV.20. Cellets 90 Particles
and Cantilever of AFM
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r 1
i 1: Height 5.0 jim

Figure 1V.21. Height Image of 5x5 um? Figure 1V.22. 3D Height Image of 5x5 pm?2
Surface of Cellets 90 Particle by AFM Surface of Cellets 90 Particle by AFM

The topographical analysis of initial cellets 2Gftles has also been studied. In the figure
IV.23 cellets 200 particles and the cantileverhef AFM can be seen. Figure 1V.24 and 1V.25

show the height images of an initial cellets 20fipke with 5x5 pm?2 imaging magnitude.

Figure 1V.23. Cellets 200
Particles and Cantilever of AFM

SO0 am

r 1
i 1: Height 5.0 jim

Figure IV.24. Height Image of 5x5 um2 Figure 1V.25. 3D Height Image of 5x5 pm?2

Surface of Cellets 200 Particle by AFM  Surface of Cellets 200 Particle by AFM
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At the end of the topographical analysis, it wasnib that the Ra value is between 48 nm and
188 nm with an average 111 nm and RMS value is dé@tw62 nm and 263 nm with an

average 141 nm for the initial cellets 200 particleor talc particles, the Ra and RMS values
have been used from chapter Ill. The surface roeggivalues of the initial host and guest

particles are presented in table IV.2.

Table IV.2. Surface Roughness Values of Initial Cellets anda Pairticles (5x5 pmg2)

Material Ramin — Ranax || Raave (NM) | RMSmin — RMShax | RMSave
(nm) (nm) (nm)

Cellets 90 88 — 206 165 113 — 257 207

Cellets 200 48 — 188 111 62 — 263 141

Talc 100 — 220 131 140 — 270 186

A.2. Topographical Analysis of the Coated Cellets®and Cellets 200 Particles

In this part, the aim is to understand the effédatr coating on the surface roughness of the
initial cellets 90 and cellets 200 particles. Thpdgraphical properties of 9.6 % talc coated
cellets 90 and 3 % talc coated cellets 200 pastibkeve been analysed by using 10 different
particles in order to have representative reshltgire IV.26 shows the AFM cantilever while
having a topographical analysis of a 9.6% talcedatllets 90 particle. The height images of
cellets 90 coated with 9.6% talc particle can ge the figure 1V.27 and IV.28.

Figure 1V.26. Cellets 90 coated with
9.6%Talc Particles and Cantilever of AFM
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r 1
i 1: Height 5.0 jim

Figure 1V.27. Height Image of 5x5 um? Figure IV.28. 3D Height Image of 5x5 um2
Surface of Cellets 90 coated with 9.6%TaBurface of Cellets 90 Coated with 9.6%Talc
Particles by AFM Particles by AFM

The Ra value has been determined between 72 nniZhdm and RMS varies between
91-165 nm for talc coated cellets 90 particlesvds observed that the surface roughness of

cellets 90 particles decreases after coating &ithgarticles.

Figure IV.29. Cellets 200 coated with
3%Talc Particles and Cantilever of AFM

Figure V.29 shows the cantilever and 3% talc cdatellets 200 particles while the AFM
treatment. The height images of cellets 200 wilt particles can be seen in the figure 1V.30

and IV.31.
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SO0 am

r 1
i 1: Height 5.0 jim

Figure 1V.30. Height Image of 5x5 pm2 Figure IV.31. 3D Height Image of 5x5 um?
Surface of Cellets 200 coated with 3%TalcSurface of Cellets 200 Coated with 3%Talc

Particles by AFM Particles and Cantilever by AFM

It was found that the Ra value is between 24 nm7hdm and the RMS value is between 28
nm and 100 nm for coated cellets 200 particles.leTd¥s.3 shows the different surface

roughness values of initial and talc coated ceBétand cellets 200 particles in hybridizer.

Table IV.3. Surface Roughness Values of Uncoated and Coatéid|®s(5x5 pum?2)

Material Ramin — Ranax || Raave (NM) | RMSmin — RMShax | RMSave
(nm) (nm) (nm)
Cellets 90 88 — 206 165 113 - 257 207
Cellets 200 48 — 188 111 62 — 263 141
Talc 100 - 220 131 140 - 270 186
Cellets 90 + 9.6% Talc 72 -131 96 91 -165 125
Cellets 200 + 3% Talc 24 - 73 50 28 — 100 64

It was observed that the coating with talc particdéfects the surface roughness of the host
particles (cellets 90 and cellets 200). The valkyd holes on the surface (surface roughness)
of the cellets particles could be either filled tayc particles or closed because of the slab
geometry of the talc particles (fig.IV.32) and thisuld be the possible reason of the decrease

in surface roughness of cellets particles aftetiogavith talc particles.
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Figure IV.32. Possible Surface Coating of Cellets Particles walt Particles (Grey)

In order to be sure about the existence of taltgdes on the surface of the host particles, the

phase angle and height results of talc coatedtsqibaticles have been compared.

B. Phase Contrast Analysis of the Particles

In order to be able to distinguish the talc paescbn the surface of the cellets particles, the
phase and height results have been compared foeccaallets particles. We suppose that
phase contrast results would give us different plaaggles in the coated particles. The results

of initial and coated cellets particles will be geated in this part.

B.1. Phase Contrast Analysis of the Initial Cellet90 and Cellets 200 Particles
Figure 1V.33 and 1V.34 show the height, phase aragld amplitude images of an initial

cellets 90 and cellets 200 particles.

Height Phase Angle Amplitude
Figure IV.33. Height, Phase Angle and Amplitude Images of 1x2 @orface of Cellets 90

Particle by AFM
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Height Phase Angle Amplitude
Figure 1V.34. Height, Phase Angle and Amplitude Images of 1x® garface of Cellets 200

Particle by AFM

It was found that the phase angle values vary w80° and 15° for cellets 90 and for

cellets 200 particles the phase angle values avaeba -100° and 15° (table 1V.4).

It was observed that in the same section of imafdeeight and phase angle, the variety is
probably the reason of difference in height of seface (surface roughness). It was also
observed that the phase angle range of celletm@@eallets 200 particles are similar because
basically they are the same material and only ihffee between them is the particle size
distributions (table 1V.4).

B.2. Phase Contrast Analysis of the Talc Coated Gets 90 and Cellets 200 Particles

The results of phase angle, height and amplitudigeseof talc coated cellets 90 and cellets
200 particles can be seen in the figure V.35 &h86 for 1x1 pm2 magnitude of imaging.

MU | Osies | 25V
' 2: glitade 10pm i

Height Phase Angle Amplitude
Figure IV.35. Height, Phase Angle and Amplitude Images of 1x2 @orface of Cellets 90

Coated with 9.6% Talc Particles by AFM
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In the figure V.35, some talc particles that atea@hed on the surface of the cellets 90
particle can be seen. On the other hand, if we eoentfhe phase angle and height results, we
can see that, for the same section of the particte surface roughness seems stable but the
phase angle gives different values between -30°4id which is probably related to the

existence of talc particles on the surface of t=B® particle.

2: glitade

Height Phase Angle Amplitude

Figure IV.36. Height, Phase Angle and Amplitude Images of 1x2 @orface of Cellets 200
Coated with 3% Talc Particles by AFM

In the figure 1V.36, part of a talc particle on tR&MMA surface can be easily recognized
because of the slab morphology which is charatiefisr talc particles. Also the phase angle
scale is up to 45° which is much higher than cel0 scale (-100°<x<15°). The height and
phase angle comparison has been done for 10 dhffgrarticles with 5x5 pm?2 imaging

magnitude. It can be seen from table V.4, that%d@% talc coated cellets 90 particles the
phase angle values are between - 95° and 65° nbiltecother hand for 3% talc coated cellets

200 particles the phase angle values are betw&éri ahd 63°.

Table IV.4. Phase Angle Values of Uncoated and Coated Par{isx&sum?)

Material Phase Angléin (°) Phase Anglgax (°)
Cellets 90 -90 15
Cellets 200 - 100 15

Talc - 130 110
Cellets 90 + 9.6% Talc -95 65
Cellets 200 + 3% Talc -125 63
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It was observed that the phase angle range is ihfighdalc coated cellets 90 particles than
talc coated cellets 200 particles because of pitgldagher mass percentage of talc particles
(9.6%) for talc coated cellets 90 particles comgdoetalc coated (3%) cellets 200 particles.
Moreover, the height and phase angle images gbahtecles have been analysed numerically
in order to understand existence of talc partideghe surface of cellets 90 and cellets 200
particles like it has been done for PMMA and talrtigles (chapter IIl). The numerical
results of height and phase angle global profifethe particles (5x5 pm?2 - 10 images) have
been taken and they have been converted into & grfapeight versus phase angle values.
Each image has 256 pixel resolutions so there 268256x10 points for the height and phase
angle graphs of each sample. Figure IV.37 and I\$l38v the signature of initial cellets 90,

cellets 200 and talc particles.

800 — 800 —

400 — 400 —
B B i
£ 0 Z . -
Q Q
T | T |
-400 — -400 —
- ® Talc - ® Talc
@ Cellets 90 @ Cellets 200
800 I | T ‘ -500 ‘ I T |
-200 -100 0 ‘100 200 -200 -100 0 ‘100 200
Phase (°) Phase (°)
Figure IV.37. Height vs. Phase Angle Figure 1V.38. Height vs. Phase Angle
Profiles for Initial Cellets 90 Profiles for Initial Cellets 200
and Talc Particles and Talc Particles

It was observed that cellets 90 and cellets 20€ges have similar phase angle signatures
which is not unexpected because they are the saateriad with different particle sizes. On
the other hand, the height and phase angle prafil®%% talc coated cellets 90 particles and
3% talc coated cellets 200 particles with initiellets 90, cellets 200 and talc particles can be
seen in the figure IV.39 and 1V.40.
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800 — 800 —

400 — 4000 —
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Figure IV.39. Height vs. Phase Angle Figure 1V.40. Height vs. Phase Angle
Profiles for Initial and Coated Cellets 90 Profiles for Initial and Coated Cellets 200

and Talc Particles and Talc Particles

It was observed that, 9.6 % talc coated celletp@&@icles have some higher phase angle
values than initial cellets 90 particles, whichcisaracteristic of talc particles (table.lV.4). It

can be seen from the figure 1V.39 that between #00- 400 nm height ranges and 15° and
65° and also between -95° and -90° phase anglalotoated cellets 90 particles shows the
existence of talc particles on the surface. Ondtineer hand, it was observed that for talc
coated cellets 200 particles there are also highase angle values than initial cellets 200
particles, which corresponds to existence of taltigles on the surface. It was observed that
there are less phase angle points which are hiplaerinitial cellets signature for talc coated

cellets 200 particles compared to talc coated tse81® particles. It is probably the reason of

difference in the mass percentages of talc pasticléhe mixtures.

C. Measurement of Adhesion Forces Between the Partige

In the adhesion force analysis, talc particles Haeen glued by epoxy resin at the cantilever
tip. It can be seen in the figure IV.41, before afitbr the adhesion force experiments the

cantilever tip has been checked to make us suralhearticles stay on the cantilever tip.
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Before After
Figure IV.41. The Talc Particles on the Cantilever Tip Beford After the Analysis

In this study, the adhesion forces between taltghes and the coated and uncoated cellets
particles have been determined. Basically, ceBétand cellets 200 particles have the same
chemical composition, they have similar phase eshtsignatures and a large common
surface roughness range. On the other hand, the Aleslsurements are very local so the
difference in particle size is not a factor thateefs the adhesion force measurements.
Moreover, the talc particles on the cantileveraip very fragile so in order to eliminate their
erosion and avoid the modification of the cantilettp (geometry, spring constant etc.) the
treatments have been limited with essential expts So, the measurements of adhesion
forces between initial cellets and talc particlagénbeen done just between cellets 90 and talc
particles and the values have been used both let<80 and cellets 200 particles. For each
powder sample, around 600-700 adhesion force cumags been obtained by analysing
minimum 15 particles and 6 different surfaces.hia figure 1V.42, an example of an adhesion
force between talc particles at the cantileveratid a sample of cellets 90, and the adhesion
force between the talc particles at the cantildigrand a sample of talc can be seen. The

force peak corresponds to pull-off movement ofdaetilever tip from the sample.

Talc — Cellets 9

Talc — Talc

=35 -3 -2.5 -1 -0.5 [a]

-2 -1.5
Z sensor (pm)

Figure IV.42. Adhesion Force Curves between Talc—Cellets 90Tahd-Talc Particles
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As it was presented in the chapter lll, the adhesayces between the talc particles vary
between 5 nN and 220 nN with an average value oh§5It was found that the average
adhesion forces between talc and cellets 90 pastisl24 nN, the data range is between 0 nN
and 190 nN. It was determined that 92.7% of theesitim force values between talc and
cellets 90 particles vary between 0-80 nN. Thelteshow that the average adhesion force
value between the talc particles is higher thanatrexrage adhesion force values between talc
and cellets 90 particles. (table IV.5)

- Talc

- Cellets 90 + 9.6% Talc
- Cellets 200 + 3% Talc
- Cellets 90

Frequency (%)

Adhesion Force (nN)

Figure IV.43. Distributions of Adhesion Forces between Talc|&gland Talc Coated

Cellets Particles

On the other hand, the average adhesion forcesebattalc and talc coated cellets 90 and
cellets 200 particles has been determined (tablg)lWt was found that the average adhesion
force of cellets particles increases after coatvith talc particles as expected. It was observed
that the 80.9% of the adhesion force values oifiniellets 90 particles are between 0—-80 nN
and it decreases to 76.5% for 3% talc coated se80 particles and 72.9% for 9.6% talc

coated cellets 90 particles (figure 1V.43). At tbad, we have obtained 28 nN average
adhesion force value for 3% talc coated celletp&Qicles and 32 nN for 9.6% talc coated

cellets 90 patrticles.
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Table IV.5. Adhesion Force Values for Uncoated and Coateddkssti

Material Average Adhesion || Standard Deviation
Force (nN)
Cellets 90 24 2.8
Talc 55 5.2
Cellets 90 + 9.6 % Talc 32 15
Cellets 200 + 3 % Talc 28 2.9

2.2.3. Calculation of Talc Particle Deposition on the Surdce of the Coated Particles

In this part of the study, the aim is to calculte amount of talc particles on the surface of
the cellets 90 and cellets 200 particles by udmegmodel that has been used for calculation of
adhesion forces between the fixed talc particleshat cantilever tip and different mass
percentages talc coated PMMA particles. (Chaptgr II

As it has been described in the chapter lll, thel@henables us to calculate the mass fraction
of the guest particles on the surface of the hastighe if the adhesion forces between the
coated particles and the fixed guest particle ectntilever tip is known.

In the AFM adhesion force measurement for eachigert6 different surfaces have been
chosen in order to have representative values wadtdone for PMMA—talc model couple
(chapter IlI). According to the average adhesiaicdosalues which have been obtained from
each 6 different surfaces (an average of minimurd a6hesion force values), the mass
fraction of the talc particles for each particle theeen calculated.

The adhesion force between the talc and cellegs l{&s been taken as 24 nN, and the
adhesion force between the talc particles (las been taken as 55 nN which are the measured
average adhesion force values by AFM. Table IVéashan example of the calculation of
the mass fraction of talc particles according te #dhesion force between the fixed talc
particles at the cantilever tip and each chosefaseiof a 9.6 % talc coated cellets 90 patrticle.
According to the table IV.6, it can be seen that thlc particles are not homogeneously
distributed on the surface of the cellets 90 plasiclt was also observed that the calculated
talc percentage values are lower than 9.6%, wiidhe introduced mass percentage of talc
particles in the mixture. The same study has bese dor 15 different talc coated cellets 90
particles, it was calculated that the mass pergentd talc particles vary between 4.4 % and
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9.2 % with an average of 7.8% talc particles. The-analyzed zones on the cellets surface

and agglomeration of talc particles (multilayerylcbbe possible reasons for this result.

Table 1V.6. Calculated Amount of the Talc Particles on a 9.€8ated Cellets 90 Particle

Surface Number Measured Average Real Mass Fraction of
Adhesion Forces (nN) Talc Patrticles
1% 33.2 8.9 %
2" 29.1 5.2 %
3¢ 30.3 6.3 %
4" 32.5 8.3 %
5" 31.6 7.5%
6" 29.8 5.8 %
Total Surface 311 7%

The amount of talc particle deposition on the ¢glR00 particles has also been calculated.
Table IV.7 shows the results of an example of memksadhesion force for each surface zone
of the talc coated cellets 200 particle and maastibn of talc particles for a 3 % talc coated

cellets 200 particle can be seen.

Table IV.7. Calculated Amount of the Talc Particles on a 3 %at€d Cellets 200 Particle

Surface Number Measured Average Real Mass Fraction of
Adhesion Forces (nN) Talc Particles

1% 31.4 2.5 %
2" 27.9 2 %
3¢ 28.1 1.4 %
4" 30.1 2.1%
5" 28.4 1.4 %
6" 29.8 2 %

Total Surface 29.3 1.9%

It was observed that for all 6 surface zones theutated amount of talc is less than 3%. The
same study has also been done for 15 representattveoated cellets 200 particles. It was

found that the range of calculated mass percerttagdc particles is between 0.4% and 2.4%.
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The non analyzed zones of the particles could lgeabrthe reasons and also analysing more

particles would give us more reliable results.

2.2.4. Calculation of the Van der Waals Forces Between thRarticles

The objective of this part is to have a rough estiom of effect of host particle size on Van
der Waals forces between the particles in ordeuniderstand the initial affinity of the
particles. It is known that the surface roughmeay have an important effect on the Van der
Waals forces between the particles that we haveerhbut in this preliminary estimation it
won’t be taken into account.

For an approximate calculation, the Hamaker condtanCellets (90&200) has been taken
from the literature as the Hamaker constant of ocigrstalline cellulose as shown in
table 1V.12 and put inside the equation of the oBcopic calculation for 2 spherical particles
from table 1.1 (chapter I).

It can be seen the calculatedyfvalues for each powder couple in table 1V.8. Fbir a
calculations it is assumed that the particles gigescal and rigid and also the distance

between the particles is much smaller than thegadiameter.

Table IV.8.The K4y Between Cellets (90&200) Particles & Cellets (90&P-Talc Couples

Powder Couples Hamaker Constants Estimated Fgw
(10%99) (107 N)
Cellets 90 with Cellets 90 1,12 3
Cellets 200 with Cellets 200 1,12 9
Talc with Talc 0,84 3
Cellets 90 with Talc 0,97 62
Cellets 200 with Talc 0,97 68

These estimated Van der Waals forces give someestieg trends. The adhesion between
Cellets—Talc is greater than between the hostgbestand between the guest particles. Hence
the dry coating process is helped by the initiddesion properties of the chosen powders. It is
also observed that the adhesion between Cellets+9 ailcreasing with increasing size of the
cellets diameter (expected from the equation fazrasicopic calculation of &, between 2
spherical particles), more precisely with the iase of the size ratio of host particle and guest
particle. The link between the initial “affinity’na the “mechanical coating strength” is not
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straightforward. Actually the process action angl ¢éhastic—ductile properties of the materials
must also play an important role and are still taden into account. Nevertheless, in this

simplified approach there is a link between thetiogastrength and the size of the host

particle for all the studied processes.

2.2.5. Characterization of Coating Strength of the Particks

In this part of the study, the aim is to understtraleffect of host particle size on the coating
strength of the patrticles. In the first part, theating strength results of 9.6 % talc coated
cellets 90 and 3 % talc coated cellets 200 pastiele compared. Afterwards, the coating
strength results of the talc coated cellets pagidrom different equipments have been
compared to understand the effect of equipmenthencbating strength properties of the
particles. The method used to evaluate the streofjthe coating on the host particles is
based on patrticle size analysis by Malvern Masterdaser diffraction granulometer in dry
feed mode. Increasing the dispersing air pressauees liberation of the guest particles from

the surface of the host particles, and this libenats detected by following the number size
distribution.

A. Coating Strength of the Particles in Hybridizer Trials
Here the coating strength of the monolayer taldembaellets 90 and cellets 200 particles in
hybridizer are compared. The volume and numbeigbarsize distributions of talc coated
cellets 90 particles can be seen in the figure 4\aad 1V.45. It was observed that from 0.5

bars to 2.5 bars pressure, the coated particles thasame particle size distributions with the
initial cellets 90 particles.
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Figure IV.44. Volume Particle Size Distribution Figure 1V.45. Number Particle Size Distribution
of 9.6 % Talc Coated Cellets 90 Particles in of 9.6 % Talc Coated Cellets 90 Particles in
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On the other hand, it can be seen that when tipedisg pressure increases to 3.5 bars, there
iIs a fine population of talc coated cellets 90 ipkes. It can be also observed from the
figure IV.46 that at 4.0 bars pressure the volurhdire particle population is increasing
compared to 3.5 bars pressure. It is also easjistmglish these fine particle populations in

number particle size distributions of the partidssshown in the figure 1V.47.

—e- Cellets 90 + 9.6 % Talc at 2,5 bar
~o- Cellets 90 + 9.6 % Talc at 3,5 bar
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Figure IV.46. Volume Particle Size Distribution Figure 1V.47. Number Particle Size Distribution
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of 9.6 % Talc Coated Cellets 90 Particlesin  of 9.6 % Talc Coated Cellets 90 Particles in
Hybridizer Hybridizer

Volume and number patrticle size distributions & @oated cellets 200 particles at 0.5, 1.5,

2.5 and 3.5 bars are presented in the figure @B 1V.49. It can be seen that up to 3.5 bars

pressure, there is no particle liberation becaus¢he strong interactions between the
particles.

-=- Cellets 200 + 3% Talc at 0,5 bar - Cellets 200 + 3% Talc at 0,5 bj
"
-=- Cellets 200 + 3% Talc at 1,5 bar o Cellets 200 + 3% Talc at 1,5 ba
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Figure IV.48. Volume Particle Size Distribution Figure 1V.49. Number Particle Size Distribution
of 3 % Talc Coated Cellets 200 Particles in of 3 % Talc Coated Cellets 200 Particles in
Hybridizer Hybridizer
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It was observed that at 4.0 bars pressure (maxirparnticle liberation pressure of the
mastersizer), there is a fine population of pagchround 15 pm in the volume patrticle size

distribution (fig.IvV.50 and IV.51). This correspando the shift of the number particle size

distribution of talc coated cellets 200 particlestiie smaller particle size. It shows that the

particle liberation pressure for talc coated cell200 particles is between 3.5 and 4.0 bars

pressures.
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Figure IV.50. Volume Particle Size Distribution Figure 1V.51. Number Particle Size Distribution

of 3 % Talc Coated Cellets 200 Particles in of 3 % Talc Coated Cellets 200 Particles in

Hybridizer Hybridizer

The particle liberation pressure of talc coatedet&P0 and cellets 200 particles are presented
more precisely in the figure IV.52. It was founétlat 3.4 bar pressure, talc coated cellets 90
particles start to be liberated (or broken) and entwvthe distribution of alone talc particles
which is around 1 um. This indicates that cellefs c@ated with 9.6% talc particles by
hybridizer remain coated until 3.4 bar pressure.ti@nother hand, the results of cellets 200
particles with 3% talc particle couple show thatto@8.8 bar dispersing pressure the particle
size distributions are similar and are around 3@h At 3.9 bar pressure the particle size
distribution of the particle couple comes closerthe distribution of talc particles. This

indicates that particle detachment (or fragmentatior cellets 200 with 3% talc particles
starts at 3.9 bar dispersing pressure.
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Figure IV.52. Number Particle Size Mean vs. Dispersing Pressure

For Talc Coated and Initial Cellets 90 and Cel&8 Particles in Hybridizer

It can be seen that the dispersing air pressurgddicle liberation is higher for talc coated
cellets 200 particles compared to talc coated tsefl@ particles (Table 1V.9). This is probably
related to the particle size ratio between the host guest particles which has an important
role for inter-particular forces. On the other haidshould be considered that both particle
detachment and fragmentation may cause decreat®e iparticle size distribution of the

particles.

Table 1V.9. Dispersing Pressures and Air Velocities for Pltidetachment for Talc Coated
Cellets 90 and Cellets 200 Particles in Hybridizer

Material Particle Size Ratio | Dispersing Air Air Velocity
(Host/Guest) Pressure

Cellets 90 + 9.6% Talc 7.1 3.4 bar 118 m/s

Cellets 200 + 3% Talc 21.8 3.9 bar 124 m/s

B. Coating Strength of the Particles in Cyclomix Triak
The coating strength properties of the monolayér tmated cellets 90 and cellets 200
particles in cyclomix has also been studied. FigW#®&3 and IV.54 show the volume and
number particle size distributions of coated andoated cellets 90 particles for 0.5, 1.5 and

2.5 bars air dispersing pressures.
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Figure IV.53. Volume Particle Size Distribution
of 9.6 % Talc Coated Cellets 90 Particles in

Cyclomix
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Figure IV.54. Number Particle Size Distribution
of 9.6 % Talc Coated Cellets 90 Particles in

Cyclomix

It was observed that up to 2.5 bars dispersingspres9.6% talc coated cellets 90 particles

keep their particle size distribution. At 3.5 bdispersing pressure it can be seen that some of

the talc coated cellets 90 particles are smallethsoparticle liberation pressure for coated
cellets 90 patrticles in cyclomix is between 2.5 &riilbars (figure 1V.55 and 1V.56).

Volume (%)

-+ Talc Initial
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Figure IV.55. Volume Particle Size Distribution

of 9.6 % Talc Coated Cellets 90 Particles in

Cyclomix
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Figure IV.56. Number Particle Size Distribution
of 9.6 % Talc Coated Cellets 90 Particles in

Cyclomix

The same study has also been done for 3% talccdtoatkets 200 particles in cyclomix. It can

be seen that until 2.5 bars dispersing pressucectalted cellets 200 particles also keep their
particle size distributions like coated celletspabticles. (fig. IV.57 & IV.58)
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Figure IV.57. Volume Particle Size Distribution Figure 1V.58. Number Particle Size Distribution
of 3 % Talc Coated Cellets 200 Particles in of 3 % Talc Coated Cellets 200 Particles in

Cyclomix

Cyclomix

On the other hand, whenever the dispersing aispresncreases to 3.5 bar pressure, it can be

see in the figure V.59 and IV.60 there is a firspplation of coated cellets 200 particles.

This shows us that the particle liberation (or fmagtation) pressure for coated cellets 200

particles is also between 2.5 and 3.5 bars pressure
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-e-Cellets 200 + 3% Talc at 2,5 bag- Cellets 200 + 3% Talc at 3,5 bar
24—+ Cellets 200 + 3% Talc at 4,0 ba#- Talc Initial
,» | Cellets 200 Initial K

=

Number (%)

5

o N & o

1

Particle'Size (un

100 1000

o

1 100 1000

10
Particle Size (un

Figure 1V.59. Volume Particle Size Distribution Figure 1V.60. Number Particle Size Distribution
of 3 % Talc Coated Cellets 200 Particles in of 3 % Talc Coated Cellets 200 Particles in

Cyclomix

Cyclomix

Afterwards, the particle size distributions of axhtcellets 90 and cellets 200 particles in

cyclomix have been analysed for each dispersingspre between 2.5 and 3.5 bars in order

to find the particle liberation pressures more @&y. It was found that the particle liberation
(or fragmentation) pressure for 9.6 % talc coateitets 90 particles in cyclomix is 2.9 bars

and for 3 % talc coated cellets 200 particles thetigie liberation pressure is 3.4 bars
(fig. IV.61).
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Figure IV.61. Number Particle Size Mean vs. Dispersing Pressure

For Talc Coated and Initial Cellets 90 and Cel&66 Particles in Cyclomix

As it can be seen from the table IV.10 that thepa@ssure required for dispersion increases
with increasing particle size ratio between thetlaosl guest particles for cyclomix trials as it
was observed for the hybridizer trials. The sizerbetween the host and guest particles has
effect on the inter—particular forces between thdiges. In addition, it should be taken in

account that the difference in particle size disttion could also be due to particle breakage.

Table 1V.10. Dispersing Pressures and Air Velocities for Plrtizetachment for Talc
Coated Cellets 90 and Cellets 200 Particles in @yt

Material Particle Size Ratio | Dispersing Air Air Velocity
(Host/Guest) Pressure

Cellets 90 + 9.6% Talc 7.1 2.9 bar 109 m/s

Cellets 200 + 3% Talc 21.8 3.4 bar 118 m/s

C. Coating Strength of the Particles in Turbula Trials
The volume and number particle size distributiomspie-treated cellets 90 particles (in
hybridizer at 4000 rpm for 6 min) and then coatetthwalc particles by turbula at 0.5 and 1.5
bars dispersing pressures can be seen in the flyuB2 and IV.63. It was observed that
coated cellets 90 particles keep their particle sisstribution at 0.5 bars but at 1.5 bars
dispersing pressure there is a fine particle pdmulalt shows that particle liberation (or
breakage) pressure for talc coated cellets 90gestby turbula is between 0.5 and 1.5 bar

dispersing pressures.
200

Serkan OTLES



Volume (%)

o N & o o

Chapter IV — Dry Coating of Cellets & Talc Partgle

-= Cellets 90 HYB + 9.6 % Talc at 0,5 bar -+ Cellets 90 HYB + 9.6% Talc at 0,5 bar

#1 = Cellets 90 HYB + 9.6% Talc at 1,5 bar|
-=- Cellets 90 HYB + 9.6 % Talc at 1,5

—+ Cellets 90 Initial

—Talc Initial

‘21 -+ Cellets 90 Initial
2| —+Talc Initial

&

soagatttng
7!

o

24 24 0,
"+~ Cellets 90 HYB + 9.6 % Talc at 1,5 B RN B R R
2 ) 221 -o-Cellets 90 HYB + 9.6% Talc at 3,5 bar R
. -e- Cellets 90 HYB + 9.6 % Talc at 2,5 bar A . —+ Gellets 90 Initial I
2 —o-Cellets 90 HYB + 9.6 % Talc at 3,5 bar £\ 20 — Talc Initial “ ‘
] —+ Cellets 90 Initial “ uﬁ 18 [
— Talc Initial A\ -

Volume (%)

1 100 1000 01 1 100 1000

10
Particle Size (un

10,
Particle Size (un

Figure IV.62. Volume Particle Size Distribution Figure 1V.63. Number Particle Size Distribution
of 9.6 % Talc Coated Pre-treated Cellets 90 of 9.6 % Talc Coated Pre-treated Cellets 90
Particles in Turbula Particles in Turbula

Figure 1V.64 and IV.65 show the volume and numbartiple size distributions of coated

cellets 90 particles at 1.5, 2.5 and 3.5 bars dsspg pressures. It can be seen that the volume
of fine particle population increases with incregsdispersing pressure. On the other hand, it
can be seen that at 2.5 and 3.5 bars dispersisguyes, the coated cellets 90 particles has the

same number patrticle size distributions with ihit#édc particles.
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Figure 1V.64. Volume Particle Size Distribution Figure 1V.65. Number Particle Size Distribution
of 9.6 % Talc Coated Pre-treated Cellets 90 of 9.6 % Talc Coated Pre-treated Cellets 90
Particles in Turbula Particles in Turbula

The coating strength analysis has also been don@réstreated cellets 200 particles (in
hybridizer at 4000 rpm for 6 min) and then coateth\8% talc particles by turbula. It can be
seen that up to 1.5 bars dispersing pressure,dhated cellets 200 particles have the same

particle size distribution with the initial celle280 particles. (fig. IV.66, IV.67.)
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Figure 1V.66. Volume Particle Size Distribution Figure 1V.67. Number Particle Size Distribution
of 3 % Talc Coated Pre-treated Cellets 200 of 3 % Talc Coated Pre-treated Cellets 200
Particles in Turbula Particles in Turbula

On the other hand, it was observed that the parSide distribution decreases at 2.5 bars
dispersing pressure. This shows that the partibkerdtion (or fragmentation) pressure for
coated cellets 200 particles is between 1.5 and&r$ dispersing pressures. In addition, the
volume of the fine particle population increaseewlhe dispersing pressure increases to 3.5
bar pressure (fig. IV.68 and 1V.69).
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Figure IV.68. Volume Particle Size Distribution Figure 1V.69. Number Particle Size Distribution
of 3 % Talc Coated Pre-treated Cellets 200 of 3 % Talc Coated Pre-treated Cellets 200
Particles in Turbula Particles in Turbula
Figure IV.70 shows the patrticle size distributiafisoated cellets 90 and cellets 200 particles
precisely. It was found that the particle liberatijpressure is 1.2 bars for coated cellets 90

particles and 1.8 bars for coated cellets 200 g@asti
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Figure IV.70. Number Particle Size Mean vs. Dispersing Pressure

For Talc Coated and Initial Cellets 90 and Celf8 Particles in Turbula

Table IV.11 shows the particle liberation pressuned corresponding air velocities for coated
cellets 90 and cellets 200 particles more precidekyas observed that particle liberation (or
fragmentation) pressure is higher for coated ll200 particles compared to coated
cellets 90 particles also in turbula trials. On titeer hand, the particle breakage should also

be considered as a reason of particle size decrease

Table IV.11. Dispersing Pressures and Air Velocities for Plrtizetachment for Talc
Coated Pre-treated Cellets 90 and Cellets 200dRatdy Turbula

Material Particle Size Ratio Dispersing Air Air Velocity
(Host/Guest) Pressure
Pre-Treated Cellets 90 7.1 1.2 bar 60 m/s
+ 9.6% Talc
Pre-Treated Cellets 200 21.8 1.8 bar 81 m/s
+ 3% Talc

D. Coating Strength of the Particles in Basic Mixing Tials
The coating strength analysis has also been danthéocoated cellets 90 and cellets 200
particles by basic mixing method. The volume andnber particle size distributions of
coated cellets 90 particles at 0.5 and 1.5 barseditng pressures can be seen in the figure
IV.71 and IV.72. It can be seen that the coatetktseB0 particles keep their particle size

distribution at 0.5 bars dispersing pressure but.atbars there is particle detachment (or
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breakage). It shows that the particle liberatiomspure is between 0.5 and 1.5 bars for coated

cellets 90 particles by basic mixing method.

*T = Cellets 90 HYB + 9.6% Talc at 0,5 bar
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Figure IV.71. Volume Particle Size Distribution Figure 1V.72. Number Particle Size Distribution
of 9.6 % Talc Coated Pre-treated Cellets 90  of 9.6 % Talc Coated Pre-treated Cellets 90
Particles by Basic Mixing Method Particles by Basic Mixing Method

Figure IV.73 and 1V.74 show the particle size dmitions of coated cellets 90 particles at
higher dispersing pressures. It was observed lieatdlume of fine particle population, which
has almost the same particle size with initial tadoticles, increases at higher dispersing

pressures as expected.
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2 2] o Cellets 90 HYB + 9.6% Talc at 3,5 bal f
-e- Cellets 90 HYB + 9.6% Talc at 2,5 ba| A : —+Talc Initial \
20 4\ 2] = Cellets 90 Initial [
—o- Cellets 90 HYB + 9.6% Talc at 3,5 ba (Al o) |
A A\ [\
87— Talc Initial i A\ 18 |4 [ ]
161 - Cellets 90 Initial [ ‘ 1 ‘“ |

Volume (%)
Number (%)

01 1 100 1000 01 1 100 1000

10 10
Particle Size (un Particle Size (un

Figure IV.73. Volume Particle Size Distribution Figure 1V.74. Number Particle Size Distribution
of 9.6 % Talc Coated Pre-treated Cellets 90  of 9.6 % Talc Coated Pre-treated Cellets 90
Particles by Basic Mixing Method Particles by Basic Mixing Method

The volume and number particle size distributiohsaated cellets 200 particles at 0.5 and

1.5 bars dispersing pressures are shown in figurésland IV.76. It was observed that the
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particle liberation pressure for coated cellets p@@ticles is also between 0.5 and 1.5 bars
dispersing pressures.
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Figure IV.75. Volume Particle Size Distribution Figure IV.76. Number Particle Size Distribution
of 3 % Talc Coated Pre-treated Cellets 200 of 3 % Talc Coated Pre-treated Cellets 200
Particles by Basic Mixing Method Particles by Basic Mixing Method

At 2.5 and 3.5 bars dispersing pressures, thedarécle population increases also for the
coated cellets 200 particles. (fig.IV.77 and IV.78pntrary to the results of coated cellets 90
particles by basic mixing method, the fine parsctéd coated cellets 200 particles by basic
mixing method have higher number particle sizes thdial talc particles.
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Figure IV.77. Volume Particle Size Distribution Figure 1V.78. Number Particle Size Distribution
of 3 % Talc Coated Pre-treated Cellets 200 of 3 % Talc Coated Pre-treated Cellets 200
Particles by Basic Mixing Method Particles by Basic Mixing Method
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It was found that, the particle liberation (or fnagntation) pressure is 0.7 bar for coated
cellets 90 particles and 1.1 bars for coated ceIB&I0 particles by basic mixing method.

(fig.IV.79)

-x- Cellets 90 - Cellets 200
® Cellets 90 + 9.6% Talc A Cellets 200 + 3% Talc

1000 -
_ ——Talc
\% [ S ] ] ]

PAN
% 100
§ - X—X—X X X X
3
n .
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O 10 (]
§ A IS A
£,
z Q\‘N\’\Q—,—Q
[ ] o
0,1

0 0,5 1 1,5 2 25 3 3,5 4 4,5
Dispersing Pressure (bar)

Figure 1V.79. Number Particle Size Mean vs. Dispersing Pressure
For Talc Coated and Initial Cellets 90 and Cel&68 Particles by Basic Mixing Method

Table IV.12 shows the particle liberation pressued corresponding air velocities for coated
cellets 90 and cellets 200 particles by basic ngiximethod. It was observed that particle
liberation (or breakage) pressure increases witheasing size ratio between the host and
guest particles as expected. The particle break@encreasing dispersing pressures should

also be considered like in hybridizer and cyclomnials.

Table 1V.12. Dispersing Pressures and Air Velocities for Plrtizetachment for Talc
Coated Pre-treated Cellets 90 and Cellets 200cRertby Basic Mixing Method

Material Particle Size Ratio Dispersing Air Air Velocity
(Host/Guest) Pressure
Pre-Treated Cellets 90 7.1 0.7 bar 40 m/s
+ 9.6% Talc
Pre-Treated Cellets 200 21.8 1.1 bar 56 m/s
+ 3% Talc

In addition, it was observed that cellets 90 plticoated by the basic mixing method and in

turbula trials have the same number particle sigiloutions with initial talc particles at 2.5
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and 3.5 bar pressures. For hybridizer and cyclamms the coated particles never had the
same number particle size distributions with ihit@Elc particles. This difference probably

shows the effect of the equipment on the coatirength of the particles. Figure 1V.80 shows
the patrticle liberation pressures of coated cel#isand cellets 200 patrticles in different

equipments to the simple calculation of kineticrgggoer mass values of the equipments.

4 5 140
Cellets 200 + Talec Hybridizer

359 + 120

= -

Cellets 200 + Tale Cyvclomix  Cellets 90 + Talc
3 Hybridizer

) L 1100
Cellets 90 + Talc Cyclomix
2584
180
24

a Cellets 200 + Talc Turbula
1 B0

Vs(mls)

174
Cellets 200 + Talc  Cellets 90 + Talc Turbula

Basic Mixing o 4 140
-

Particle Liberation Pressure

*
Cellets 90 + Talc Basic Mixing

054 T 20

o o
o1 1 10 100 1000

Kinetic Energy per Mass (J/kg)

Figure 1V.80. Particle Liberation Pressures for Coated CelletareDCellets 200 Particles in

Different Equipments

The linear velocities (m/s) of the equipments frtwave been calculated by putting the
rotational velocities (tours/second) in the equatib.9. Then, the kinetic energy per mass
values have been calculated for each equipmentuiyng the calculated linear velocity
values in the equation I11.10.

It was observed that the coating strength betwkercellets 200 and talc particles is stronger
than the coating strength between the cellets 8Qaln particles for all the cases. It would be
related to the difference in inter-particular faydeetween talc-cellets 90 and talc-cellets 200
particles. On the other hand, it can be seen beaparticle liberation pressures are higher for
the particles that were treated in high force nsx@rybridizer and cyclomix) compared to
coated particles in turbula and basic mixing metlsotce the high force mixers apply

mechanical forces on the particles which causesgtinteractions between the particles.

2.2.6. Characterizations of the Hydrophilic Properties of The Particles

In this part of the study, it is aimed to undergtdahe effect of talc coating, which is a
hydrophobic material, on the water affinity of thelets 90 and cellets 200 particles. In order

to understand the modification of the water affirof the coated cellets 90 and cellets 200,
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particles have been characterized before and @ftging trials by different methods. Contact
angle measurements with sessile drop techniquet@hH) was used for characterization of
wettability property of the particles and dynamiepeur sorption (DVS) (chapter II)

measurement have been realized in order to unddrdtee water vapour adsorption and

desorption behaviour of the particles.

A. Characterization of the Wettability of the Particles
The contact angle measurements have been donee lfdrafter coating of the particles in
order to understand the effect of coating on thétakedity of the particles. Figure 1V.81
shows the contact angle measurements of indivigluadlated and talc coated cellets 90
particles in hybridizer. It can be seen that theewdroplet, on the treated (in hybridizer at
4000 rpm for 6 minutes) cellets 90 particles, alhbsappears just after 3 seconds. On the
other hand, it was observed that the water drdq@eps the initial contact angle even after 30

seconds on the 9.6% talc coated cellets 90 pasticle

e

) -

Figure IV.81. Contact Angle Measurements of (A) Individually dred Cellets 90 Particles
(B) Talc Coated Cellets 90 Particles in Hybridizer

Figure 1V.82 shows the contact angle measurememd¥idually treated and talc coated
cellets 200 particles in hybridizer. It can be stet 5 seconds after putting the water droplet
on the surface of the treated cellets 200 particidsybridizer, the powder bed absorbs the
water droplet. On the other hand, for 3% talc adatellets 200 particles in hybridizer, the
water droplet still stays on the surface of the gembad after 30 seconds. The rest of the
images of contact angle measurements for talc daaghets 90 and cellets 200 particles in

different dry coating equipments are presentegpeadix VIII.
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(A)

T

30 seconds after

>
>

(B)

Figure 1V.82. Contact Angle Measurements of (A) Individually dred Cellets 200 Particles
(B) Talc Coated Cellets 200 Particles in Hybridizer

The contact angle measurements have been donee8 fimeach powder sample and at the
end, the average contact angle values for uncoatetl coated particles were found
(Appendix VIII). It was observed that the averagatact angle for individually treated cellets
90 particles in hybridizer is 53.4° and it increage 62.7° after coating them with talc
particles in hybridizer. Cellets 200 patrticles shiv@ same characteristic that is the increase
in contact angle after coating with talc particl&se results show that the coating of cellets
particle with talc particles decreases the wettgbibf the particles because of the

hydrophobic nature of talc.

B. Characterization of the Particles by Dynamic VapourSorption Method
Dynamic vapour sorption method (DVS) has been usextder to understand the affinity of
water vapour adsorption/desorption characteristiche particles. In DVS measurements, the
dry powder samples (around 100 mg) are equilibratedPbo relative humidity to remove any
surface adsorbed vapour and to establish a dry bassdine. Afterwards, the isotherms were
measured at 25°C by increasing/decreasing theivelatimidity by 10% between 0% and
90% relative humidity. (Chapter I1)
Figure 1V.83, 1V.84 and 1V.85 show the adsorptia@gdrption isotherms of initial cellets 90,
cellets 200 and talc particles.
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Figure 1V.85. Water Vapour Adsorption/Desorption Isotherm of TRhrticles (at 25°C)

It was observed that the amount of water uptakéhiercellets 90 and cellets 200 particles are
different, which is probably reason of the diffezenn the total surface area. It shows that the
same material with different particle size disttibns may have different surface properties.
It was also observed that the water uptake incselsearly with increasing relative humidity
for cellets (90 & 200) and talc particles. It cam $een that the cellets 90 particles adsorbs
12% water vapour and cellets 200 particles ads8tb6% water vapour at 90% relative
humidity. On the other hand, it can be observeanfifgure IV.85 that the talc particles
adsorb just 0.3% water vapour. It can be also $keanthe both cellets (90&200) and talc

particles releases all the water vapour that tludg at 0% relative humidity.
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Figure 1IV.86 and IV.87 shows water vapour adsorptmf the coated cellets 90 and
cellets 200 particles in different dry coating emuents. It was observed that the water
vapour adsorption percentage of cellets 90 pastidexreases 21% (from 12% to 9.5%) after
coating with talc particles in hybridizer. It cae lalso seen that the talc coated cellets 90
particles in cyclomix, turbula and by basic mixingethod have similar water adsorption
percentage (8.3%—8.5%) which is 30% less than waieour adsorption percentage of initial
cellets 90 particles. It shows that the coatindgwwatic particles decreased the affinity of water
vapour adsorption of cellets 90 particles. On ttieeohand, it wasn’t observed a significant
difference between the results of water vapour iguti®m percentages of initial and coated
cellets 200 particles. It was also observed thatwiater vapour adsorption percentage of
coated cellets 90 and cellets 200 particles areenithan water vapour adsorption percentage
of talc particles, since in all different dry caagitrials, it has been obtained discrete type of

coating so that the water vapour may penetratéatbeoating and reach the cellets patrticle.

Change In Mass (%) - Dry

14

—-A--Cellets 90 Initail

-4--Cellets 90 + 9.6 % Talc in Hybridizer
—a— Cellets 90 + 9.6 % Talc in Cyclomix
—0— Cellets 90 + 9.6 % Talc in Turbula
—e— Cellets 90 + 9.6 % Talc by Basic Mixing
—o—Talc

-
a

--A-- Cellets 200 Initial

A —=— Cellets 200 + 3% Talc in Hybridizer
’ - - Cellets 200 + 3% Talc in Cyclomix
—e— Cellets 200 + 3% Talc in Turbula

-
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.
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-
N

—a— Cellets 200 + 3% Talc by Basic Mixing
—o—Talc

i
o

®
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Figure 1V.86. Water Vapour Adsorption Isotherniigure IV.87. Water Vapour Adsorption Isotherm
of Initial and Talc Coated Cellets 90 Patrticles (af Initial and Talc Coated Cellets 200 Particlas (

25°C) 25°C)

As a perspective, it would be also interestingttmg the water vapour adsorption kinetics of
the particles, in different relative humidity, befcand after coating in order to understand the

effect of coating on the water vapour adsorptioreitcs of the particles.
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2.3. Conclusions

The effect of the host particle size on the end-puseerties of the coated particles has been
studied. The initial host particles (cellets 90 aetlets 200) have been treated individually in
hybridizer and cyclomix. At the end of the prelimmg study, the operating conditions of the
dry coating trials have been determined by consigeno particle fragmentation at the
chosen operating velocities.

Different characterization methods have been usHdré and after coating the particles.
Environmental Scanning Electron Microscopy (ESEMs heen used for morphological
analysis of the particles. It was observed thatettaee some talc agglomerates in the turbula
and basic mixing trials compared to trials in highce mixers (hybridizer & cyclomix). It
shows that the generated mechanical energy isufiatient to break the talc agglomerates in
turbula and basic mixing trials. On the other hahdias also observed that the talc particles
are embedded in hybridizer and cyclomix trials liseaof the generated high mechanical
energy but in turbula and basic mixing trials thke fparticles are more like weakly attached
on the surface of the host particles. In additihe chemical composition analysis of the
coated particles has been done by using ESEM eedippith Energy Dispersive
Spectrometer (EDS). It was observed that, at tlteadrdry coating of cellets particles we
have obtained discrete type of coating for eachcdating trial with different equipments.

The topographical analysis of the particles has loke before and after coating by using an
AFM. It was observed that the average surface noeigth is higher for cellets 90 particles
compared to cellets 200 particles. It was also dotivat the surface roughness of cellets 90
and cellets 200 patrticles decreases after coatitigtalc particles. Filling up or closing of the
holes and valleys on the surface of the celletighes by talc particles could be a possible
reason of decrease in surface roughness of cphetisles after coating with talc particles.

The phase angle results of cellets 90 and cel@@sparticles show that both cellets 90 and
cellets 200 particles have similar phase angleasige because the only difference between
them is the size of the particles. Moreover, it whserved that coating of cellets particles
(90 & 200) with talc causes increase in the phaggeavalues which shows us the existence
of talc particles on the surface since the sigmatfrtalc particles have higher phase angle
values than cellets particles. On the other hamel,comparison of phase angle values show
that the talc coated cellets 90 particles have mpbese angle points in the higher phase angle

range than initial cellets particles compared to t@ated cellets 200 particles. It is probably
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the reason of coating with higher mass percentdgmlo particles (9.6 %) for cellets 90
particles than talc coated cellets 200 particlés)(3

The adhesion forces between the particles have measured by using AFM with contact
mode. It was found that the average adhesion foeteeen the talc particles is higher than
the average adhesion force between talc and ceqikatscles. On the other hand, it was
observed that the average adhesion force betweletscand talc particles increases for talc
coated cellets particles as expected. The adhésioa model allowed us to calculate the talc
particle deposition on the cellets 90 and cell&8 Rarticles by using the obtained adhesion
force values from AFM measurements. It was founat tthe calculated amount of talc
percentage on the surface of cellets particles lass than introduced amounts. The
agglomeration of talc particles and non — analyzedace zones of the particles could be
possible reasons. AFM measurements with more pestweould give more reliable results.
The Malvern Mastersizer laser diffraction granuloenénave been used to study the coating
strength of the particles. It was found that for thle dry coating trials with different
equipments the coating strength between celletsa2@0talc particles are stronger than the
coating strength between the cellets 90 and tatticfes. It shows that the increasing size
ratio between the host and guest particles incsetlgecoating strength between the particles.
In addition, it should be remembered that the desen particles size could be either particle
detachment or breakage.

The hydrophilic properties of the particles befared after coating have been studied by
contact angle and dynamic vapour sorption (DVS)sueaments. The results of contact angle
measurements show that coating of cellets part{@@s& 200) with talc particles increases
the contact angle values which means that the hiktyaof the coated particles are less
compared to the initial state. As an example, isvi@nd that the contact angle value of
individually treated cellets 90 particles in hyhzigr is 53.4° and it is increased to 62.7° after
coating with talc particles in hybridizer.

The DVS measurements showed that the water affofitthe cellets 90 particles decreases
after coating with talc particles. It was foundttah 90% relative humidity, the water vapour
adsorption value is 12% for initial cellets 90 jpeets which decreases 21% after coating with
talc particle in hybridizer and it decreases 30%ddtc coated cellets 90 particles in cyclomix,
turbula and by basic mixing methods. On the otrerdh it was observed that there is no
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significant difference between the results of watgvour adsorption percentage of initial and
coated cellets 200 patrticles.

At the end, it was seen that the dry coating otiglas can be done by using high shear
mixers or even by simple stirring of the particlksvas observed that the particle size ratio is
an important parameter that affects the coatingngth proportionally, but also it should be
remembered that, there are many other factorsggiastic properties, surface roughness,

surface free energy etc.) that should be consideremhalysing coating strength.
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3. EFFECT OF GUEST PARTICLE SIZE ON THE END — USE PROPERTIES OF
THE DRY COATED PARTICLES

In the second part of the study, in order to urtdesthe effect of guest particle size on the
end-use properties of the particles, Cellets 20®;3H:305 um) particles have been coated
with 2 different particle size distributions of ¢gbarticles (d[4;3}14 um and d[4;3]4 um)

by different dry particle coating equipments. Ire tfirst part, cellets 200 particles have
already been coated with the talc particles thaeHal pum volume mean diameter. In order to
obtain talc particles with smaller size, the paeschave been treated individually in
hybridizer at 16000 rpm operating velocity (maximoperating velocity) for 6 minutes. At
the end, we have obtained talc particles (talc 0p@at have 4 um volume mean diameter.
The cellets 200 particles have been coated with X6000 particles (d[4;3¥ pm) and the
results have been compared with the talc (d{#3]um) coated cellets 200 particles.

The preliminary study of the initial Cellets 200rieles has already been done in the first part
of the study so in this part the same operatinglitimms have been used.

The theoretical monolayer coating percentage irageral packing has also been calculated
for cellets 200 with talc 16000 particles and thg doating trials have been realized in

different equipments.

3.1. Dry Coating of Cellets 200 Particles with Talc andralc 16000

The monolayer coating percentage in hexagonal pgc&f the cellets 200 with different
particle size distributions of talc particles haween calculated (Appendix II). It was found
that, for cellets 200 with talc particles the ma@yar coating percentage is 3 % and for cellets
200 with talc 16000 particles the monolayer coapegcentage becomes 1.6%. The operating
conditions of the dry coating trials can be seethétable 1V.13.

In Turbula trials, cellets 200 particles were mested in hybridizer at 4000 rpm rotational
velocity. Afterwards, the pre-treated Cellets 2@@tisles have been treated with talc and talc
16000 particles inside a 1lt container (30 g) atr@® operating velocity for 6 minutes by
turbula.

The cellets 200 with talc and talc 16000 partidhese also been coated by basic mixing
method. In basic mixing, cellets 200 particles als® pre-treated in hybridizer at 4000 rpm
operating velocity and then mixed with guest p&tidoy shaking them by hand as it was
done in the first part of the study.
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Table IV.13. Operating Conditions of Dry Coating Treatments

Operating | Operating Mass | Batch | Cooling
Host Guest | Equipment | Velocity Time % of Size | Jacket
Particles | Particles (rpm) (min) Guest (9) (°C)
Particles
Cellets Talc 3%
200 Talc Hybridizer 4000 6 30 13
16000 1.6 %
Cellets Talc 3%
200 Talc Cyclomix 1600 6 500 13
16000 1.6 %
PreManip.| Talc 3%
Cellets200| Talc Turbula 96 6 30 none
16000 1.6 %

In order to have the morphological analysis of paeticles, the ESEM has been used before
and after coating of the particles. The coatingrgjth of the particles has been studied by
using Malvern Mastersizer laser diffraction gramoéter. In order to understand the effect of
guest particle size on the coating strength ofpiéueicles, the results of the granulometer for
coated cellets 200 particles with different paetisize of talc particles have been compared

with each other.

3.1.1. Characterization of Surface Morphology of the Partcles

The figure 1V.88 shows the ESEM images of coatelietse 200 particles with different
particle size of talc particles in different dryatimg equipments. It was observed that there is
no particle breakage after dry coating treatmemtny equipment. It can be seen that the talc
particles on the surface of cellets 200 partickesraore distinctive than talc 16000 particles
on the cellets 200 particles because of their higlagticle size distribution compared to talc
16000 particles and also higher mass percentathe imixture. On the other hand, it was also

observed that there are more talc agglomeratdseimixture in turbula trials than hybridizer
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and cyclomix trials probably reason of the mechanenergy that the equipment applies on

the particles in dry coating process.
Cellets 200 + 3 % Talc

:‘nto‘:.f;‘;[r 5, ": 3 B2 oy '
(a) Hybridizer ~ (b) Cyclomix - (c) Turbula
Figure IV.88. Surface Morphology of Coated Cellets 200 Partielgh Talc and Talc 16000

Particles in Different Equipments

i

The visual analysis has been also done for theedqarticles by basic mixing method. It can
be seen that there are talc agglomerates on thiaceunf the cellets 200 particles
(fig. IV.89 a & b). It was also observed that tlaéctparticles are just attached on the surface
of the cellets particles because of the inter-paldr forces between the particles.

ot Magn  Det WD
20 600x SE 93 001LTIF

(a) Cellets 200 coated with Talc Particles (b) Cellets 200 coated with Talc 16000 Particles
Figure IV.89. Surface Morphology of Coated Cellets 200 Partielgh Talc and Talc 16000

Particles by Basic Mixing Method
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The SEM/EDS was also used to analyse the chenooapasition of the surface of the coated
particles. Figure IV.89 shows the SEM/EDS resuftsa dalc coated cellets 200 particle in

cyclomix. It can be seen that, in some regions aeehthe components of talc particles
(silicon and magnesium) but in some regions we tdioave these components. It shows that
we have obtained a discrete talc coating on thiaseiof cellets 200 patrticle.
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Figure IV.90. Chemical Analysis of the Surface of Talc CoatedeZ&R00 Particle in
Cyclomix
The same study has also been done for talc 1601ihgs in different equipments and it was
observed that for all equipments we have obtainsdete type of coating for both talc and
talc 16000 coatings. (Appendix.VIl)

3.1.2. Characterization of Coating Strength of the Particks

In this part of the study, the Malvern Mastersiredry feed mode has been used to find the
particle size distribution of the particles withffdrent air dispersing pressures. The coating
strength results of talc coated cellets 200 paditlave been compared with talc 16000 coated
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cellets 200 particles for each dry coating equipmAnthe end, the effect of the equipment
on the coating strength of the particles has atsmistudied.

A. Coating Strength of the Particles in Hybridizer Trials
In this part, the coating strength of cellets 2@fated with two different particle size
distributions of talc particles in hybridizer habeen compared. The volume and number

particle size distributions of talc 16000 coatedlete 200 particles can be seen in the
figure IV.91 and IV.92.

—o- Cellets 200 + 1.6% Talc 16000 at 3,0 par
~o- Cellets 200 + 1.6% Talc 16000 at 3,5 par
201 - Cellets 200 + 1.6% Talc 16000 at 4,0 pbar
154 =+ Talc 16000

-+ Cellets 200 Initial

-o-Cellets 200 + 1.6% Talc 16000 at 3,0 bhal
25| — Cellets 200 + 1.6% Talc 16000 at 3,5 bal
24| -+ Cellets 200 + 1.6% Talc 16000 at 4,0 ba
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Figure 1V.91. Volume Particle Size Distribution Figure 1V.92. Number Particle Size Distribution
of 1.6 % Talc 16000 Coated Cellets 200 Particlexf 1.6 % Talc 16000 Coated Cellets 200 Particles

in Hybridizer in Hybridizer
It can be see that for all dispersing pressureatecocellets 200 particles have the same
particles size distributions. Even at 4.0 bar disipg pressure (maximum air pressure of the
granulometer) we didn’t observe any fine partictgogations. This results show that the
coating strength of the talc 16000 coated cell@@ Rarticles in hybridizer, is high enough
even at 4.0 bar dispersing pressure. The parilodgdtion pressure of the talc 16000 coated
cellets 200 particles is higher than the disperasingressure range of the granulometer.
On the other hand, the particle liberation preséur@% talc coated cellets 200 particles have
already been determined in the first part of thulgt It was found that the particle liberation
pressure is 3.9 bar and it corresponds to 124 myelacity.
Table IV.14 shows the particle liberation pressued corresponding air velocities for coated
cellets 200 particles. It can be seen that forsémae host particle with smaller size of guest
particle has higher particle liberation pressum@pared to the same guest particle with higher

particle size distribution. It shows the particieesratio between the host and guest particles

219
Serkan OTLES




Chapter IV — Dry Coating of Cellets & Talc Partgle

has an important role for inter-particular forcén the other hand, it should be remembered

that the decrease in particle size distributiorthef particles may also correspond to particle
fragmentation.

Table 1V.14. Dispersing Pressures and Air Velocities for Pltidetachment for Talc and
Talc 16000 Coated Cellets 200 Particles in Hybadiz

Material Particle Size Ratio | Dispersing Air Air Velocity
(Host/Guest) Pressure
Cellets 200 + 3 % Talc 21.8 3.9 bar 124 m/s
Cellets 200 + 1.6 % Talc 76.3 > 4.0 bar > 124 m/s
16000

B. Coating Strength of the Particles in Cyclomix Triak
The coating strength of talc coated cellets 200 tated16000 coated cellets 200 particles in
cyclomix have also been studied. Figure 1V.93 add®4 show the volume and number

particle size distributions of coated and uncogadicles at 0.5, 1.5 and 2.5 bars dispersing
pressures.

~o- Cellets 200 + 1.6% Talc 16000 at 0,5 bar “

0, 24
—o- Cellets 200 + 1.6% Talc 16000 at 1,5 par ; o Cellets 200 + 1.6% Talc 16000 at 1,5 far
-+ Cellets 200 + 1.6% Talc 16000 at 2,5 par 2

- Talc 16000 —+ Cellets 200 + 1.6% Talc 16000 at 2,5 har
18
,| = Cellets 200 Initial —+ Talc 16000

~o- Cellets 200 + 1.6% Talc 16000 at 0,5 har
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Figure 1V.93. Volume Particle Size Distribution Figure 1V.94. Number Particle Size Distribution
of 1.6 % Talc 16000 Coated Cellets 200 Particlexf 1.6 % Talc 16000 Coated Cellets 200 Particles

in Cyclomix in Cyclomix

It was observed that the talc 16000 coated cel@s particles have the same particle size
distributions at 0.5, 1.5 and 2.5 bars dispersirgssures. The particle size distributions of
cellets 200 with talc 16000 particles at 3.5 arfdlgars can be seen in the figure V.95 and

IV.96. It was observed that at 4.0 bars there ng fpopulation of the coated cellets 200
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particles. It shows that the particle liberatioregsure is between 3.5 and 4.0 bars for talc
16000 coated cellets 200 patrticles.

24
—o-Cellets 200 + 1.6% Talc 16000 at 3,5 par \ T Cellets 200 + 1.6% Talc 16000 at 3,5 bar
2 A 241 —+Cellets 200 + 1.6% Talc 16000 at 4,0 bar
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Figure 1V.95. Volume Particle Size Distribution Figure 1V.96. Number Particle Size Distribution
of 1.6 % Talc 16000 Coated Cellets 200 Particlexf 1.6 % Talc 16000 Coated Cellets 200 Particles

in Cyclomix in Cyclomix

The particle size distributions of the talc 16008ated cellets 200 particles have been
analysed for each pressure between 3.5 and 4.0irbarsler to find the particle liberation
pressure more precisely. The particle liberatiogspure for talc coated cellets 200 particles
was already found in the first part and it is 3atsh It was found that the particle liberation
pressure increases to 3.8 bars for talc 16000 daaféets 200 particles. (fig.1V.97)
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Figure 1V.97. Number Particle Size Mean vs. Dispersing Pressarrédlc and Talc 16000
Coated Cellets 200 Particles in Cyclomix
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Table 1V.15 shows the particle liberation pressuogscoated cellets 200 particles with talc
and talc 16000 particles. Cyclomix trails also skawat the increasing particle size ratio
between the host and guest particles causes haglating strength property for the coated
particles. In addition, the possible particle fragnations in the granulometric analysis should

also be considered as a reason for decrease id@aize distributions of the particles.

Table IV.15. Dispersing Pressures and Air Velocities for Pltizetachment for Talc and
Talc 16000 Coated Cellets 200 Particles in Cyclomix

Material Particle Size Ratio | Dispersing Air Air Velocity
(Host/Guest) Pressure
Cellets 200 + 3 % Talc 21.8 3.4 bar 118 m/s
Cellets 200 + 1.6 % Talc 76.3 3.8 bar 123 m/s
16000

C. Coating Strength of the Particles in Turbula Trials
The volume and number particle size distributiohgi@-treated cellets 200 particles (in

hybridizer at 4000 rpm for 6 min) coated with t&B000 particles at 0.5 and 1.5 bars can be
seen in the figure 1V.98 and IV.99.
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Figure 1V.98. Volume Particle Size Distribution Figure 1V.99. Number Particle Size Distribution
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of 1.6 % Talc 16000 Coated Pre-treated Celletsof 1.6 % Talc 16000 Coated Pre-treated Cellets
200 Particles in Turbula 200 Particles in Turbula

It was observed that coated cellets 200 partickspktheir particle size distribution until
1.5 bars dispersing pressure. At 2.5 bars dispengiassure, it can be seen that there is 2

different particle size populations for coated esll200 particles. It shows that the particle
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liberation pressure is between 1.5 and 2.5 barslf6# talc 16000 coated cellets 200
particles. On the other hand, it can be seen himavolume of fine population increases at 3.5

bars dispersing pressure as expected (figure 1V.10001).
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Figure IV.100. Volume Particle Size DistributionFigure 1V.101. Number Particle Size Distribution
of 1.6 % Talc 16000 Coated Pre-treated Celletsof 1.6 % Talc 16000 Coated Pre-treated Cellets
200 Particles in Turbula 200 Particles in Turbula

At the end, it was found that the particle libevatpressure is 2.1 bars for talc 16000 coated
cellets 200 particles. The patrticle liberation ptee has already been determined for talc
coated cellets 200 patrticles in turbula in thet foart and it is 1.8 bars. (fig.1V.102)
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Figure 1V.102. Number Particle Size Mean vs. Dispersing Pressure
For Talc and Talc 16000 Coated Cellets 200 Pasticld urbula
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Table 1V.16 shows the particle liberation pressuogscoated cellets 200 particles with talc
and talc 16000 particles in turbula. It was obsentbat, the particle liberation (or

fragmentation) pressure increases with increasing gtio between the host and guest
particles also in turbula trials.

Table IV.16. Dispersing Pressures and Air Velocities for Pltizetachment for Talc and
Talc 16000 Coated Cellets 200 Particles in Turbula

Material Particle Size Ratio | Dispersing Air Air Velocity
(Host/Guest) Pressure
Pre-Treated Cellets 200 21.8 1.8 bar 81 m/s
+ 3 % Talc
Pre-Treated Cellets 200 76.3 2.1 bar 89 m/s
+ 1.6 % Talc 16000

D. Coating Strength of the Particles in Basic Mixing Tials
The coating strength of the pre-treated cellets @@Qicles coated with talc particles have
already been determined in the first part of thuelgt It was found that the particle liberation
pressure is 1.1 bars for the particles. In this, pae coating strength of the pre-treated cellets
200 particles coated with talc 16000 particles hbgen studied. The volume and number
particle distributions of 1.6 % talc 16000 coatedlets 200 particles at 0.5 and 1.5 bars
pressures can be seen in the figure 1V.103 andi/.1
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Figure IV.103. Volume Particle Size DistributionFigure 1V.104. Number Particle Size Distribution
of 1.6 % Talc 16000 Coated Pre-treated Celletsof 1.6 % Talc 16000 Coated Pre-treated Cellets
200 Particles by Basic Mixing Method 200 Particles by Basic Mixing Method
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It was observed that there is no particle detachmeno 1.5 bars dispersing pressures. On the
other hand, it can be seen that there is a populaif fine particles at 2.5 bars dispersing

pressure (fig. IV.105 and 1V.106) and volume oftthapulation increases at 3.5 bar pressure.
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Figure IV.105. Volume Particle Size DistributionFigure 1V.106. Number Particle Size Distribution
of 1.6 % Talc 16000 Coated Pre-treated Celletsof 1.6 % Talc 16000 Coated Pre-treated Cellets
200 Particles by Basic Mixing Method 200 Particles by Basic Mixing Method

In order to find the particle liberation for tal6d00 coated cellets particles more precisely,
the particle size analysis have been realized letvtlee 0.5-1.5 bars pressure range. It was

found that the particle liberation pressure is ha&s for talc 16000 coated cellets 200
particles. (fig. IV.107)
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Figure IV.107. Number Particle Size Mean vs. Dispersing Pressure
For Talc and Talc 16000 Coated Cellets 200 PastisieBasic Mixing Method
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The patrticle liberation pressures and the corredipgnair velocities for the coated particles
can be seen more precisely in the table IV.17.alt be seen that the particle liberation
pressure is higher for talc 16000 coated celleté P@rticles compared to talc coated
cellets 200 particles also for the basic mixingl#i It shows the effect of particle size ratio

between the host and guest particles on the costiaggth of the particles.

Table IV.17. Dispersing Pressures and Air Velocities for Pltizetachment for Talc and
Talc 16000 Coated Cellets 200 Particles by Basxingi Method

Material Particle Size Ratio | Dispersing Air Air Velocity
(Host/Guest) Pressure
Pre-Treated Cellets 200 21.8 1.1 bar 56 m/s
+ 3 % Talc
Pre-Treated Cellets 200 76.3 1.6 bar 74 m/s
+ 1.6 % Talc 16000

At the end, it was observed that the coating stirebgtween the cellets 200 and talc particles
is higher than the coating strength between thetse200 and talc 16000 particles for all dry

coating trials with different equipments (table 18).

Table IV.18. Dispersing Pressures and Air Velocities for Pltizetachment for Talc and
Talc 16000 Coated Cellets 200 Particles in DiffeEequipments

Dispersing | Air Velocity
Material Equipment || Air Pressure (m/s)
(bar)

Cellets 200 + 3 % Talc 3.9 124

Cellets 200 + 1.6 % Talc 16000 Hybridizer >4.0 >124
Cellets 200 + 3 % Talc 3.4 118

Cellets 200 + 1.6 %rTalc 16000 Cyclomix 3.8 123
Pre-Treated Cellets 200 + 3 % Talc 1.8 81
Pre-Treated Cellets 200 + 1.6 % Talc 1600p Turbula 2.1 89
Pre-Treated Cellets 200 + 3 % Talc Basic 1.1 56
Pre-Treated Cellets 200 + 1.6 % Talc 1600") Mixing 1.6 74
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In addition, it was observed that the particle Hdtimn pressures are higher for the particles
that were treated in hybridizer and cyclomix coneplato coated particles in turbula and basic
mixing method because of the difference in the Begpmechanical energy on the particles

by the equipment.

3.2. Conclusions

Cellets 200 particles have been coated with twéediht particle size distributions of talc
particles in different dry coating equipments. Tgreliminary study has been done for the
cellets 200 particles in order to understand tlagrfrentation behaviour of the particles in
different equipments and afterwards the operatmngditions for the dry coating trials have
been determined.

Visual analysis has been done before and afteingpaf the particles by ESEM. It was
observed that in turbula and basic mixing triakEr¢hare some agglomerates of guest particles
because of the lack of generated mechanical fargdise equipment probably.

The ESEM/EDS analysis has also taken a place irrotd understand the chemical
composition of the surface of the particles. Theults show that we have obtained discrete
coating for both cellets 200 with talc and cell2®0 with talc 16000 coatings in all dry
coating trials with different equipments.

The coating strength of the particles has beenesiuay using the granulometer. The results
show that the coating strength is higher betweencddilets 200 and talc 16000 particles
compared to cellets 200 with talc particles. It whothat coating strength between the
particles increases with increasing particle s&@rbetween the host and guest particles. On
the other hand, it should be remembered that tbeedse in the particle size distribution in
granulometric analysis could be also reason ofgharfragmentation. In order to have better
analyse of granulometric results it would be a nidea to recover the particles after
granulometric analysis and visually analyse theairagy ESEM then it would be possible to

understand if the decrease in particle is reasqradicle detachment of fragmentation.
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4. CONCLUSIONS

In this study, cellets particles with two differgparticle size distributions (d[4;3100 pm
and d[4;3]:305 um) have been coated with two different pkrtgize distributions of talc
particles (d[4;3]:14 um and d[4;3]4 um) by different dry coating equipments in orter
understand the effect of host and guest partizie @n the end—use properties of the particles.
The theoretical monolayer coating percentage imgeral packing has been calculated for
the particles.

In the first part, cellets particles with two diféat particle sizes have been coated with talc
particles. In the second part, cellets 200 padibl@ve been coated with two different particle
size distributions of talc particles. The operatoagditions of the equipments for dry coating
trials have been determined in the preliminary wtofl the particles. Afterwards, cellets
particles have been coated with talc particledfierént dry coating equipments.

Different characterization methods have been usddré and after coating of the particles.
The visual analysis showed that for all the dryticwptrials we have obtained discrete type of
coating.

The AFM has been used to have the topographicdysasasurface roughness, chemical
composition, elasticity etc.) of the particleswas observed that cellets 90 and cellets 200
particles have similar phase angle signatures Isechasically they are the same material but
with different size distributions. On the other Hait was found that cellets 90 particles have
higher surface roughness values than cellets 2@clpa. The surface roughness of both
cellets 90 and cellets 200 particles decrease efegting with talc particles.

The Van der Waals forces have an important rol@anticle adhesion and may give an idea
of the initial adhesion affinity between the powslek rough estimation of the Van der Walls
forces between the particles has been calculatedad observed that the Van der Waals
forces between Cellets—Talc is greater than betwleerhost particles (cellets) and between
the guest (talc) particles. It shows that the gpesticles have much more affinity to have
adhesion with host particles than with guest piadiso the dry coating has also been helped
by the initial adhesion affinity properties of thieosen particles. On the other hand, it should
be remembered that there are many other factoosdps action, elastic — ductile properties,
surface energy etc.) that have effects on the nrmechlacoating strength of the particles.

The adhesion forces between the particles have measured by using AFM with contact

mode. Afterwards, the guest particle depositiontlen host particles has been calculated by
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using the adhesion force model. The results shat dalculated amount of talc particles is
less than introduced amount. The possible reasoulsl e agglomeration of talc particles,
non—analyzed surface zones.

The Malvern Mastersizer laser diffraction granuloenénave been used to study the coating
strength of the particles. The coating strengtthefparticles depends on the way the host and
guest particles are brought into contact and onptinsico—chemical interactions between
them. It was observed that the larger the size @ithost and guest particles the stronger the
coating strength for all the different processeedusOn the other hand, it should be
considered that there are many factors influenaidigesion: particle size and shape, surface
roughness, material hardness and elasticity and/tike of adhesion and surface free energy.
Surface roughness is one of the most importantackenistic influencing the adhesion
because it is strongly related to the geometryootact.

The water affinity of the particles before and afteating has been studied by contact angle
and dynamic vapour sorption (DVS) measurements. chmeact angle results show that the
cellets (90&200)-talc composite particles have lowttability than individually treated
cellets 90 and cellets 200 particles because of warophobic characteristic of talc particles.
The DVS results shows that the talc coated cefletparticles in any dry coating equipment
has lower water vapour adsorption percentage cadgdarinitial cellets 90 particles. On the
other hand, it was seen that the water vapour ptisorpercentages of initial and coated
cellets 200 particles are the same.

As conclusion, it was observed that the coatinthefhost particles by guest particles can be
achieved by high energy impact coating devicesasd even by simple stirring method. It
was seen that the particle size ratio between dlsednd guest particles affects proportionally
the mechanical coating strength of the particlas.tl@ other hand, it was also observed that
the particle size ratio between the host and go@dicles, hasn't affected the water affinity

and wettability properties of the composite paescl
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Conclusion & Perspectives

In this study, dry particle coating has been susfodlg used for the synthesis of materials
with new/improved end—use properties.

In the first part; it is aimed to understand the effect of the dmtipl@ coating equipment and

operating conditions on the end-use propertieshefparticles. Three different dry coating
equipments (Hybridizer, Cyclomix, Turbula) with f@éifent operating conditions have been
used. Some key parameters that affect the end—ugerpes of the particles have been
studied for a model couple of PMMA (d[4y3160 um) coated with two different mass
percentages of talc (d[4;314 um) particles. The feasibility of the dry coatiprocess has
been examined, both quantitatively and qualitagivehd the results have been compared with
coating by simple mechanical mixing (basic mixingthod).

The hybridizer, cyclomix and turbula have differehtracteristics according to their working
mechanism/principle and type of mechanical enehngy they apply on the particles. In order
to understand the fragmentation behaviour of theiges and to define the operating
conditions for each equipment, the particles hasenbtreated individually in “preliminary
study” with different operating conditions for tey coating trials.

The theoretical monolayer coating percentage imgeral packing has been calculated for
the particles. It was found that 5 % talc is neefdednonolayer coating of PMMA patrticles.
1% has been chosen as the second coating percentageer to understand the effect of
coating percentage of talc on the end—use propesfi¢he particles. Afterwards, dry coating

of PMMA with talc particles has been done in diéfier equipments.

In the hybridizer trials it was observed that due to intense impactioog®in hybridizer, the
materials underwent severe size reduction in tredinpinary study. It was seen that the
particle size of the PMMA particles was reducedldss than 10 pm at high rotational
velocities. On the other hand, talc particles cdwddp their particle size for each operating
velocities. In addition, it was observed that tlagtigle recovery varies from 60% and goes up
to 90% for 9600 rpm operating velocity.

Visual analysis shows that we have obtained disdngie of talc coating for each operating
velocities of the hybridizer trials. Moreover, tamount of talc particles on the surface of the
PMMA particles is greater for the 5 % talc coatihgn 1 % talc coating, as it was expected.
In order to have the topographical analysis of paaticles (surface roughness, phase
difference etc.) and to find the adhesion forcesvben the particles the Atomic Force
Microscopy (AFM) has been used with tapping moteds found that the talc particles have
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higher surface roughness (Ra.31 nm, RM&,186 nm) values than initial PMMA particles
(Rawe86 nm, RMS,6118 nm). On the other hand, it was observed Hiatdoating increases
surface roughness of the PMMA particles. Moreoieavas found that 5% talc coated PMMA
particles have higher surface roughness valuesib@atalc coated PMMA particles, as it can
be expected.

On the other hand, in AFM analysis, the phase anglees have been also determined for
initial and coated patrticles. It was found that thle particles have larger phase angle range
(between -130° and 110°) than PMMA (between -1004 40°) particles. The reason is
probably the difference in the surface roughnegsalao the difference in softness between
PMMA and talc particles. It was found that coatwfigPMMA with talc particles causes to
have higher phase angle values for coated patrticles

The adhesion forces between the particles have tmesrd by using the AFM on contact
mode. In the AFM trials, the adhesion forces betwis® uncoated/coated PMMA particles,
talc particles and talc particles that were fixedtlee cantilever tip have been determined. It
was observed that the adhesion forces betweeralthedrticles are higher than the adhesion
forces between talc and PMMA particles. This ressttow that, the talc particles have much
more affinity to adhere with talc particles ratigan PMMA particles.

Afterwards, the talc particle deposition on the PRilglarticles has been calculated by using a
adhesion force model. It was obtained the calcdlastues of talc particle deposition are very
close to 1% and 5% values. To explain the diffegetize non analyzed zones of the particles
may be one of the reason and also the loss tdiclparafter treatment in the hybridizer has to
be considered. On the other hand, agglomeratidaloparticles on the surface of the PMMA
particle (more than monolayer coating) can be dnie reasons. It is sure that more AFM
experiments would give more reliable results.

The coating strength of the composite particles bhasn studied by using a Malvern
Mastersizer laser diffraction granulometer. It waserved that the particle liberation pressure
increases with increasing rotational velocity, vhis probably related to the energy that the
system supplies to the particles in order to bteakagglomerates and coat the host particles.
On the other hand, while analysing the granulomegsults of the particles, it should be
remembered that the decrease in particle size dmilgason of particle detachment and also

particle fragmentation.
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A tapped density tester and Freeman Technology BoRdeometer (FT4) have been used in
order to study the flowability properties of therpides and the effects of operating velocity,
coating percentage and equipment on the flowabpitgperties of the powders. It was
observed that the flowability of the PMMA particldecreases at high operating velocities
since the particles are either all broken or tteeesome fragments of the particles at these
velocities, which causes increase in the contatase of the particles.

The results of tapped density tester and the Fbdvghat the dry coated PMMA particles
with talc particles (1% and 5%) have better flovigbiproperties than grinded PMMA
particles at all of the operating velocities.

In_the cyclomix trials the results of the preliminary study showed tihare is no particle

fragmentation at even high operating velocitiexydlomix, which is defined also as a high
force mixer, like hybridizer. The difference in thesults of preliminary study of the particles
from hybridizer and cyclomix should be the way qfewting the particles and type of
mechanical forces they apply on the patrticles. yoridizer, the mechanical impact forces
take an important place in the treatments, buthendther hand, cyclomix uses shearing
forces mainly. The results of preliminary studyoadhowed that there is a high percentage of
particle recovery (> 94%) for each operating veloof the cyclomix.

The ESEM observations show that the particles kkep particle size and shape and at the
end of the dry coating trials in cyclomix, discr@@ticle coating have been obtained for all
operating conditions.

In the coating strength analysis of the particies/as observed that, similar to the hybridizer
trials, the coating strength of the coated pawiale cyclomix increases with increasing
operating velocity, since the generated mecharecargy by the equipment is probably
related to operating velocity.

The analysis of flowability properties of the tre@tparticles in cyclomix shows that either
just treated PMMA patrticles or PMMA coated withct@larticles have very good flowability.
The possible reason of this result should be hawmgarticle fragmentations in cyclomix
trials. On the other hand, it was observed thattéihe coated PMMA particles have always
better flowability than individually treated PMMAagicles in cyclomix.

In_the turbula trials, the PMMA particles have been pre-treated in ldiber to be able to

compare the results with other mixers. The prelanynstudy shows that mixing of particles
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in turbula doesn’t affect the particle charact@ss{size and shape) of the pre-treated PMMA
particles in hybridizer.

The visual analysis shows that there is discrgpe tyf talc coating on the PMMA particles
after coating them with talc particles in turbuléoreover, it was also observed that there are
some talc agglomerates in the mixture, becauseh@firsufficient mechanical forces in
turbula trials.

The results of the granulometer show that partideration pressure decreases with
increasing mass percentage of talc particles immixéure for all the cases.

Tapped density and FT4 results show that both 1865% talc coated pre-treated PMMA
particles in turbula have better flowability tharsi pre-treated PMMA particles because of
the lubricant property of talc particles.

In_the basic mixing trials like the other coated PMMA patrticles from diffeteequipments,

the visual analysis shows that we have obtainedratis coating after coating of particles by
basic mixing. So, it means that coating of the Ipasticles by guest particles can be achieved
by high energy impact coating devices and also &yesimple stirring method.

It was observed that the coating strength of théighes is inversely proportional to the mass
percentage of talc particles for the particles theg generated by basic mixing method.
Increasing mass percentage of talc particles imtix¢ure creates more talc agglomerates on
the surface of the PMMA particles. In the granultmoeanalysis, having more agglomerates
on the surface (more impact shock contact surfataje them easier to be broken after
having impacts with other particles or with the lwalf the granulometer.

The flowability analysis also shows that the tabated PMMA particles by basic mixing
method have better flowability than pre-treated PMparticles in hybridizer.

The effect of equipment on the end—use properti€sha particles,has been studied at the

end. It was observed that the coating strengtthefparticles that were treated in hybridizer
and cyclomix are much stronger compared to thegbestthat were coated in turbula and by
basic mixing method. The effect of mechanical epéhgt the high force mixers (hybridizer
& cyclomix) apply on the particles to break up #mglomerates and coat the host particles,
probably has an important role in this result.

The flowability results show that the flowability the talc coated particles in hybridizer and
cyclomix is better than the coated particles ibtla and basic mixing trials. Since, contrary
to high force mixers, turbula and basic mixing neetttan not supply sufficient mechanical
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energy to break-up the talc agglomerates and disgbem well on the surface of the PMMA
particles.
In_the second partithe effect of particle size ratio between host godst particles on the

end—use properties of the particles has been stuldiehis part, two different particle sizes of
cellets particles have been coated with two differparticle sizes of talc particles in
hybridizer, cyclomix, turbula and by basic mixingtnods.

In the preliminary study, the particles have bewhvidually treated with different operating
conditions of each equipment. The operating comatihave been chosen according to the
principle that the particles should keep their iplatsize in order to understand the effect of
particle size ratio on the end-use properties efghrticles. Afterwards the particles have
been coated with theoretical monolayer coating gregege of talc particles in different
equipments.

The visual analysis and also chemical analysishefdoating surface (ESEM/EDS) showed
that, for all of the dry coating trials, we haveaibed discrete type of coating like in the first
part of the study. It would be reason of the equptn operating conditions or the
characteristics of the particles.

The topographical analysis by using the AFM haslgne for initial and talc coated cellets
90 and cellets 200 patrticles. It was found thatsindace roughness of the cellets 90 particles
gets lower after coating with talc particles. Oa tther hand, it was observed that the surface
roughness of the cellets 200 particles also deedeaster coating with talc particles. The
possible reason should be the filling and closipghe gaps and valleys on the surface of the
cellets particles by talc.

The initial affinity of the particles has been sadiby roughly calculating the Van der Waals
forces between the particles. It was found thatgilrest particles have much more affinity to
adhere on the host particles than to guest pasti€da the other had, it should be considered
that the initial affinity of the particles and pal¢ adhesion is not straightforward.

By using the AFM, the adhesion forces between tmtigbes have also been found. It was
observed that the adhesion forces between talclearare much higher than talc and cellets
particles. It was also seen that after coatingedliets particles with talc, the adhesion force
increases because of contacts between talc-taiclpar

The mass percentage of talc particles on the surtdcthe cellets particles have been
calculated by using the results of the AFM andatieesion force model. It was observed that
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the introduced mass percentages of talc particeekigher than the calculated amounts on the
cellets 90 and cellets 200 particles. Agglomeratibtalc particles and non—analyzed surface
zones of host particles could be considered as pasgble reasons for this result.

The coating strength of the particles was one efethd—use property that has been studied. It
was seen that coating strength of the particlese@ses with increasing particle size ratio
between the particles, either by decreasing guasitc|e size, or increasing host particle size,
for all the cases. On the other hand, it shouldelnpeembered that there are many parameters
that affect the particle adhesion, like surfacegtmess, hardness, elasticity and surface free
energy. Surface roughness is one of the most imporharacteristic of the particles that
influences the adhesion between the particles,useci is strongly related to the geometry of
contact.

Contact angle and DVS methods have been used ér tydunderstand the water affinity of
the particles before and after coating with taldipkes. It was observed that the talc coated
cellets 90 and cellets 200 particles have lowertakdity compared to individually treated
cellets 90 and cellets 200 particles for all dratang trials with different equipment. It was
seen that, there is no significant effect of tadatong on the water affinity of the cellets 200
particles but on the other hand, it was observed the water affinity of the cellets 90
particles decreases, after coating with talc padian any dry coating equipment because of
hydrophobic characteristic of talc.
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Future Perspectives

In this research, dry particle coating has beeressfully used for the synthesis of particles
and the modification of the coating strength, flbMity and water affinity properties of the
particles have been studied. There are however rodrer applications where dry particle
coating technology can be used for the productiomproved composites. One such area is
in the dispersing kinetics of the coated partioldsch is another research and has been
studying by Guillaume Lefebvre in RAPSODEE.

In the area of particle adhesion, there are nunsefactors that still need to be studied. First,
the ability of the dry coating to de-agglomeratel a&ffectively disperse the guest particles
should be investigated both experimentally and riétezally. A study in order to model and
predict whether a guest particle would de-aggloteebased on the forces they are subjected
to in the devices would greatly simplify the choafeequipment and operating conditions for
chosen particles.

The methodology of the coating strength analysith wihe laser granulometer would be
improved by recovery of the samples after the @rpats and visually analyse them in order
to be sure if the change in particle size is besaighe particle detachment or breakage of
the particles.

To study the effect of coating on the mechanicapprties of a single particle would be also
another interesting approach. An equipment thealied Micromanipulator allows to find the
single mechanical properties of the particlesldb @&nables the operator to find the adhesion
forces between two single particles and afterwdnésresults would be compared with the
AFM in order to have two different approaches t® plarticle adhesion phenomena.

Dry particle coating process is very charming beeaof its certain advantages compared to
traditional coating methods in the industry. Sdfedent dry coating applications with specific
powder couples (food, metallurgy, cosmetic etcd anscale up study of the dry coating

process would be necessary and interesting fanthestrial applications.
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1. By Mechanofusion

EXAMPLES OF DRY PARTICLE COATING APPLICATIONS

Host Particles Guest Particles Equipment Objectives Author
PMMA TiO, - Improvement of flowability of PMMA
(5um) (15 nm) - Improvement of wettability of PMMA
Polystyrene resin _ - Rounding of the particles Yokoyama et al.,
Black Carbon Mechanofusion N
(10 pum) - Improvement of flowability 1987
PMMA Polytetrafluoroethyleng _ )
- Decreasing electrostatic charge of PMMA
(0,5 um) (PTFE ; 10 pm)
PMMA Black Magnetic Sphere ) - Evaluation of coating mechanism |of Alonso et al.,
Mechanofusion _
(50 um) (0.17 pm) particles 1989 (b)
- Creation of super conductive materials| by
_ coating
PMMA Silver ) ) Alonso et al.,
Mechanofusion - Understand the effect of size of metal
(50 um) (1 um) _ _ _ 1990 et 1991
particles and their concentration |on
conductivity

Magnesium Niobate
(PMN)

Magnesium Stearate
(MgSt)

Mechanofusion

- Microencapsulation of ceramic powders

- Improving of solid phase reactivity

Mort et al.,
1992
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Host Particles

Guest Particles

Equipment

Objectives

Author

Ag-Ni Alloy Ni _ - Development of electro — conductive Satoh et al.,
Mechanofusion _ _
(386 um) (1 um) material for industry 1992
Glass Spheres (23 um) _ - Characterization of composite particles _
TiO, . . _ _ Naito et al.,
PMMA (12 um) Mechanofusion - Analyzing the difference in surface enefgy
- (0,015 pm) _ 1993 (b)
Silica powder (26 um after coating
Fe&y.9:iMNg oSk Black Carbon _ - Improvement of thermo — conductivity [of Kita et al.,
Mechanofusion _
5-8pum) (0,02 -0,3 um) the particles 1997
Cu a-Al,03 - Preparation of metal oxide composites| by
(30 pm) (0,15 pm) . mechanofusion Kaga et al.,
Mechanofusion
Al>,O3 Cu - Study of surface state and compactnegs of 1997
(45 um) (0,2 um) the coating
Ni CoO . - Creation of new composite materials for Fukui et al.,
Mechanofusion
(8 um) (0,3 um) fuel cells (MCFCs). 2001
- Dry coating of Fe with Al203 particles |n
Fe Al,O3 . order to compare the temperature resistance Jay et al.,
Mechanofusion _ _
(150 um) (9 um) of the composite particles before and after 2006

coating
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2. By Magnetically Assisted Impact Coater (MAIC)

Host Particles Guest Particles Equipment Objectives Author
. - Effect of some parameters (particle sjze,
PMMA Alumina o _ Ata et al.,
MAIC collision frequency, treatment time) on dry
(200 pm) (20 pm) _ 1993
coating
o - Feasibility of MAIC for dry coating
Titanium
PMMA . process )
_ Alumina Singh et al.,
Alumina MAIC - Influence of some parameters (hardness of
_ _ Argent ) _ _ ) _ 1997 a) et b)
Nickel Hydroxide _ material, particle size, particles adhesion) on
Cobalt Oxide _
coating
Starch Silica o -
- Modification of flowability and water
(15 pm) (0,3 pm) . .
_ affinity properties of starch and cellulose
Cellulose Silica L Ramlakhan et al.
- Optimization of process parameters :
(180/40 pm) (0,3 um) MAIC _ . . . _ 2000
process time, particle size ratio, velocity of
PMMA Alumina _ _
magnetic particles
(200 pm) (0,05,0,2,0,4et1lpum
PMMA Alumina o _ . Singh et al.,
MAIC - Optimization of dry coating process time
(200 um) (0,7 um) 2001
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3. By Theta Composer

Host Particles

Guest Particles

Equipment

Objectives

Author

PMMA (50 um)

_ Iron Oxide - Evaluation of coating performance of thet®liyanami et al.,
Calcium Carbonate Theta Composer
(0,21 pm) composer 1994
(2,38 um)
Carbazochrome Sodiun - Multilayering & preparation of ethyl
Cellulose Sulfonate (CCSS) (5,4 cellulose microcapsules Fukumori et al.,

(149 - 180 pm)

Hm)

Theta Composer

- Control of dissolution and liberation
CCSS microcapsules

Df 1998

- Modification of surface properties of food

Food Fibre . - o
' o fibres : flowability and water affinity
sorbitol + glucose Hydrophilic Silica _ N Watano et al.,
- Influence of operating conditions on water
(80 um) (8 um) Theta Composer ) N ) ) 2000
adsorption, flowability, particle size and
dispersion of the particles
- Determination and optimization of
Copper Alumina operating conditions of theta composer bylwasaki et al.,
Theta Composer _ )
(69,1 um) (0,4 pm) analysing necessary energy of guest particle 2002
immobilization
a-Al,O3 Fiber y-Al,03 (27 - 56 nm) - Influence of initial particle charge & Coowanitwong
Theta Composer ]
(116,7 pm) CuO (16 — 32 nm) process time on the process et al., 2003

248




Appendix |

Host Particles Guest Particles Equipment Objectives Author
Silica Zinc Oxide - Optimizing the dry coating process lwazaki et a.
Theta Composer
(9,3 um) (0,02 pm) 2003
_ - Optimization of operating conditions _
Copper (69.1 um) | y-Alumina—1 (0.4 pm) _ lwazaki et
Theta Composer - Effect of guest particles amount on the
y-Alumina — 2 (1.3 um) al.2004

particle hardness

Cellulose
(150 — 177 pm)

Sodium Phosphate
(5.4 um)
Riboflavine (3.3 um)
Indometacine (6.7 pum)
Naproxen (5.2 um)
Nifedipine (2.1 pm)

Theta Composer

- Study the quality of the coating
- Improvement of flowability of the particle

2

Yoshikawa et al
2005
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4. By Hybridizer

Host Particles Guest Particles Equipment Objectives Author
PMMA (0.3 um) - Modification of wettability and water penetratioatio
o o o ) ) H. Honda et al.,
Nylon 12 (5 um) Titanium dioxide Hybridizer |properties of the particles 1087
(0.3 um) - Comparison with OM Dizer
Nylon 12 - Preparation of microspheres by dry coating method
_ o ' _ ' o H. Honda et al.,
Polyethylene Graphite fluorure Hybridizer | - Comparison with a binary mixing powder method 1088
Hypoxia Resin (5 pm)
Phenbutazone - Preparation of hybrid powders for pharmaceutical
Prednisolone industry by dry coating method
Theophylline o - Evolution of crystalline structure and surfacehgbrid| Ishizaka et al.,
Starch _ Hybridizer _ o o
Indometacin powders according to process time in hybridizer 1989
Phenacetine
Aspirin
Nylon 12 (5um) - Effect of electrostatic charge of powders on |the
Polyethylene (5 pm) PMMA (0,4 um) Hybridi composite particles H. Honda et al.,
ridizer
Polyethylene Silica (0,6 um) Y - Study the mechanism of adhesion in the preparaifo 1989
(2-10 pm) Polyethylene/Silica powders
_ ) ~ |- Improvement of dissolution in water property tiet Nakaya et al.,
Candelilla Wax Zinc Phosphate Hybridizer

particles

1991
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Host Particles Guest Particles Equipment Objectives Author
- Analysing the surface morphology
coated particles and modification |of
Polyethylene (5 um Silica (0,4 pum) Hybridizer electrostatic charges of the powders H. Honda et al.,
Nylon 12 (5 pm) PMMA (0,4 pm) - Study of adhesion mechanism in 1991
coating process and necessary energy
preparation of coated particles
Boride molybdenunj Nickel Hybridizer - Dry coating of particles in order to impro Oki et al.,
(MoB ; 3,2 um) (0,2 um) thermal resistance of the particles 1992
Titanium (Ti) Calcium Phosphate Hybridizer - Dry coating of porous biomaterials Oki et al.,
(150 pum) (Hydroxypatite) 1992
Polyethylene Silica Hybridizer - Improving the performance of column F. Honda et al.,
(5et10 um) (0,3-0,6-0,9 um) chromatography (CLHP) 1992
o - Effect of dry coating on the dissolution of Ishizaka et al.,
Starch Indometaciny)) Hybridizer _
Indometacine 1993 (a)
N-methylol acrylamide - Polymerization of composite particles '
Polyethylene (FB) (N-MMA ; solide Hybridizer - Effect of rotational velocity and ma ishizaka etal,
monomere réactif) fraction on the ratio of polymerisation 1993 (b)
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Host Particles Guest Particles Equipment Objectives Author
N - Estimation of adhesion energy (electrostatic &don
Polyethylene Silica . _ _ . H. Honda et al.,
Hybridizer |Van der Waals interactions) on the formation
(5et10 um) (0,3-0,6et0,9 um . . 1994
monolayer guest particle coating
Polyethylene . o - Evaluation of separation capacity of composité. Honda et al.,
Hydroxyapatite (HA) Hybridizer _ _ _ N
(10 pm) proteins and their mechanical stability 1995
Hydroxyapatite (HAP) Zirconium (PSZ2) Hvbridi - Formation of agglomerates of HAP/PSZ and study d¥latsuno et al.,
ybridizer _ . .
(9,32 um) (0,12 pm) structure and their mechanical resistance 1996
Polyethylene Silica (0,3 pum) Hvbridi - Preparation and characterization of surface| d¢f. Honda et al.,
- yoridizer : : :
(13,1 pm) Titanium (0,017 pm multilayered composite particles 1997
Polyethylene Cattle Bonne Powder Hvbridi - Utilisation of CBP composite patrticles for pucdtion| F. Honda et al.,
ridizer
(10 et 40 pum) (CBP) Y of proteins 1998
Titanium - Improvement of biomaterials for using in pulvatisn
Hydroxyapatite _ . )
(< 150 pm) - Improvement of dissolution Shmidt et al.,
Eudragit Hybridizer .
PMMA - Improvement of conductivity 1998

Insulator materials

Conductor materials

b
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—r

—r

Host Particles Guest Particles Equipment Objectives Author
- Modification of colour and luminosity of
the particles by dry coating
Polyethylene Red Bengara Powder Hvbridi - Effect of mass fraction, operation tinpe Shinohara et al.,
ybridizer _ _ . .
(40 et 180 um) (0,14 pm) operating velocity and average particle size 2000
of host particles on degree of homogengity
of the mixture
Cobalt (Co; 1,6 pm)
_ Aluminium Oxide - Effect of particle size on the mixing qual t&
Tungsten carbide o o _ | Kangwantrakool e
(Al203; 0,5 um) Hybridizer - Effect of mixing quality on the mechanical
(WC; 6 um) o . _ _ _ al., 2001
Titanium carbide properties of the composite particles
(TiC; 0,9 um)
Cobalt (Co; 1,4 um) _ _
o . - Evaluation of hardness of the compogite
_ Aluminium Oxide _ . .
Tungsten carbide o materials according to different mad&ngwantrakool e
(Al2O3; 0,5 um) Hybridizer ' _ _
(WC ; 6 um) o _ fractions of guest particles anc comparison al., 2002
Titanium carbide _
_ with WC — Co alloys
(TiC; 0,9 um)
Polyethylene (5um - Improving magnetic properties of the Lietal,
Nylon (10 um) yermy Gu Hybridizer .p J J Prop
Fe;04 (200 nm) particles 2003
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=

Host Particles Guest Particles Equipment Objectives Author
Cobalt (Co; 1,4 um - Sintering study and its effect on the
_ Aluminium Oxide microstructure and mechanical propertie$ of
Tungsten carbide o . . Kangwantrakool e
(Al2O3; 0,5 um) Hybridizer the WC — Co/TiC — AlO; particles
(WC; 6 um) o . al., 2003
Titanium carbide
(TiC ; 0,9 um)
- Discrete coating of materials by dry
Glass Spheres (300 pm) _ _ _ _
N . . coating techniques in order to increase|the
PMMA (200 pum) Silica carbide Mechanofusion, MAIC . Mohan et al.,
_ . o agglomeration temperature of the host
y-Alumina (80 un) (SiC; 3,2 um) and Hybridizer . _ _ . 2003
N . particles by coating them with high
Silica — Alumina (40 um ) _ _
temperature resistant materials (SiC)
Activated Carbon ) - Optimisation of taste masking and
Praziquantal o . . _ _ o Pieper et al.,
(1-50 um) Hybridizer improving the liberation kinetics of
(1-50 pm) . . _ 2004
Starch £50 pm) Praziquantal by dry coating technique
- Protecting pyrotechnic properties |of
Grinded Magnesium Carnuba Wax MAIC, Hybridizer and | magnesium powder by dry coating Mujumdar et al.,
(75 um) (15 um) Mechanofusion - Improving the humidity resistance of 2004

magnesium by dry coating
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Host Particles Guest Particles Equipment Objectives Author
Cohesive Starch Hydrophilic/hydrophobi¢ o - Improving the flowability of starch by Yang et al.,
. MAIC and Hybridizer )
(15 um) Silica dry coating method 2005
Active principle Magnesium Stearate Hvbrid - Evolution of interparticular forces Vilela et al.,
ridizer
(50 um) (2 um) Y between host and guest particles 2005
- Study the influence of rotational velocity
_ o S Feng et al.,
TiB2 (6 — 13 pum) BN (0.6 um) Hybridizer and operating time on the end use 2005
properties of the particles
Polyethylene Silica Hvbridi - Effect of process and filling rate of the | Uchiyama et al.,
ridizer
(85 um) 0,3-0,5etlum Y hybridizer on quality of coating 2006
) o - Modification of flowability and
- Magnesium Stearate Hybridizer and - _ Ouabbas et al.,
Silica Gel (55 pum) . wettability properties of powders
(5 um) Cyclomix . 2008 (a)
- Study of powder ageing
N Aerosil R200 (0.12 nm - modification of wettability & flowability
Silica Gel (55 pm) . o
Aerosil R974 (0.12 nm Hybridizer and of powders Ouabbas et al.,
Corn Starch (13 pm) . . .
MgSt (5 um) Cyclomix - Study of particle coating strength 2008 (b)

- Study of discharging kinetics of particlg
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CALCULATION OF MASS PERCENTAGE OF GUEST PARTICLES F OR

MONOLAYER COATING

The number of guest particles on host particlesrider to have a monolayer coating
can be calculated by using the ratio of particke €ind density between the host and

guest particles.

Guest Particl

\ 4

a

Effective Diamete

Figure A.1. Concept of the Monolayer Coating Model

Figure A.1 shows the concept of the model basicdlye model considers that the all
particles (host & guest) are spherical, have timesdiameter and there is no particle

deformation in the dry coating trials.

In order to calculate the percentage of guest gastion the host particle surface,

there are two hypotheses;

* The patrticle size ratio between the host and go@dicles is in the range of

‘ordered mixture’ concept (10< x<100)

* The guest particles appear as hexagonal packindpemsurface of the host

particle
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The hexagonal packing of the particles can be simmiculated by using
trigonometry as it can be seen from Figure A.2.

Figure A.2. Concept of Hexagonal Packing

There are 3 circles, 2 half circles in the sectiad the black and grey coloured parts
can also be calculated. The surface of the sphatenais the diameter of “D + d” can

be calculated as;

SA=7(D+d)’ (Eqn.A.1)

The projected surface area spherical guest patiela be calculated as;

4

If the number of guest particles in the mixtura iand the number of host particles is

N, then the number of contacts (z) between a hasgaest particles become;
A (Egn.A.3)

Where, Gp refers to compactness in 2 dimensions in hexagmaing. The number
of contacts can also be represented as the rdtiebe the number of guest and host

particles in the mixture;

d)’ d)’
36m1+— | D* 36 1+—
n_ /7( D) ) 6( D) (Eqn.A.4)

toA )
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Where;
m : mass of guest particles (g)
M : mass of host particles (g)
d : diameter of guest particlegr)
D : diameter of host particlegrf)
o density of guest particles (g/&m
on: density of host particles (g/én
The mass of host particles (M) and the mass oftquagticles (m) can be calculated

by using the equations A.5 and eqn.A.6;

6
m = ,0767d3n (Egn.A.6)

Then the ratio between the number of guest and pasgicles in the mixture

3:3.6(@[;)(1{3)2} EanAT)

This expression can be also converted into the fnassBon of guest particles in the
mixture (W);

becomes;

__m (Egn.A.8)
m+M

c
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COATING STRENGTH OF TALC COATED PMMA PARTICLES BY B ASIC
MIXING METHOD
Figure A.3, A4 and A5 shows the number particistribution and particle

liberation pressure of 1% and 5% talc coated PMNutiples by basic mixing

method.
—+-Talc -x-PMMA —+-Talc - PMMA
® PMMA 4000 rpm+1% Talc © PMMA 4000 rpm+5% Talc| o7 m PMMA 5600 rpm+1%Talc  © PMMA 5600 rpm+5% Talc
E
c
joxel 2 X X X X X s o go - X X X X X
=
N
n .
o
S
| ] 5 % | ]
o
° a a o o
° g ° 8 " g ; n
g 1 o
=
'\’\c—\Q—‘ z '\’\0\1\’—’
01
0 05 1 15 2 25 3 35 4 45 ) 05 1 15 2 25 3 35 4 45
Dispersing Pressure (bar) Dispersing Pressure (bar)
Figure A.3. Number Particle Size Mean vs. Figure A.4. Number Particle Size Mean vs.

Dispersing Pressure for Coated and Uncoated Dispersing Pressure for Coated and Uncoated

PMMA at 4000 rpm by Basic Mixing PMMA at 5600 rpm by Basic Mixing

It is observed that the particle liberation pressisr 0.9 bars for 4000 rpm treated
PMMA with 1% talc particles and it decreases to Ba8 for 5% talc coating. For
PMMA at 5600 rpm with 1% talc the particle libemati pressure is 1.1 bar and it

decreases to 0.7 bar for 5% talc coating

10
- ——Talc 9600 rpm - PMMA 9600 rpm
5 m PMMA 9600 rpm+19% Talc © PMMA 9600 rpm+5% Talc
3
=
S o
0 n %
] - Ey
'% "1 x\o o o
- T NN T—
38
S
-]
z
0,1

0 0,5 1 15 2 25 3 35 4 45 5

Dispersing Pressure (bar)

Figure A.5. Number Particle Size Mean vs. Dispersing Pressar€dated and
Uncoated PMMA at 9600 rpm by Basic Mixing
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PMMA treated at 9600 rpm with 1% talc coating, fheaticles start to detach (or
break up) at 1.9 bar and for 5% talc coating thréigde liberation pressure is 1.3 bar.

According to these results, for the particles trat treated by basic mixing method,

the particle liberation pressure decreases witlieasing talc percentage in the

coating.(table A.1)

Table A.1. Dispersing Pressures and Air Velocities for Plrtidetachment for 1%
and 5% Talc Coated PMMA Particles by Basic Mixing

Material Dispersing Air Pressure Air Velocity
PMMA at 4000 rpm + 1% Talc 0.9 bar 48 m/s
PMMA at 5600 rpm + 1% Talc 1.1 bar 56 m/s
PMMA at 9600 rpm + 1% Talc 1.9 bar 84 m/s
PMMA at 4000 rpm + 5% Talc 0.8 bar 44 m/s
PMMA at 5600 rpm + 5% Talc 0.7 bar 39 m/s
PMMA at 9600 rpm + 5% Talc 1.3 bar 64 m/s
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EFFECT OF TALC COATING ON THE ELECTROSTATIC PROPERT IES
OF PMMA PARTICLES

As it has been discussed previously, it was obseseene accumulation of PMMA
particles in hybridizer trials. It was observedtthgenerally the uncoated PMMA
particles stayed on the walls of stator, inside mb@rculation tube and the small

space between the rotor and stator (fig. A.6)

Figure A.6. Rotor and Stator of the Hybridizer after PMMA Tirmant

In order to understand the particle accumulaticndie hybridizer, the electrostatic
properties of the particles have been analysed ibyndtion of particle charge
method. Diminution of electrostatic charge of paes measurements are made using
a high voltage corona discharge to deposit a spaatlh of charge on the material to
be tested with a fast response field mill elecabstfield — meter used to measure
how quickly the deposited charge migrates away Hey decrease in the surface
voltage (Chubb, 2002). A physical arrangement foriution of electrostatic charge

of particles measurement is shown in Figure A.7.

fieldmeter

&

moving plate

haseplate

cluster of corena
discharge points

Figure A.7. Experimental Setup of Diminution of Electrostafibarge
Measurements (Chubb, 2002)
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The corona discharge is created by a brief puldaghf voltage (in the range £2.5 to
+10kV) applied to a cluster of discharge points mted on a moveable plate a short
distance above the surface to be tested. The calisnharge deposits a local patch
of charge on to the surface without contact. Asxsa® charge has been deposited the
moveable plate is moved away (in 20 — 30ms). Arfesponse field mill electrostatic
field—meter, that has been shielded by this platased to measure, without contact,
the voltage developed on the surface by this chamgehow quickly this voltage falls
(to % 40 of the initial value) as the charge migsaway (Chubb, 2002).

The measurements have been done at 20°C temperatdrel8—26 % relative

humidity. Figure A.8 shows the evaluation of suefaoltage according to time.

500,00

0,00 — ‘ ‘ ‘ ‘
——m
0,00E+00 @ 49?85;04 1,00E+05 1,50E+05 2,00E+05 2,50E+05 3,00E+05

-500,00 1§

-1000,00

Potential (V)

-1500,00 & _ _ m

e - E—_ Y — —
ghago8— —a— 88—

-2000,00 3 —=- PMMA initial —=- PMMA at 4000 rpm

—o— Talc initial -o- PMMA+Talc 1%
-o- PMMA+Talc 5%

-2500,00

Time (sec)

Figure A.8. Discharging Time for Initial and Coated Materials

The results show that, the discharging time ofahtilc particles is very short (in 7
seconds). On the other hand, initial PMMA partictesed 3.5 months and treated
PMMA patrticles at 4000 rpm need 1 month for disgivag. The results of coated
PMMA particles show the effect of talc coating thiat the increasing mass
percentage of talc particles in the mixture dea@sadischarging time of the

composite particles. The discharging time for eactterial can be seen in the table
A2
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Table A.2.Discharging Time for Initial and Coated Materials

Material Time of Discharging
Talc Initial 7.3 second
PMMA Initial 74.5 days
PMMA at 4000 rpm 30.2 days
PMMA + 1 % Talc at 4000 rpm 11.9 days
PMMA + 5 % Talc at 4000 rpm 19 minutes

As conclusion, it was observed that the talc cgatias an important role on the
modification of discharge time of composite paggl It shows that both lubricant
and electrostatic discharging properties of talcrtiglas decreases patrticle
accumulation in hybridizer trials.
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CHARACTERISTICS OF DIFFERENT AFM PROBES

1. Characteristics of Tapping Mode Probe (MP11120) an€antilever
MPP-11120

Tap300 Metrology Probes

Tip Specifications _antilever Specifications
Geometry: Anisolropic i
e ‘e ;Upm 0.5 - 2 Qcm Phosphorus (n) doped Si
Front Angle: | ol

Back Angle: 25 ¢:2°

Side Angle: 17.5% £ 27

Tip ROC: <10nm b i kness, Range 3.5pm - 4.5pm

Tip ROC Max 12.5nm '

TSB Nom; 15pm

TSB Range: Spm - 25pm

Tilt Comp: .

Spike Ht Nom;

Spike Ht Range:

Spike W:

Spike W Range: " 40 +/- 10nm of Al

Overhang:

Effective Neck:

MPP11120-10° Unmounted  Tap300: 40N/m, 300kHz, Symmetric Tip, Al Reflective Cooling

MPP-11120-50 Unmounled  Tapd00: 40N/m, 300kHz, Symmeiric Tip, Al Reflective Coating M i
MPP-11120-70 Unmounted  Top300: 40N/m, 300kHz, Symmetric Tip, Al Reflechive Coating : i ; Al B el n :
MPP-11120-100 Unmounted  Tapd00: 40h/m, 300kHz, Symmelric Tip, Al Refleciive Coafing ) anguldr 300 200 400 40 20 80

MPP-1T120W  Unmounted  Tap300: 40N/m, 300kHz, Symmetric Tip, Al Refleciive Coaling
MPP-1112310 CP Top300: 40M/m, 300kHz, Symmutric Tip, Al Reflactive Cooting
MPP-11123-50 CP Tap300: 40M/m, 300kHz, Symmetric Tip, Al Reflective Cooling
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2. Characteristics of Contact Mode Probe (NP) and Caiilever

NP
NP Series Probes

Silicon Nitride Probes

Tip Specifications

- Cantilever Specifications

Geometry: Cast Material: Silicon Nilride
Tip Height: 2 5pm - 3.5pm
Front Angle: 35° £ 2°
Back Angle: 35°+2° Thickness, Nom: 0 Spm
Side Angle: 35° = 2°
'Tii;aROC.g“' 20nm Thickness, Runga Q0 4pm - 0.7pm
Tip ROC Max: A0nm
TSB Nom Apm
TSB Range: 3pm - 5.5pm i Front Sitle Coaling:
Tilt Comp: /’;\\\ None
; - s .
Spike ange: e e e 1 2
"‘Eike W i g Buck Side Coating:
2 .
Spike W Range: - i Bottom Layer: 15am of Cr
Overhang = [ AN Top layer: 40nm of Au
Effective Neck: . 2

Unmou‘;ted Confilavers 0,06 - 0; Reflactive Cooling 10

MP20 Unmounted 4 Cantilevers 0.06 - 0.58 N,frn; Au Reflectiva Coaling 1 20 4

KNP Unmourted 4 Cantilovers 0.06 - 0.58 M/m; Au Reflective Caaling 100

P Uninournted 4 Contilavers 0.06 - 0.58 N /m; Au Reflective Coaling 500 a7 ;im.gulm .

Notes: i-_'C * Triangular 17 13 2 |! ‘
Lawn ' ik B) i [ D ! Triangular 23 18 28; |
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CALCULATION OF ADHESION ENERGY BETWEEN PMMA & TALC
PARTICLES

Dry particle coating devices impart energy to systeof host and guest particles by
the application of mechanical forces, causing theiges to impact each other.
Impacting guest particles can either adhere tchtys particle or rebound becoming
detached from the host particle, depending on thgnitude of the adhesion forces
between the host and the guest particles afteratigga Therefore, in this part it was
aimed to theoretically calculate the adhesion endsgtween PMMA and talc
particles. According to this information, it woulte possible to predict the initial
affinity of the two materials adhering to each otater an impaction.

Ramlakhan et al. (2001) presented a model to deseadhesion of particles due to
elastic-plastic impacts with a surface. The modelstders elastic deformation in the
two impacting bodies and plastic deformation in slofter of the two bodies. For a
guest particle G, impacting on a host particlel, ¢riteria which allows the particle

to rebound is given by:

Q@ -Q.)>Q, (Eqn.A.9)
Where Q is the impacting energy due to an impacting v&jogi), Q, is the energy
dissipation in plastic deformation @ the adhesion energy between guest and host
particles after collision.
The model is based on elastic and plastic defoonation one of the impacting
bodies, with only elastic deformation occurringtie other. There are two stages of
the first phase for the interaction between theaatipg bodies. The first stage is
characterized by the purely elastic deformationtheftwo bodies due to impaction.
The impact progresses until the pressure betwesmwb bodies reaches the elastic
yield limit of the softer of the two bodies. Foretimodel to be valid the impaction

velocity (v) must be larger than the elastic limgtivelocity (p):
4= ( 2nj2 2 v (Eqn.A.10)
3K ) \ 50
Where y is the elastic yield limit of the softertb& two bodiesp is the density of the
impacting particle and K is defined by the eqn.A.11
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4 (Egn.A.11)

[87rlk, +k, )]

With;
_[1-v?) (Eqn.A.12)
k =
(7€)

Wherev; is the Poisson ratio and, 5 the Young’'s modulus of particle i. The
properties of the materials, which would be usedtli@ calculations, are given in
table A.3.

Table A.3.Properties of the Materials

Properties PMMA (160 pum) Talc (15 pm)

Elastic Yield Limit (Pa) 10 x 10 5x 16
Density (kg/r) 1190 2691

Poisson’s Ratio 0.5 0.268

Young’s Modulus (Mpa) 3300 7380
Hardness (Mohs) 1.50 1
Dispersive Surface Energy 38 41.2

(mJ/m?2)

By using the eqn.A.12, k value for PMMAjkwas found 7.21*18" and k value for
talc (ko) was found 4.01*18". Afterwards the K was found 3.78*1By using k and
ko values in the eqn.A.11.

Therefore the elastic limiting velocity is:

2
o= 2" 2__\5%10°)* = 0.00031/s
3+ 378*10°) (51190

The second stage continues until the two particte® zero relative velocity. During
this stage, there is growth of a region of pladgformation of the softer of the two
particles. This area of plastic deformation is sunded by an annulus in which only
elastic deformation occurs. Using conversationrargy, the total kinetic energy of

the impaction Qcan be expressed as:
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(Egn.A.13)

2

Where Qs the energy stored as elastic deformationsenatinular region andyQ

QI :(V mj:Qe+Qpe+Qp

is the energy stored as elastic deformations iratba of plastic deformation. v is the
impacting velocity and m is the mass of the imparguest particle which is talc in
our system. In this calculation v has been choseh m/s and afterwards the Was
found 1.9*10"j.

The energy used to produce the plastic deformatahthe energy stored as elastic

energy in the area of plastic deformation can lpFessed as:

2

(vaz —Elgmgézj | —(185m¢2j | (Eqn.A.14)

Q = >

For our system @was found 1.88*1%% j. Then, it is possible to find the erngy for
rebound by using the eqn.A.9:

Q| _Qp =19*10"*? -188*102 =2* 1O_l4j
The adhesion energy of the two particles that hphtticles together after impaction

is found from the expression:

U, =U, +Uq (Eqn.A.15)
Where U is the total adhesion energy and is equal 4p @ is the adhesion due to
mechanical energy andsUs the adhesion due to surface energy. &hd W is

defined by following equations.

_p[PRT+2RP™ (Eqn.A.16)
M~ To 3K2/3R01/3
U =Apd R o (Eqn.A.17)
s K

Where R is the external force applied to the contactingigias (R=mg), m is the
mass of the guest particle, g is the gravitatidoate, Ay is the surface adhesive

energy per unit area and R the contact geometry parameter.
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Po was found 3.8*10-11 N for our systemy and R was found by using the

following equations:

Ay = Z(Vf % )0-5 (Egn.A.18)
i:iJri (Egn.A.19)
R R R

Wherey; is the dispersive energy component of particl.ijs the radius of host
particle and Ris the radius of the guest particle. For our systey was found 0.079
J/m2 and Rwas found 6.45*18.

The projected radius of plastic deformation tha particle undergoes is found by

the following expression:

P =P +3ApR +[(PO +30AYR )’ - Poz]ll2 (Eqn.A.20)

The R value was found 9.6*IDN for our system. Afterwards it is possible to
calculate Y(=Qa) by using eqn.A.15, egn.A.16 and eqn.A.17 in oraepredict

whether talc particle would adhere to or reboundifthe surface of PMMA patrticle.

U, =U, +U,=026*10° +16*10™ = 026*10°j =Q,
The Q — @ relation has already been found and it was 24501t shows that the
talc particles have initial affinity to adhere dmetsurface of the PMMA patrticles,

because;

Q@ -Q.)<Q,
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CHEMICAL ANALYSIS OF THE PARTICLE SURFACE WITH ENER GY
DISPERSIVE SPECTROMETER (EDS)

The EDS was used to analyse the chemical composifithe talc coated cellets 90
and cellets 200 particles in order to understanel type of coating (discrete,

continuous).

An 00 120 108 M Mm mm inm 3600 4.00 8.00 12.00 16.00 20.00 24.00 28.00 32.00 36.00

Figure A.9. Chemical Analysis of Talc Coated Cellets 90 Phatiic Cyclomix

> W
000« SECBE' 001 TIF
= =

4.00 8.00 12.00 16.00 20.00 24.00 28.00 32.00 36.00 in Bm 1200 108 M Mm mm nm 3600

Figure A.10.Chemical Analysis of Talc Coated Cellets 90 Phtiic Turbula
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D
93001 TIF

4.00 3.00 12.00 16.00 20.00 24.00 28.00 32.00 36.00 4.00 8.00 12.00 16.00 20.00 24.00 28.00 32.00 36.00

Figure A.11.Chemical Analysis of Talc Coated Cellets 90 Phrty Basic Mixing

in Eon 1z 1608 wmm pall} wm Erall 3600 4.00 §.00 12.00 16.00 20.00 24.00 28.00 32.00 36.00

Figure A.12.Chemical Analysis of Talc Coated Cellets 200 Rkrtin Hybridizer
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lLl—"' E00 1700 1600 Z00® 2400 ZEOD 3700 3600 |ﬂ“

Figure A.13.Chemical Analysis of Talc Coated Cellets 200 ertin Turbula

4.00 800 12.00 16.00 20.00 24.00 28.00 32.00 36.00

100 jim

WD F
0O1TTIE

’_ lll- m 120 1608 o 4m mm inm 3600 4.00 8.00 12.00 16.00 20.00 24.00 28.00 32.00 36.00
Figure A.14.Chemical Analysis of Talc Coated Cellets 200 Rkrtby Basic
Mixing Method

It was observed that there are silicon and magnmegeaks in some regions of
surface of both coated cellets 90 and cellets 200gtes for all the cases. It shows

that there are talc particles in these surface zdmg on the other hand, there are
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some surface regions where there is just carboroapgen peaks. It shows us that,
we have obtained discrete type of talc coating oth lzellets 90 and cellets 200

particles in all different coating equipments.
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CONTACT ANGLE MEASUREMENTS OF TALC COATED CELLETS P ARTICLES

The contact angle measurements of talc coatedicgléticles have been done with sessile

drop technique in order to understand the effe¢alofcoating and dry coating equipment on

the wettability property of the composite particles

Figure A.15 and A.16 show the images contact amgdasurements for talc coated cellets 90

and cellets 200 particles in different dry coateggipments. It was observed that there is no

significant difference between coated cellets 99 egllets 200 particles. Moreover, it can be

seen that there is no significant difference betwé#®e coated particles in hybridizer,
cyclomix or basic mixing technique. It was obsentbdt the water droplet stays on the

particles surface even after 30 seconds.

A4

(A)

30 seconds aft

—
(B)

30 seconds afte
©)

30 seconds aft

Figure A.15. Contact Angle Measurements of (A) Coated Cellét®8rticles in Cyclomix
(B) Coated Cellets 90 Particles in Turbula (C) @datellets 90 Particles by Basic Mixing
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(A)

(B)

(©)

30 seconds aft
—_—

30 seconds aft

30 seconds aft
—_—

Figure A.16. Contact Angle Measurements of (A) Coated Cell&® Rarticles in Cyclomix

Table A.4. AverageContact Angle Values of the Particles

(B) Coated Cellets 200 Particles in Turbula (C) ©€daCellets 200 Particles by Basic Mixing

SAMPLE Ave. Contact Angle 0°)

Talc 66 + 3.3

Cellets 90 Hybridizer 534+7.1
Cellets 200 Hybridizer 57.6+54
Cellets 90 + 9.6 % Talc Hybridizer 62.7+4.8
Cellets 200 + 3 % Talc Hybridizer 63.8+3.3
Cellets 90 Cyclomix 544 +6.2
Cellets 200 Cyclomix 545+4.3
Cellets 90 + 9.6 % Talc Cyclomix 62.3+2.7
Cellets 200 + 3 % Talc Cyclomix 64.4+55
Pre-Treated Cellets 90 + 9.6 % Talc Turbula 649+7.1
Pre-Treated Cellets 200 + 3 % Talc Turbula 61.3+1.8
Pre-Treated Cellets 90 + 9.6 % Talc Basic Mixing 60.1 £ 8.6
Pre-Treated Cellets 200 + 3 % Talc Basic Mixing 61.6 +4.3
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EUROPEAN UNION 6" FRAMEWORK PROGRAM BIOPOWDERS PROJECT

This work has been supported by the EUfamework program “Biopowders” Marie Curie
research training network. The focus of the projectto highlight industry problems,
knowledge barriers and research and developmerdrtypyities in relation to food powders.
It highlights the priority research needs for depehent of new and improved powder
products and processes. It is envisaged that tilisagt as a necessary step in fostering the
potential for future research ideas and collabeeatesearch.
This work has been presented in several conferences
» International Congress on Particle Technology, Nimerg, Germany, 27-29 March
2007
* Mini conference of Biopowders Project (Research hddblogy & research project
management), Delft, Netherlands, 13-17 March 2007
* Mini conference of Biopowders Project (Advance®owder Technology), Budapest,
Hungary, 13-14 September 2007
* International Symposium Reliable Flow of Partical&olids IV, Tromso, Norway,
10-12 June 2008
» Particulate System Analysis 08, Warwickshire, Ushikéhgdom, 2-4 September 2008
* Mini conference of Biopowders Project (Biopowderdjlassy, France, 18-19
September 2008

@r

SIXTH FRAMEWORIK s
PROGRAMME MARIE CLURIE ACTIONS
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The work has also been published in several comeations;

OTLES S., CHAMAYOU A., GALET L., LECOQ O., DODDS ,J(2008), Adhesive
Forces and Surface Modification in Dry Particle @og In Proc: Particulate Systems
Analysis, Warwickshire, UK

OTLES S., CHAMAYOU A., GALET L., LECOQ 0., DODDS,J2008), Dry Particle —
High Impact — Coating of Biopowders — Coating Stnegof Biopowders, In
Proc:International Symposium Reliable Flow of Rantite Solids 1V, Tromso, Norway
(This paper was also submitted in Powder SciendeTachnology)

OTLES S.,CHAMAYOU A., GALET L., LECOQ O., DODDS J(2007), Flowability
Improvement of Biopowders by Dry Particle — Highplact — Coating, Advances in the
Powder Technology, ISBN 978-963-9696-23-5

OTLES S., CHAMAYOU A., GALET L., LECOQ O., DODDS,J(2007), Biopowders
Surface Modification by Dry Particle — High ImpaetCoating, In Proc: International

Congress on Particle Technology, Nuremberg, Germany
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Abstract

Powder coating is an important process for manfewint industries. It focuses on
modifying the surface properties and/or functiciyadif powders that the natural product does
not offer. Surface modification of particles can dene by wet and dry coating methods.
However, wet coating methods have become lessathésirecently because of environmental
concerns over the resulting waste streams andlpeséOC emissions. Dry powder coating
is an alternative technology avoiding the previonawbacks, and with the advantages of
having small processing time, of being environmigntiiendly and with relatively low
energy Costs.

Dry patrticle coating consists of three main terpwyder couple, process and the end-
use properties of the composite particles. Theablge of this study is the have a fundamental
knowledge on dry particle coating to better underdtthe interactions between these terms
and also classify the criteria that affect the esd-properties of the particles. In this work,
two different model couples have been treated MWferént equipments and the end-use
properties of the composite particles have beenpened with each other by using several
characterization techniques. In the first parthaf study, we focus on the processes and their
operating conditions influencing the coating pheeaomand to the development of the AFM
technique to derive coating coverage informationthe second part the influence of the size
of the host and guest particles on the end-useeptiep are studied.

Key Words: Biopowders, Dry Particle Coating, Composite Pagsclinterparticular Forces,
Coating Strength, Atomic Force Microscopy

Résumeé

L'enrobage des poudres est un procédé importastldanonde industriel. Ce procedé
consiste en la modification des propriétés de sarfet/ou des propriétés fonctionnelles de
poudre qui ne possede pas ces propriétés initislerha modification de la surface des
particules peut étre effectuée par enrobage enhuniide ou séc. Cependant, I'enrobage
humide devient de moins en moins souhaitable ersomai de préoccupations
environnementales due au reject de COV. Ainsirdieage a sec parait étre la technologie
alternative adaptée pour éviter les inconvénienésgaents tout en ayant des avantages tel
gu'un faible temps de traitement, un faible co@@rgétiqgue ou encore d'étre plus respectueux
de I'environnement.

L'enrobage a sec met en avant trois termes imgsrtde couple de poudre, le procédé
et les propriétés d'usage des particules compodsitelsjectif de cette étude est d'ameliorer
connaissance fondamentale du procédé d'enrobagec ap@ur mieux comprendre les
interactions entre ces termes et aussi de classifiecriteres qui affectent les propriétés
d'usage des particules composées. Dans ce traeaik differents couples models ont été
traités avec différents équipements et les progsiétusage des particules ainsi obtenus ont
été étudiées graces a des techniques de caraitérideverses. Dans la premiere partie de ce
travail, nous avons d'une part, étudié le procédéseconditions opératoires qui influencent le
phénomene d'enrobage et d'autre part développéclanigue AFM pour obtenir des
informations sur la nature de I'enrobage effectigéseconde partie quant a elle, traite de
I'influence de la taille des particules hoétes gitées sur les proprétés d’'usage.

Mots Clés: Biopoudres, Enrobage a Sec, Particules Composékdit&od’enrobage,
Microscopie de Force Atomique
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