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Resume

Résumé

Dans ce travail de thése, des travaux expérimentaux et de modélisation ont été réalisés pour étudier
I'enrobage de particules en voie séche ainsi que les interactions entre les particules pendant le processus
d'enrobage. L'objectif de la partie expérimentale était de préparer de nouveaux supports de catalyseurs
pour une réaction de méthanation via un mélangeur a haut cisaillement "Picomix". Suite a ce travail
expérimental sur I'enrobage a sec et la préparation des supports et des catalyseurs, de nombreuses questions
sont apparues sur les phénomeénes de collisions et d'adhésions des particules dans le picomix, ainsi que sur
la variation des différentes forces appliquées a la surface des particules et sur les vitesses des particules.
Par conséquent, le travail de modélisation visait a révéler le mouvement des particules et a nous aider a

mieux comprendre le processus de revétement a sec.

Dans la partie expérimentale, les nouveaux supports TiO»/y-Al,Os, SiO»/y-Al,Os, Zeolite/y-AlLOs,
TiO2/S.S316L, SiO»/S.S316L, et Zeolite/S.S316L ont été préparés par force mécanique (force
d'impact/compression/cisaillement) dans le picomix (Hosokawa Micro B.V) dans les conditions suivantes :
3500 rpm, 5 mins, taux de remplissage 40% (40 mL sur 100 mL). Cependant, ces poudres (Zeolite, SiO»,
Ti0,) étaient trés cohésives et formaient des agglomérats de tailles incontrdlables. Le processus d'enrobage
requiert la taille des particules primaires et non celle des particules agglomérées. Par conséquent, 5
techniques ont été incluses : LD (diffraction laser), TEM (microscope électronique a transmission), DLS
(diffusion dynamique de la lumiére), SAXS (diffusion des rayons X aux petits angles), BET (surface
spécifique) pour mesurer la taille des nanoparticules. Les trois techniques LD, TEM, DLS ont fourni des
résultats qui ont été utilisés pour accomplir la préparation de nouveaux supports. En effet, BET n'est
valable que pour des poudres sphériques, non poreuses, monodispersées et a surface lisse. Ce n'est pas le
cas pour nos trois poudres : TiO», SiO; et Zeolite. Ainsi, la taille donnée par BET n'a pas été appliquée
dans 1'étude expérimentale. SAXS donne théoriquement des mesures précises de la taille nanométrique,
cependant nous n’avons pas ce type d’appareil dans notre laboratoire. Les nouveaux supports préparés ont

été caractérisés par diverses méthodes pour indiquer la performance du revétement en voie séche.

Dans la partie numérique, la modélisation DEM a été utilisée pour explorer l'interaction des particules
dans le mélangeur a haut cisaillement "Picomix". La modélisation numérique du revétement de particules
en voie seche dans le picomix a été réalisée a l'aide d'un logiciel commercial de simulation DEM, EDEM
2018.3.0 et EDEM 2020.3.1 (licence académique avec 8 CPU, DEM solutions Ltd., Edinburgh, UK) avec
le modéle de contact (sans glissement) de Hertz-Mindlin et le modéle cohésif de Hertz Mindlin + JKR.

Trois ordinateurs ont été utilisés dans cette étude, deux d'entre eux sont équipés d'un processeur Intel(R)
10



Resume

Core(TM) 17-4790 CPU@3.60Hz, et 8.0Go de RAM ; un autre est équipé d'un processeur Intel(R) Xeon(R)
CPU E5-1650 v2 @3.5GHz, et 32.0Go de RAM. Le modele de contact de Hertz-Mindlin (sans glissement)
a été utilisé pour étudier le mélange des deux particules hotes (y-AlOs et S.S316L) respectivement. Le
mode¢le de cohésion Hertz-Mindlin avec JKR a été utilisé pour modéliser la cohésion entre les particules

invitées (particules de TiO,) et les particules hotes (particules de y-Al,O3).

Les effets de la taille des particules, du taux de remplissage, de la vitesse de rotation, du module de Young
ont été simulés sur deux particules hotes y-Al,Os et S.S316L, a l'aide du modéle de contact (sans
glissement) de Hertz-Mindlin. Ensuite, la modélisation des particules hotes (particules de y-Al,Os) et des
particules invitées (particules de TiO») a été réalisée, et l'influence de 1'énergie de surface des particules

hétes/invitées a été étudiée par le modéle de cohésion Hertz-Mindlin avec JKR.
Dans I'é¢tude expérimentale

1) Il a été constaté que parmi les cing techniques d'analyse des nanopoudres, la technique LD fournissait
la plus grande taille de particule pour la méme quantité de nanopoudre, car elle mesurait les agglomérats.
La DLS a donné une taille plus petite mais les particules forment toujours des agglomérats. Le TEM a
indiqué le plus petit diametre car cette technique permet de voir les particules et de les mesurer par
traitement d'image. Il est intéressant de noter que les différences de taille des nanoparticules ont été
déterminées par ['utilisation de différentes techniques. Ceci n'est pas dii a des erreurs de mesure, mais en
fait a la spécificité de chaque technique. Le TEM mesure la taille géométrique des nanoparticules déposées
sur la surface ; l'avantage du TEM est donc de pouvoir observer directement la morphologie et de
déterminer la taille de la particule, ce qui offre une certaine intuitivité et crédibilité. Cependant, cette
méthode est le résultat de l'observation de zones locales, elle présente donc certaines contingences et
erreurs statistiques. La taille moyenne des nanoparticules peut tre obtenue par la mesure et 1'analyse
statistique de la taille des particules avec un certain nombre de photos. Par conséquent, la différence entre

les tailles des nanoparticules pour une méme particule est due aux agglomérats.

2) La distribution de la taille des particules a indiqué que les particules invitées adhéraient aux particules
hétes, car les supports nouvellement préparés ont fourni presque la méme distribution granulométrique
que les particules hotes. La taille des particules des nouveaux supports semble suivre 1'ordre suivant :

Zeolite'?/S.S316L > ZeoliteS/S.S316L > Zeolite™/S.S316L, ce qui est un trés bon résultat, car il

correspond 4 la taille originale des particules invitées Zeolite'® > ZeoliteP™S > Zeolite ™™,
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3) Les morphologies de surface des images SEM ont démontré que pour les particules de TiO,'P, SiO,P
et Zeolite™P, que le revétement soit avec S.S316L ou y-Al,Os, chaque particule hote était couverte par des
particules invitées et formait une couche de revétement épaisse. De nombreuses particules invitées
agglomérées (en raison de la forte force interparticulaire) peuvent étre directement observées a la surface
des particules hotes. Lorsque TiO,PLS, SiO,PLS et ZeoliteP™S sont déposées sur du S.S316L ou de y-ALOs,
on note plutdt une surface lisse mais avec un petit nombre de débris (particules invitées agglomérées). En
ce qui concerne les images obtenues par SEM, la taille TEM a fourni le meilleur revétement avec une
surface lisse sans aucun débris. C'est-a-dire que TiO>™M/S.S316L, Si0,™M/S.S316L Zeolite™/S.S316L,
TiO™M/y-AL O3, Si0,™M/y-ALLOs, et Zeolite™/y-Al,05 ont présenté le meilleur revétement.

4) Le calcul de I'épaisseur du revétement a de nouveau validé directement les résultats des images MEB
et I'analyse de la distribution de la taille des particules selon lesquels TiO,™/S.S316L, Si0,™M/S.S316L,
Zeolite™M/S.S316L, TiO,"™™™/y-AL, 05, Si02™M/y-ALO; et Zeolite™™/y-ALO; ont présenté le meilleur
revétement. Néanmoins, une ou deux particules ont été prises en compte dans I'évaluation de 1'épaisseur
du revétement. Ces valeurs manquaient d'un certain degré de fiabilité, et peut-&tre y avait-il une erreur

entre elles et 1'épaisseur réelle du revétement.

5) Dans le calcul des particules invitées non enrobées, il a été constaté que toutes les particules invitées
n'adhéraient pas aux particules hotes, mais I'évaluation des particules invitées non enrobées a montré qu'il
y avait beaucoup moins de petites particules invitées non enrobées pour S.S316L (la fraction en masse
maximale pour une particule non enrobée est de 1.62% pour Zeolite"/S.S316L). Cependant, lors de
I'enrobage avec y-Al:Os, la fraction massique des particules non enrobées était relativement élevée quel
que soit le type de particules avec lesquelles elles étaient enrobées, la fraction massique de zéolithe non

enrobée pouvant atteindre 11.48 % (Zeolite"?/y-Al,0O5).
Dans I'é¢tude de la modélisation

1) La modélisation des particules hotes de mélange a révélé qu'au début du processus de mélange, les

particules se sont déplacées du fond au sommet du picomix.

2) Les données de modélisation ont démontré que la taille des particules et la vitesse de rotation ont un
effet significatif sur la vitesse des particules, les forces de contact, le chevauchement et 1'énergie. L'effet
du taux de remplissage et du module de Young sur le comportement des particules semble étre partiel. Par
exemple, la force de contact normale et le chevauchement normal sont sensible a I'augmentation du taux
de remplissage, mais la vitesse des particules n'a pas montré de changement évident avec la variation du

taux de remplissage. Puisque la I’amplitude du module de Young représente 1’effet de la rigidité, les
12
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forces de contact normales/tangentielles et le chevauchement normal/tangentiel sont associés a la rigidité
et ont un effet significatif. Il convient de mentionner que la variation de tous les paramétres (taille des
particules, vitesse de rotation, taux de remplissage et module de Young) a un effet plus important sur les
particules de S.S316L que sur les particules de y-Al,Os. Cela pourrait étre di a la propriété du matériau

lui-méme, comme la densité et la dureté du S.S316L, qui sont plus élevées que celles du y-ALOs.

3) L'énergie de surface de la particule est un parameétre clé a estimer et surtout, elle a un grand impact sur
le modele cohésif JKR de Hertz-Mindlin pour étudier le processus de revétement. Lorsque le rapport de
taille Dhost/Dguest =10 (le diameétre du y-Al,O; était de 1.0 mm, le diamétre du TiO; de 0.1 mm), la force de
contact normale/tangentielle moyenne, le chevauchement normal/tangentiel moyen, 1'énergie cinétique
translationnelle/rotationnelle moyenne, 1'énergie potenticlle moyenne et la vitesse moyenne ont tous
augmenté avec l'augmentation de l'énergie interfaciale du y-Al,O3-TiO,. Lorsque le rapport de taille
Dhost/Dguest =25 (le diameétre de y-Al,O; était de 1.0 mm, le diamétre de TiO, était de 0.04 mm), le
recouvrement normal moyen a commencé a augmenter avec I'augmentation de I'énergie interfaciale de y-
AL Os-TiO,, et le recouvrement normal moyen a atteint un maximum lorsque 1'énergie interfaciale de y-
AlLO5-TiO; a atteint 20 J/m?. Aprés cela, il a commencé a diminuer lorsque I'énergie interfaciale de TiO,-
v-AlLOs a augmenté, ce qui indique que l'énergie interfaciale de y-Al,O5-TiO, de 20 J/m? est 'énergie
interfaciale maximale requise pour le revétement entre y-Al,Os et TiO, lorsque le diamétre de y-Al,O3
était de 1.0 mm et le diamétre de TiO, de 0.04 mm. Le nombre de particules de TiO, déposées sur la
particule de y-Al,Os a également prouvé que lorsque 1'énergie interfaciale de y-Al,O3-TiO; est de 20 J/m?,
90% des particules de TiO» adherent a la particule de y-Al.O; (2442 particules de TiO; adhérent a la
particule de y-Al>O; sur 2704). L'effet de 1'augmentation de 1'énergie interfaciale de y-Al,O3-TiO; sur la

vitesse, I'énergie potentielle et 1'énergie cinétique de translation n'était pas tres évident.

D'une certaine maniére, les données issues des simulations ont été corrélées avec les résultats des
expériences. Dans les mémes conditions expérimentales, avec les mémes particules invitées, le revétement
de y-Al,Os n'était pas aussi bon que celui de S.S316L. Dans 1'étude de simulation, il a été constaté que la
variation de tous les paramétres (taille des particules, vitesse de rotation, taux de remplissage et module
de Young) a un effet plus important sur les particules de S.S316L que sur les particules de y-Al,Os. Cela
pourrait étre di a la propriété du matériau lui-méme, comme la densité et la dureté du S.S316L, qui sont
plus élevées que celles du y-AlxOs. Ou cela pourrait étre di au fait que le matériau du picomix est l'acier,

ce qui signifie que les particules de S.S316L et le picomix sont également attractifs pour les particules.
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Abstract

Abstract

The objective of this thesis is to propose a new methodology — dry particle coating technique to prepare
catalyst supports for the methanation reaction. Dry particle coating is considered as an environmentally
friendly and low-cost technique. However, it is crucial to understand the mechanism of the dry coating
process, the factors affect the coating performance, the evaluation of the coating quality, the large-scale

production as well as the exploration of new application fields.

In this work, the method of preparing new catalyst supports is to coat y-Al,Os and 316L steel (S.S316L)
particles with TiO,, SiO,, and Zeolite nanoparticles. However, these powders (TiO», SiO,, and Zeolite)
are highly cohesive and form agglomerates of uncontrollable sizes, the nanoscale of the powders poses a
major problem in the accuracy of size measurements. The coating process requires analysis of the
nanoparticles. Four analytical techniques were applied and compared. The basic principle of the dry
particle coating process is the mixing of particles under mechanical force (impact/compression/shear
force). Host particle: y-Al,O3; and S.S316L have an average diameter of about 67 um and 98.3 um will be
used as host particles to prepare new carriers. The guest particles: TiO,, SiO» and Zeolite with nanosize
will be used to coat the surface of y-Al,Os; and S.S316L to prepare the new substrates (such as
Ti0,/S.S316L, Si0,/S.S316L, Zeolite/S.S316L and TiO»/y-Al>Os, SiO»/y-AlLOs, Zeolite/y-Al,03,). The
coating of particles in dry process is due to mechanical/shear forces and it depends on collisions, particle
movements, interactions between particles and the impact of operating conditions (the rotation speed and
coating time) in the mixer. A numerical modeling DEM (Discrete Element Method) has been implemented

to answer and explain the phenomena and the coating process.

The results of the analysis of the nanoparticles showed that the technique of diffraction/laser scattering
(LD) highlights a larger size of particle of the nanopowder (overestimation) on the other hand the dynamic
diffusion of the light (DLS) shows a smaller size. Transmission electron microscopy (TEM) indicates the
smaller diameter of the nanopowder. The coating results highlight a good coating by SiO», TiO», and
Zeolite nanoparticles on the surface of y-Al,O3; and S.S316L under 3500 rpm and 5 min. However, for the
same guest particles with different host particles, the S.S316L coating shows excellent coating. Numerical
modeling reveals that the main factors affecting the simulation are rotational speed and particle size.
Simulation of the coating indicates that the interfacial energy between the host and the guest is the main

parameter affecting the coating.

Keywords: Dry particle coating, High-shearing force, Picomix, Nanopowder, DEM modeling.
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Nomenclature

Nomenclature

Letters The meaning of letters Units
An Cross-sectional area of the adsorbate nm?
A Hamaker constant J
A; Hamaker constant of particle i J
yy Hamaker constant of particle j J
Ajj Hamaker constant of particle i and j J
B Boltzmann’s constant J/K
C Translational diffusion coefficient of particles m?/s
Ci Center of particle / No
G Center of particle 2 No
Cs Constant of BET specific surface area test No
D Diameter of particle mm or
Dy, Diameter of particle that has been used in the modelization nm
Diiost Diameter of host particles that has been used in the modelization mm
Dinguest Diameter of guest particles that has been used in the modelization mm
D, Rotation center to the surface of settlement media mm or
D, Rotation center to the surface of light point transmittance nm
Dinin Minimum separation distance nm

mm or
d Distance between the centers of particle i and j m
d; Distance moved at time ¢ mm
dp.z) Mean diameter

pm or nm
d; Average dimension of the particle i in this class.
E Equivalent Young’s modulus GPa or
E; Equivalent Young’s modulus of particle i Pa
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Nomenclature

Fnii/ Fn
Fiii/ Fi
Feonesive
Fc

Fue
Pt
Ff
Feap

F che

c
F

nc
ik

fITIaX

Equivalent Young’s modulus of particle j

Particle kinetic energy

Particle rotational kinetic energy

Particle translational kinetic energy

Particle potential energy

Impact energy of particle

Total energy of particle

Coefficient of Restitution

Normal contact force between particle i and j

Tangential contact force between particle i and j

Cohesive force

Contact force

No contact force

Van der Waals’ force

Electrostatic Coulomb force between the charged particles / and 2
Capillary force

Force of chemical bonds or acid-base interactions

Adhesion force

Total force acting on particle i

Contact force acting on particle i by its contacting particle j or walls

Non-contact force acting on particle i by its neighbor non-contacting

particle £

Gravity force acting on particle i

Fluid interaction force acting on particle i
Collision frequency

Maximum friction force

Shear modulus of particle

z =z Z z Z =z Z z z Z Z Z

z

GPa

16



Nomenclature

; X gﬁ =&

IS

m;

Mpost

mguest

Myessel before mixing
Myotor before mixing
Myotor after mixing
Myotor before mixing
mparticle's mass on the wall

mparticle's mass on the rotor

N
N;
No

N, collision

Ni%

Gravitational acceleration

Planck’s constant

Moment of inertial of particle i

Spring constant of the particles involved in the normal contact
Spring constant of the particles involved in the tangential contact
Boltzman constant

Incident wave vectors at angle 26

Scattering wave vectors at angle 20

Avogardro’s number

Total torque acting on particle i

Torque acting on particle i by particle j

Molar volume

Mass of particle i

Mass of guest particles

Mass of guest particles

Mass of the vessel of Picomix before mixing

Mass of the rotor of Picomix before mixing

Mass of the vessel of Picomix after mixing

Mass of the rotor of Picomix after mixing

Mass of the particle stayed on the wall of the vessel after mixing
Mass of the particle stayed on the rotor of the vessel after mixing
Number of guest particles per host particle

Number of particles in class i

Modeling number of particles

Number of collisions

Number of fractions in class i

m/s

J/Hz

N/m
N/m

J/K

N-m

m>/mol
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Nomenclature

N, Number of data points for calculating the coating thicknesses No
n Moles No
nj Refraction index of material No
P Pressure Pa
Py Initial pressure of BET specific surface area test Pa

q Momentum transfer or scattering vector No
q4 Signed magnitudes of the charges of particles / No
q2 Signed magnitudes of the charges of particles 2 No
R Radius of the particles mm
R Equivalent radius mm
R Radius of the particle 1 mm
R Radius of the particle 2 mm
S Surface area m?/g
SpeT Total BET specific surface area m?%/g
S, Slope of the linear BET plot m?/g
T Temperature K/°C
At Time step us
AT Rayleigh time step S

Ts Simulation period time s

T, Tense stress N/m?
t Modeling time S
trun time The time takes of running a simulation h
trayleigh Rayleigh time S

|74 Relative velocity on the normal direction m/s
Vi Relative velocity on the tangential direction m/s
V; Translational velocity of particle i m/s
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Nomenclature

6,

&1

Normal relative velocity between particles i and j
Tangential relative velocity between particles i and j
Translational velocity of particle j

Translational velocities of particle i at time t
Translational velocities of particle i at time t + At
Acceleration of translational velocities of particle i
Total volume of particle

Volume of individual particle

Volume of particle i

Volume fraction of particle i

Weight of the particle

Work to need to separate two adhered surfaces
Work of adhesion between particle i and j

Work of adhesion between particle i

Work of adhesion between particle j

Mass fraction of the guest particles

Weight of nitrogen adsorbed at a given relative pressure (P/P,)
Weight of nitrogen adsorbed of monolayer
Average thickness of coating

Thickness of coating of point i

Surface’s distance of the two particles (i and ;)
Radius of contact area

Maximum radius of contact area.

Scattering angle

Contact angle

Dielectric constant of material

m/s

m/s

m/s

m/s

m/s

nm

nm

nm
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Nomenclature

€o

Mn

Nt

Pbuik

Ptap

Wi

w;

Wit
Wit+At

dwi
dy

v
Vi
Vi

pf

O

dc

Permittivity of vacuum

Strain or proportional deformation.
UV adsorptive frequency
Wavelength of the x-rays
Viscosity

Normal damping coefficient
Tangential damping coefficient
Standard deviation

Density of materials

Bulk density of materials

Tapped density of materials
Angular velocity

Angular velocity of particle i
Angular velocity of particle j
Angular velocities of particle 7 at time t

Angular velocities of particle 7 at time t + At

Acceleration of angular velocities of particle i

Poisson ratio of particle

Poisson’s ratio of particle i
Poisson’s ratio of particle j

Density of subsidence medium
Overlap between particles

Overlap in the normal direction
Overlap in the tangential direction
Maximum overlap between particles

Surface energy

F/m
mm
cm”
nm

N-s/m?

N-s/m

No

kg/m?

kg/cm?

rad/s
rad/s
rad/s
rad/s

rad/s

rad/s?
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Nomenclature

Y1

Vs

Vs,i,j

ys,i

Vs,j

Hg

s

Uit+at
PDit
Pit+ae
P
P19
D29

Trolling

Q

Surface tension of the liquid

Surface energy of the solid

Interfacial surface between the liquid and solid

Surface energy of dispersion component

Surface energy of the polar

Surface energy of the dipole

Surface energy of dispersion component of solid

Surface energy of dispersion component of solid of particle i
Surface energy of dispersion component of solid of particle j
Polar energy of liquid

Dipole energy of solid

Dipole energy of liquid

Interfacial energy of two different solid particles

Surface energy of the solid of particle i

Surface energy of the solid of particle j

Coefficient of rolling friction

Coefficient of Static friction

Translational displacement of particle 7 at time t
Translational displacement of particle i at time ¢ + At
Angular displacement of particle 7 at time t

Angular displacement of particle 7 at time t + At

Mass fraction of uncoated guest particles

Mass fraction of particles that adhered on the wall and rotor
Mass fraction of particles that size less than 63um after sieving
Rolling friction torque

Rotation speed

J/m?
J/m?
J/m

J/m?
J/m?
J/m?
J/m?
J/m?
J/m?
J/m?
J/m?
J/m?
J/m?
J/m?

J/m?

rad
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Nomenclature

Time per iteration per particle depends on hardware and number

of licenses

us

Abbreviations

AFM

API

Al

BET

BJH

CLS

CsA

DLS

DMT

DEM

DW

DPI

FEM

FT

HNPs

HR

IC

IUPAC

JKR

LD

MAIC

NAT

Atomic force microscopy

Active pharmaceutical ingredient
Absorption index
Brunauer-Emmett-Teller
Barrett-Joyner-Halenda
Centrifugal liquid sedimentation
Herein cyclosporine

Dynamic light scattering
Derjaguin-Muller-Toporov
Discrete element modeling
Demineralized water

Dry powder inhalers

Fluid energy mill

Fischer Tropsch

Hollow nanoparticles dispersion
Hauser ratio

ICarr’s index

International Union of Pure and Applied Chemistry
Johnson-Kendall-Roberts

Laser diffraction analysis
Magnetically assisted impaction coater

Nanoparticle tracking analysis
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Nomenclature

NOPD

OSC

PEG

PE

RI

SCR

SAXS

SLM

SE

TRPS

TEM

Non-obstructive particle damping
Oxygen storage capacity
Polyethylene glycol
Polyethylene

Refractive index of particle
Selective catalytic reduction
Small-angle X-ray scattering
Selective laser melting
Secondary electrons

Tunable resistive pulse sensing

Transmission electron microscopy
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General Introduction

General Introduction

Methanation is a chemical reaction that converts carbon monoxide and/or carbon dioxide into methane
and it is mainly used at industrial scale for methane production. Methanation is also considered to be a
key technology to facilitate future manned space missions by recycling CO> from breathing or wasted H»
from water electrolysis on the international space station ['*l. Use of suitable catalyst is very important for
methanation because catalysts can increase the reaction rate without getting consumed in the process.
Usually, the catalyst support should be solid with large surface area, which can improve the catalyst

146 Typically different kinds catalyst supports have been studied such as activated carbon,

activity
alumina, silica, and titanium oxide [“*. However, the methanation catalysts are usually prepared by wet-
chemical methods, such as impregnation, sol-gel, etc. The disadvantage of these preparation methods is
that use of excessive solvents and high temperatures, thus resulting in waste of solvents, waste of energy,

9-11

and environmental pollution. Some studies !') demonstrated that mechanical methods can be used to

prepare catalysts for methanation.

As one of the mechanical methods, dry particle coating is considered to be an environmentally friendly
and low-cost operating process method !> 31, In dry particle coating, fine particles (generally with nano-
size) are mixed with relatively larger particles (generally with micron-level) by adhesion forces (van der
Waals’ force, shearing, and compression) without solvents. Because of its lower cost, reduced energy
requirements, this technology can be found in many industries, such as pharmaceuticals, cosmetics, food,

and ceramics ['4 1°

1. Nevertheless, due to a lack of adequate understanding of the knowledge in coating
mechanism, this technology is still in the trial stage and is not commonly used in commercial. Several
researchers ' have tried to simulate the dry coating process by Discrete Element Method (DEM) and
have demonstrated that DEM modeling can help us to gain further understanding of the mechanism of the

dry coating process.

Therefore, the objective of this thesis is to apply the dry particle coating to prepare supports of catalysts
for the methanation reaction. Besides, the DEM modeling will be used to investigate the interactions and

collisions of the particles during the dry particle coating process.

In the experimental part, 5 supports: y-Al203, S.S316L (Stainless steel), SiO2, TiO2 (Anatase titania), and
Zeolite (Beta-zeolite) were chosen to prepare the catalysts for methanation reaction in a higher shear mixer
“picomix” (Hosokawa Micron B.V). But unfortunately, TiO», SiO», and Zeolite are nanopowder, which

cannot be directly mixed with another nanopowder to prepare the catalysts. Therefore, several processes
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(granulation, pelletizing, and atomization) were carried out to try to get large diameters (80 um). However,
the particles obtained in these ways are particularly fragile and easily broken, and cannot be used in
picomix at all. In this case, another idea was proposed, which was the preparation of supports. The new
preparation used S.S316L and y-Al203 as the host, the fine particles of SiO2, TiO2, and Zeolite were
considered as the guest, and to form new supports: SiO2/y-Al203, TiO2/y-Al203, Zeolite/y-Al203,
Si02/S.S316L, TiO2/S.S316L, and Zeolite/S.S316L. The specific experimental work happened as follows:

1) The particle size of three nanopowder (TiO, SiO,, and Zeolite) were analyzed by five different
techniques, such as LD (laser diffraction), TEM (Transmission electron microscope), DLS (dynamic light
scattering), SAXS (small-angle X-ray scattering), and BET specific surface area. And the results of three
of these analyses (LD, TEM, DLS) were used for dry particle coating investigation.

2) The effect of host and guest on dry particle coating were studied, such as using the different guest
particles to coat the same host particle, e.g., SiO2/y-Al203, TiO2/y-Al203, and Zeolite/y-Al203; or using the
same guest particle to coat with different host particles, e.g., SiO2/y-Al203 and SiO2/S.S316L.

3) The effect of adhesion force (van der Waals’ force) was considered and calculated to explain the coating

phenomena.

4) The prepared new supports (such as Zeolite'P/y-ALLOs, ZeoliteP S/y-ALO;, Zeolite™/y-Al,03) were
characterized by a combination of particle size and SEM (scanning electron microscope). Besides, the
coating thickness was roughly evaluated by cross-section sample to see the coating effect of different
particles. Uncoated guest particles were calculated to measure the coating effect between different

particles.

In the modeling part, it is aimed to learn the interactions and collisions of the particles in the picomix,

particle’s behavior was simulated by the DEM modeling to get a better understanding of the dry particle

coating. This numerical modelization work was performed by a commercial DEM modeling software

EDEM 2018.3.0 and EDEM 2020.3.1 (Academic license with 8 CPU, DEM solutions Ltd., Edinburgh,

UK), both the Hertz-Mindlin (no-slip) contact model and Hertz-Mindlin + JKR (Johnson-Kendall-Roberts)
cohesive model were applied to study the dry particle process. This modeling work includes the following

two main sections:

1. Modelization of the two different host particles in the high shear mixer “picomix”: the study of the

mixing of y-AlOz and S.S316L respectively.
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1) The effect of young’s modulus of two different host particles respectively (2.0x107 to 2.0x10'! Pa for
S.S316L, 1.7x107 to 1.7x10'° Pa for y-Al,Os) in the picomix on particle movement were studied. Because
the young’s modulus has a very significant effect on the time of simulation calculations, and in the DEM
modeling, reducing the young’s modulus to decrease the calculation time has been considered to be an
acceptable approach 2%21],

2) The effect of S.S316L and y-Al,O3 on the particle size (0.6 - 2.0 mm in diameter), the filling ratio (10%
- 40%), and the rotation speed (1500 - 5000 rpm) on particle interactions and motions in the picomix were
investigated. To explore more possible factors that may influence the particle motion and its contact
behavior.

2. Modeling of the adhesion of host particles (y-Al,Os particles) and guest particles (TiO» particles) in

picomix under 3500 rpm of rotation speed was conducted, and the influence of surface energy of host/guest

particles was investigated by the Hertz-Mindlin + JKR cohesion model.

This research work is divided into six chapters as follows:

Chapter 1: Firstly, the methanation reaction and its application, catalysts/supports/active metal selection
are summarized; secondly, dry coating and its applications and commonly used equipment are summarized;
thirdly, particle size analysis techniques of nanoparticles and their advantages and disadvantages are
concluded, and finally, the model of DEM and its research literature on dry coating are summarized.
Chapter 2: Materials that have been used in this study will be listed, the experimental protocol will be
described in detail, mainly including the calculation of the quantities required for the experimental process,
equipment, and operating conditions. In addition, the principles of the characterization methods involved
in the experiments are explained precisely.

Chapter 3: The results of the characterization of the raw materials will be presented including the analysis
of three nanopowder (TiO,, SiO», and Zeolite).

Chapter 4: The experimental results are displayed and discussed. Firstly, the adhesion between the
particles is calculated in the form of van der Waals’ forces to account for the agglomeration of
nanoparticles and their effect on the coating. Secondly, guest particles that are not coated onto the host
particles are roughly calculated to help understand the extent of the coating. Thirdly, the effect of host and
guest on dry coating is investigated. Lastly, the thickness of the coating is roughly evaluated by cross-
section samples to illustrate the results of the coating.

Chapter 5: A very detailed explanation of software EDEM is given. The material parameters related to

the simulations are summarized by the analysis of the literature. The dimensions of the picomix are given
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and the choice of the material parameters that will be used to simulate the study of dry coating are
summarized.

Chapter 6: A large number of simulation data is presented and discussed. Firstly, the effect of modeling
parameter (young’s modulus) on two different host particle (S.S316L and y-Al,O3) behavior in picomix is
investigated. Secondly, the effects of particle size, rotation speed, and filling ratio on modeling of S.S316L
and y-Al>O; behavior in picomix are compared. Finally, the coating of y-Al,Os (host particles) and TiO»
(guest particles) are simulated, the effects of size ratio and interfacial energy of y-Al,O3 - TiO, on coating
are discussed.

Eventually, the general conclusion is made to summarize the key results in this thesis, some expectations

for future studies are described as well.
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Renewable energies are playing and will continue to play a vital role in meeting current and future energy
needs. As an energy carrier, methane has significant importance to the industry and transportation sectors
worldwide 21, Its existing distribution infrastructure in many countries makes it is a constitutive element
of modern economies. Methane could be obtained from CO and CO; under atmospheric pressure by a

reaction called methanation 3!,

1.1 Methanation reaction

In 1902, Sabatier and Senderens discovered the methanation reaction of COx (x = 1 or 2), this discovery
provided a very good and important promising solution for reducing anthropogenic gas emissions.

Methanation is the conversion of COy into methane CH4 through hydrogenation *Y. The history of

methanation is presented in figure 1.1 2],

Biomass-to-Gas
PG Jap PtG Ger

Coke oven gas (CO,-meth.)

Coal-io-Gas

»
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Sabatier T 3 Fischer- [¢] 2] ‘%) s
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E
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Fig.1.1 History of methanation; Abbreviations: Jap — Japan, Ger — Germany 2> 2%,

Methanation is a chemical reaction that converts carbon monoxide and/or carbon dioxide to methane. The

following reactions describe the methanation of carbon monoxide and carbon dioxide respectively 12> 2¢:

CO+3H, > CHy + Hy0;  AHzs =-206 kJ/mol; (Eq.1.1)

CO,+4H, - CHy + 2H,0; A.Hs = -164 kJ/mol; (Eq.1.2)
Both reactions are exothermic, while the stoichiometric methanation of carbon monoxide releases 206 kJ
heat per mole (see equation 1.1), the conversion of carbon dioxide releases 164 kJ per mole (see equation

1.2). Typically, operating temperature is between 200 °C and 450 °C but also depends on the catalyst (such
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27,281 '1ike pressure, catalytic activity, and concentration of CO

as Ni/AL,O;) and experimental conditions |
and CO:.

In the methanation reaction process, hydrogen is primarily produced by steam reforming of natural gas
(291 A small amount is obtained by water electrolysis and other sources, other major sources include
gasification of coal and biomass, water splitting by high-temperature heat, photoelectrolysis, and
biological processes ", CO, can be found in the atmosphere when fossil fuels are burned and when living
organisms breathe or can be conveniently recovered from several industrial processes, such as biomass
combustion and gasification, biogas facilities, and oil refineries 1?*3% 31, CO gas mainly comes from coal
or biomass gasification at synthetic fuel production plants [*! 32, The methanation reaction is a reversible

reaction, the produced water can be recycled by the methane steam reforming method *3*! and form CO

and COa.

Methanation is mainly used at an industrial scale for large methane production. It is the final stage in the
purification of synthesis gas and most modern ammonia plants plus some older hydrogen plants use the
simple and convenient methanation reaction to remove traces of carbon oxides from the process
gas (- 3% 3] Methanation is also considered to be a key technology to facilitate future manned space
missions by the recycling of CO, from breathing or wasted H, from water electrolysis on the International
Space Station -],

Using a suitable catalyst is very important for methanation because catalysts can increase the reaction rate
without getting consumed in the process, the catalyst support usually should be solid with a large surface
area, which can improve the catalyst activity [*®!. Typically various kinds of activated carbon, alumina,

and silica, titanium oxide have been studied as supports to prepare the catalysts [+,

1.2 Support of catalysts for the methanation reaction

The selection of supported catalysts has a significant influence on the crystallite size, stability, dispersion,
reducibility, and product selectivity of the methanation reaction. The main function of the support is to
disperse and fix the active phase of metal nanoparticles, to improve the dispersion degree of active metal,
increase the number of active sites, and prevent the sintering and loss of active components in the reaction
process. The commonly used supports are alumina, silica, activated carbon, aluminum silicate, diatomite,
clay, magnesium oxide, activated clay, etc. They can be powdered or granulated %!, Alumina and silicon

oxide supports are as easy to be wetted by aqueous solutions as most activated carbons with adsorptive
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properties on their surfaces ). The surface structure of catalyst depends on the surface structure of support

particles, such as specific surface area, porosity, pore size, and other catalytic reaction rates.

1.2.1 Materials of support for methanation catalysis

The support type, such as pore structure, specific surface area, surface properties (acid-base, hydrophilic
and hydrophobic), mechanical strength, hydrothermal stability, and the interaction between the support
and metal all affect the structure and properties of the catalyst, changing the reaction activity, product
selectivity, and reaction stability. The pore structure of the support affects the diffusion of the substrate
and the product in the active center. The pH and hydrophilicity of the support will affect the selectivity of
the product. Hydrothermal stability and mechanical strength affect the reaction stability of catalysts. The
degree of reduction and dispersion of active metal is often determined by the interaction force between
active metal and the support *). The stronger the interaction force is, the higher the dispersion degree of
active metal is, but meanwhile, the easier it is to form hard to reduce compounds with the support, thus

reducing the reduction degree.

Silica (Si0,) with a large specific surface area and pore volume are abundant solid in nature. Due to its

easy to make, low cost, strong acid resistance, and heat resistance. It is the one of most commonly used

supports to prepare the catalysts for methanation reaction 8401,

Alumina (ALO3), especially y-Al,O3 has a large specific surface area and the surface is acid and base

center, which is more active than SiO. Therefore, it has been used widely for preparing catalysts for the

methanation process 4144,

Titanium dioxide (TiO7) has strong selectivity and is suitable for loading non-inert metal oxides. TiO: is

45-47 1. [45, 46]

used as supported catalyst which were investigated by some researchers 7], Paraskevi et a
prepared Ru/TiO; catalyst to study the mechanism of selective methanation of CO/CO,; Zhou et al. 46!
studied the effect of the structure of Ni/TiO> catalyst on CO, methanation; Wilbert et al. 47! reported a

strong promotional effect of Mn on Ni/TiO; catalysts for CO, and CO methanation.

Besides supported catalysts, there are also unsupported kinds of methanation catalysts, such as Raney-

Nickel 81, but they also require large surface areas to reach a sufficient methanation activity. In recent

years, quite a lot of results obtained for new kinds of catalyst supports were published, e.g., Zeolites 952,

and biochar 3331,
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1.2.2 Active metal for catalysis

Catalysts are crucial for methanation processes. Not only is the reactor design influenced by the catalyst
applied, but also are up - and downstream processes. In general, the active metal is supported to enlarge
the catalyst surface area. A large surface area of a catalyst is obtained by supporting small particles of

active metals on large surface-area supports 1%,

For a metal that can be used as a catalyst, it is generally required to have more abundant electronic
properties, such as a large and easily deformable electron cloud, which is conducive to contact with the
reactants, while a loose electron cloud is also conducive to the departure of the reaction products. Therefore,
transition metals (Ni, Pt, Pd, Ru) have better catalytic performance, while the main group metal as the
activity center of the catalyst is less because the main group metal elements tend to lose or gain electrons
to form a stable, relatively inert electronic structure, not conducive to the action with the reaction substrate.

For example, Li, Na, K, Mg, Ca, etc., cannot be used as the main active components of catalysts.

In the early year, Sabatier and Senderens discovered that nickel was able to catalyze the reaction between
carbon monoxide and hydrogen to form methane and water. Up to now, more than 100 years later, many

metals mainly in groups 8-10 are active for methanation reaction (see figure 1.2), active metals for

methanation are marked in gray !

22]

24 25 26 27 28 29
Cr Mn Fe Co Ni Cu
Chromium Manganese Iron Cobalt Nickel Copper
42 43 44 45 46 47
Mo Tec Ru Rh Pd Ag
Molybdenum Technetium Ruthenium Rhodium Palladium Silver
74 75 76 77 78 79
W Re Os Ir Pt Au
Tungsten Rhenium Osmium Iridium Platinum Gold

Fig. 1.2 Excerpt from the periodic system of elements

[22]

Catalyst activity and selectivity are regarded as two significant factors to evaluate the property of catalysts,

some studies 57> were investigated to explore the activity and selectivity of metals. Table 1.1 summarized

the activity and selectivity of the metal.
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Table 1.1 Metals activity and selectivity.

Articles Activity Selectivity
Fischer et al [37] Ru > Ir > Rh > Ni > Co > Os > Pt > Fe > Mo >
Pd>Ag
Vannice et al 8] Ru>Fe>Ni>Co>Rh>Pd>Pt>1Ir Pd>Pt>Ir>Ni>Rh> Co>Fe>Ru
Mills and Steffgen [ Ru > Fe > Ni > Co > Mo Ni> Co > Fe > Ru.

Among these metals, Ru is the most active metal for methanation, however, it is not industrially used

because of its high price. Neglecting the price, Ru is the best choice, especially at low temperatures.

As one of the noble metals, Ru has catalytic activity and selectivity to CH4. Some materials have supported
Ru to form catalysts, such as Al,Os, TiO,, SiO,, MgO, MgAl,O4, and C. Pre-reduced 3% Ru/AlO;
catalyst’s activity is showing in Figure 1.3 [¢°). This shows at 673 K, the catalyst presents the best catalytic
performance with the high CO, conversion, CHs yield, and limited CO yield.

Temperature [K]
2

623
= CO yield [%]

573 CHA yield [%]

h = CO2 conversion [%]
523 h

. .

0 10 20 30 40 50 60 70 80 90

[%]

Fig.1.3 CO, conversion, CH4 and CO yields on pre-reduced 3% Ru/Al,Oj3 catalyst
at different temperature reactions [¢%],
In the presence of excess CO,, Tada et al. [*!! investigated the catalytic performance of supported Ru
catalysts for the selective methanation of CO with respect to the loading (0.5 - 5.0 wt.%) and mean
crystallite size (1.3 - 13.6 nm) of the metallic phase with the support (Al>O3, TiO,, YSZ, CeO; and SiO;).
The temperature range is 170 - 470°C, 1% CO, 50% Ha, 15% CO- and 0 - 30% H>O (balance He). The
study illustrated that the conversion of CO, is completely suppressed until the conversion of CO reaches
its maximum value for all catalysts investigated. The methane selectivity is higher than 70%, when

increase temperature, it will become 100%. Increasing metal loading results in a significant shift of the
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CO conversion curve toward lower temperatures, where the undesired reverse water-gas shift reaction

becomes less significant.

As one of the noble metals, the hydrogenation of CO on supported Rh was investigated in a microreactor

(621 The catalysts were prepared by impregnation of different supports with

at atmospheric pressure
solutions of RhCl3*3H,0, the ratio of H»/CO = 3:1. The study demonstrated that the catalytic performance
of Rh was influenced drastically by the support. Based on the specific activity (the rate of CH4 formation
per surface Rh sites), the most effective support was TiO,. The specific activities of Rh/MgO and Rh/SiO,

were lower by more than an order of magnitude.

Pd-based catalysts %% have also been investigated and shown a good catalytic performance because Pd
can dissociate molecular hydrogen. Vannice and Gartenl ! reported that Pd/Al,Os catalysts exhibited a

higher activity in the methanation reaction than unsupported Pd catalysts.

Cobalt (Co) catalysts exhibited a methanation activity similar to that of nickel, but cobalt the price is higher
than nickel - %81, Hence, Co is not that widely used for commercial applications as nickel catalysts [,

Iron (Fe) catalysts are known to have high reactivity, but a very low selectivity towards methane. Thus,

they are more often used in ammonia synthesis or in the Fischer-Tropsch process [,

Because of the high efficiency in CH4 production and low cost of the CO, methanation, Ni catalysts are
the most widely investigated materials "7, A lot of supports have been investigated for Ni catalysts, the
catalytic performance strongly depends upon the nature and properties of the support. Table 1.2

summarizes some Ni-based catalysts for the methanation reaction in the literature.

Except Al,Os, Zeolites, SiO», and TiO; are used as supports, like CeO, %), ZrO, 78!, and Ce-ZrO, " also
are applied as supports and showed good results and with particular emphasis on the role of
promoters/modifiers in their catalytic performance in the reaction. Other materials were recently

investigated as nickel supports, such as hydrotalcite ”*], carbon nanotubes 1.

The preparation of supported catalysts mainly includes two methods (as summarized in the table 1.2):
impregnation (dry/wet) and deposition precipitation. The sol-gel method is also used to synthesize the
catalysts for methanation reaction.

The impregnation method can be identified to be a simple, easy and economical method, which is widely
used to prepare supported catalysts, especially low-content precious metal supported catalysts %, The
main weakness of the impregnation method is the lack of size control of metal particles except when the

porous substrate has a narrow pore size distribution.
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Table 1.2 Ni-based catalysts for the methanation reaction.

Catalysts Operation conditions
Ni
Preparation H»:CO/ Temperature Pressure Ref.
Authors loading Supports Reactors
methods H::CO: (°C) (bar)
(Wt./%)
Continuous
Hu
| Impregnation 20 ALO; flow fixed-bed H»/CO >3:1 300 - 550 30 [81]
etal.
reactor
Dielectric .
Jwa Atmospheric
Impregnation 0-10 Zeolite barrier discharge H/CO2 =4 180 - 360 [82]
etal. pressure
plasma reactor
Le Impregnation 10 - ) ) Fixed-bed Atmospheric
SiC, SiO2 H/CO2 =4 140 - 450 [83]
etal. Precipitation 20 microreactor pressure
1mol% CO
Thien v-AlLOs, Continuous Atmospheric
Impregnation 10 /CO2, 50 mol% 500 [84]
etal. SiO2, TiO2 fixed bed reactor u pressure
Downflow
Adrian Beta- Atmospheric
Impregnation 10 . fixed bed Ha/CO2=4 200 - 500 [51]
et al. zeolite pressure
reactor
Stainless steel
Cuili
| Impregnation 10 Zr02/Al,03 tubular H2/CO=3 300 - 550 15 [85]
etal.
microreactor
Jun . (Si0O2, Fixed-bed
Impregnation 10 . . Hy/CO=3 190 - 600 10 [86]
etal. TiO2, y-ALO3 microreactor
Xiao . 10 - . Quartz tubular 5% CO/ Atmospheric
Impregnation Si02 500 [87]
et al. 30 reactor 5% Ha pressure
Tubular
Natalia 10 - 15% CO» Atmospheric
Impregnation Zeolite quartz fixed- 250 - 450 [88]
et al. 15 60% H» pressure
bed reactor
Fixed-bed 1 mol% CO
Thien Atmospheric
Impregnation 10 v-ALO; quartz /CO2, 50 mol% 140 - 450 [89]
et al. pressure
reactor Ho
Aziz Sol-gel SiOa, Fixed-bed Atmospheric
5 H/CO2=1-8 250 - 450 [90]
etal. method v-ALO; quartz reactor pressure
0.2% CO,
Tada . . Fixed-bed Atmospheric
Impregnation 10 TiO2 16.1% COo, 200 - 450 [91]
etal. tubular reactor pressure
65.3% Ha
Continuous
0.2% CO,
. . . fixed bed Atmospheric
Kohei Impregnation 1-30 TiO2 16.1% COo, 350 - 650 [92]
flow tubular pressure
65.3% Ha
reactor
Rui . . Quartz tubular Atmospheric
Impregnation 10 TiO2 H,/CO2> =4 250 - 500 [46]
etal. fixed-bed reactor pressure
Zhao Fixed-bed Atmospheric
Impregnation 10 SiO2 Ho/CO=3 300 - 460 [93]
et al. quartz tube reactor pressure
Yan . 10 - . Quartz tubular 5% CO Atmospheric
Impregnation SiO2 400 - 700 [94]
et al. 30 reactor 5% Ha pressure
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The deposition/precipitation method refers to add the precipitant into the metal salt solution, then aged,
filtered, washed, dried, calcined and activated to produce catalysts or catalyst support 1. The most
important drawback of this method is the precipitating agent may cause the local concentration too high
and produce agglomeration [% 6],

The sol-gel method is a wet-chemical process that involves the formation of an inorganic colloidal
suspension (sol) and gelation of the sol in a continuous liquid phase (gel) to form a three-dimensional

97-99

network structure ”*?1. The sol-gel method has its disadvantages such as long processing time, relatively

high cost of precursors, large shrinkage during processing, and possibility of the formation of agglomerates

[98]

All these catalysts preparation methods involve solvents and catalyst pretreatments at higher temperature.
A novel method - dry particle coating process was regarded as a promisingly alternative approach to

100-104

prepare supported catalysts [ I because of its lower cost and reduced energy requirements.

1.3 Dry particle coating

1.3.1 Introduction

Dry particle coating is a solvent free method where fine “guest” particles (in size of 0.1-50 pm 104 1051)

adhere uniformly to the surface of a large “host” particle (in size of 1-500 um [1%41951) by strong adhesion
forces (van der Waal’s force, shearing and compression) !> 1%, Figure 1.4 illustrates the typical dry
particle coating process. The host and the guest particles are mixed by mechanical forces, such as shearing
and compression. Depending on the particle surface (roughness), mechanical energy and other properties

of the particles, it is possible to obtain a discrete or a continuous coating 197,

In dry particle coating, small size “guest” particles are mixed with relatively larger size “host” particles by
mechanical forces without solvent. A high number of collisions between the particles will occur, resulting
in a coating of the guest particles on the surface of the host particles as the van der Waal’s forces are

dominant in creating a strong cohesive bond between the host and the guest particles.

The dry particle coating technique is an environmentally-friendly and low-cost operation !> 131 this
technology can be found in many industries, such as in pharmaceuticals, cosmetics, food or ceramics areas

(14 However, more attention should be paid to the mechanism of the dry coating process, the factors that
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affect coating performance, the evaluation of coating quality, the scale-up production as well as the

exploration of novel application fields.

®
@
®
Host Particle : N Di t i
+ - Mechanieal force LRSS
e.g., shearing
e P
L3 @
X
L N
Ss e

Guest Particle

Continuous coating

Fig.1.4 The schematic of a coating process.

1.3.2 Principle of dry particle coating

The purpose of the dry particle coating is to adhere the fine particles to the surface of big particles
uniformly, with the help of strong adhesion forces. Dry particle is considered to be an ordered mixing %,
it is also an alternative to perfect mixing to achieve a more homogeneous mixture than that obtained by

random mixing 1%/,

During the real mixing process, different steps in the process of ordered mixing are shown as figure 1.5.

The principle of dry particle is based on the above three stages of the ordered mixing.

Ordered mixture

Fine particles Host pacticles

) 8
Q Stage 1 ...... L Stage 2 Stage 3
_— —_—
Deagglomeration 00 . Fine particles are coated @ Redistribution and
of fine particles on the host particles o exchange of fines

Fig.1.5 Various stages in the process of ordered mixing.

Agglomeration is a common phenomenon for fine particles because the action of the van der

Waals’ forces.
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1.3.3 Dry particle coating process

There are different types of devices that have been used to study the dry particle coating process, these

devices can supply mechanical force and efficiently promote the deagglomeration of the fine particles %!,

The dry particle coating devices are mainly consisted of low energy methods and high energy
methods 1%, Common low energy devices include the magnetically assisted impaction coater
(MAIC) 181101 " tybular mixer ', V-blender [!'%, Cone mill '3 etc. High energy devices include the
hybridizer, mechanofusion or high shear mixer “Cyclomix” and “Picomix”. A short introduction of these

devices will be presented as follows.

1.3.3.1 Mechanofusion

Mechanical dry coating techniques (high shear mixer) were pioneered by Japanese scientists in 1970s to
1980s. Mechanofusion (see figure 1.6) this is one of the coating methods that consists of mixing fine and
large particles and creating either a fusion of the fine particles that adhere to the large particles or a
chemical reaction. Figure 1.6 shows the structure of a mechanofusion system from Hosokawa Micron,
Japan [''*], The feed material is charged into a rotor using a fixed press head. The rotation of the rotor
presses the powder against the rotor wall as a result of centrifugal force, the powder is transported to the
fixed press head with the help of the rotor wall and is subjected to compression and shear forces several
times. This force generates a particle with new attributes. Slits in the rotor wall allow the material to pass
out and to be transported up by the circulation blades back to the top of the rotor in order to be processed
again. The mechanofusion has been commonly used in pharmaceuticals to increase the solubility and the

flowability by surface treatment 151171,

Press head
=

.
i
. i
&\— i
: et

e éﬁ_,_x Rotor
Direction Centrifugal force|

R Feed Press head
Cooling —— o I o Rotor
jacket ~——yr 1
m | IJ—S Discharging
[ ! -'-3,./ valve
Blades for .
powder circulation =+ Product

Fig.1.6 Schematic of mechanofusion system [ 1171,
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1.3.3.2 Hybridizer

Hybridization system (Nara machinery Co. Ltd, Japan, see figure 1.7)is a technology for surface
modification, preparation of composite materials of fine particles and precise mixing by dry powder
process. The raw materials are dispersed in a high-speed air flow and processed by a mechanical impact
force. Development of new materials or high improvement of conventional materials can be achieved by

surface modification of particles or making powder composites. During hybridization processes, fine

powder is applied onto or on the surface of a core powder. The main methods are embedding, penetrating,
coating (micro-encapsulation) or rounding. The system works with mechanical forces like impact and

shear.

Particles ?&‘0 0;3{_'! Circulation
’ i route

A\

Jacket
(heat medium/ coolant)

Fig.1.7 Schematic of Nara Hybridizer '8,

As figure 1.7 shows, the hybridizer has a high-speed rotor with 6 blades, a powder circulation route and a
jacket cooling or heating system. The applications of hybridizer can be found in pharmaceuticals 7],

120

cosmetics '), coating 2% etc..

1.3.3.3 Co Mill

Co-Mill (Cone Mill, see figure 1.8) has a conical chamber where product enters through the feed hopper.
Rotating impeller imparts a vortex flow to the product and centrifugal forces continuously force it to a
zone between the impeller and a conical chamber screen. Particles become trapped between the screen and
the impeller edge and experience high shear stress which causes de-agglomeration the guest particles. The
experienced high shear stress causes the host and guest particles interaction and eventually lead to coating.
Proper residence time ensures repeated collisions between host and guest particles and ensures uniform

coating. The screen size ensures the desired size reduction and the finished product is discharged at the
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bottom of the milling chamber. Kek (Kemutec schenck process group, USA) Cone Mills is mainly used

for gentle grinding and deagglomeration, pharmaceutical industry for dry/wet granulation [, food

industry for coarse sugar grinding 2,

Conical chamber
L ° Screen/wall

Rotating impeller

Milling chamber support

The bottom of the milling chamber

Fig.1.8 Schematic of a Kemutec Co-mill [123],

1.3.3.4 Cyclomix

Cyclomix (Hosokawa Micron, Japan) is a high-shear paddle mixer and agglomerator designed for mixing
solid powders with liquids or to soften binders. Figure 1.9 shows the photo and schematic of a Cyclomix.
It includes an inlet that’s used to put a sample, a jacket to cool or heat, and a central rotor with four pairs
of paddles, which combine high-impact and high-shear forces for mixing pastes, liquids and slurries. This
mixer relies on a centrally placed high-speed rotating shaft that can be controlled from the mixer cover.
The Cyclomix is a multi-purpose, high-shear impact mixer that is suitable for a variety of applications,
such as dispersion of pigments ['*¥, intensive mixing of cohesive powders [''"l  coating, grinding &

125

deagglomeration !> etc.

Jacket
cooling/heating

Outlet

Fig.1.9 Photo (a) and schematic (b) of a Hosokawa Cyclomix [10% 105 126],
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1.3.3.5 Magnetically Assisted Impaction Coater (MAIC)

The principle of MAIC (see figure 1.10) regarding coating is that the guest particles adhere on the host

particles assisted by impaction caused by magnetic assistance.

®e " Small particles

2.
®e®®—
& . Large particles

Iagnetic and screens

o
: : :\]\{agnetic coils
-

v w

TT———_ Coated particles
®e

Fig.1.10 Schematic of a coating process performed by a AVEKA (Aveka technology, USA) MAIC [127],

The processing vessel is surrounded by a series of electromagnets. The magnetic field created by the
electromagnets agitates the magnetic particles present in the vessel along with the powder. These agitated
magnetic particles transfer their energy to the host and guest particles by collisions, hence promoting inter
particle and particle wall collisions. These collisions cause deagglomeration and high energy impaction of
guest particles on host particles leading to coating. Magnetic particles are generally coated to prevent
contamination. In several key industries, e.g., pharmaceuticals, cosmetics and foods, surface modification

processes are routinely used to MAIC change the physical and chemical surface properties of particulates

[128]

1.3.3.6 Turbula Mixer

The Turbula mixer (T2F type) consists of a container which is placed in a mixing basket set by 2 stirrups
at 2 rotary axes (see Figure 1.11). One of them drives the whole system by rotating at an adjustable speed.
Turbula mixing is achieved by the harmonic interaction of rotation, translation and inversion throughout
the mixing process. Turbula mixers are used for the homogeneous mixing of powdery substances with
different specific weights and particle sizes '*]. In cosmetics, pharmaceuticals, and food industries, full

stainless steel versions of the turbula mixers are available ['3%,
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Engine rotary axis

Mixing basket

Stirrups

Fig.1.11 Photo of a Turbula mixer [13% 1311,

1.3.3.7 High-shear mixer “Picomix”

Using the same system as Cyclomix, Picomix (Hosokawa Micron, Japan. See figure 1.12) is the Cyclomix
with small volume (100 mL capacity) for dry coating powders. It offers very fast mixing with full discharge
without loss of material. The rotating mixing takes place in a conical agitator vessel. The mixing efficiency
is depending on the rotor speed (max. 6000 rpm), the mixing time (LCD screen) and the degree of filling.
After filling the powder components into the agitator vessel, the machine is then closed. High-speed
rotation of the paddles creates a centrifugal force and moves the particles from the bottom to the wall of
the vessel. During mixing process, fine particles and host particle interact and collide under the high
shearing/impacting force between the particles and the wall. Once the mixing process is completed, the
vessel is removed from the machine and the mixture is emptied out. Picomix has been used in experimental

studies to investigate dry particle coating by Lu et al. [191- 192131 and Liu et al. 1931041,

Particles

Shearing force

Rotational Tangent shear force
direction

Fig.1.12 Picomix and its work principles [1%4 132 1331,
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1.3.3.8 Summary of dry particle coating devices

The above-mentioned dry particle coating devices are summarized in table 1.3. The main advantages and

disadvantages and limitation are listed in this table.

Table 1.3 Summary of dry particle coating devices.

Disadvantages or
Devices Operator parameters Advantages
limitations

o Simple operation and strong mechanical energy;

o Control of particle shape (rounding, flattening);
e Strong mechanical force
o High degree of mixing;
® Rotation speed may break the host particles;
Mechano- o o Wide range of capacities available; .
. ® Processing time . . o o Irregular fine particles are
fusion o Control of material temperature possible with a cooling jacket;
L . . . uneasily coated.
® Processing in inert gas such as nitrogen and argon is possible.

e High versatility, due the combinations of powder materials being
infinite;

o Excellent dispersion of particles, since the particles are processed in a . .
® The fragile host particles

o ® Rotation speed high-speed air flow; .
Hybridizer o o o . may be broken when the high
® Processing time o Closed system with inert gas to prevent oxidization of materials, e.g., . .
. . speed is applied.
metal fine particles are possible;
e High speeds up to 16,000 rpm can be achieved in a Hybridizer.
o No substantial micronization; e The properties required for
e Co-milling cycle
. . ® Prior blending preferred; manufacturing tablets like
Co-Mill ® Operating speed ) L
. . o Low temperature and low dust generation; compatibility ~showed no
o Powder filling ratio . .
o The fines generated are on a lower side compared to other mills. fixed trend.
e Hybridizer improved the
® Rotation speed o Intensive mixing process close to the wall allows effective heat transfer
flow of coated silica but
® Rotation time between the heat-controlled jacketed wall and the product;
. . . Cyclomix  reduced  the
o Powder filling ratio e Optimal temperature control of the product and very accurate » . .
. . . . . . . flowability attributed mainly
Cyclomix ® Available change the agglomeration with melt binders as well as rapid drying of wet agglomerates; -
. ) to breaking of silica particles
clearance wall to paddle e High degree of dispersion and homogeneity and ultra-short cycle times.

[120]

® Magnetic particle size

o Agitated magnetic particles transfer their energy to the host and guest e Incomplete surface
® Magnet to powder mass . . . . .
. particles by collisions, these collisions promote deagglomeration; coverage compared with
ratio
o ® Magnetic particles are generally coated to prevent contamination; Cyclomix and hybridizer [''7:
MAIC ® Processing time

© No substantial micronization and low particle attrition. 134],

® Frequency variations

o High mixing efficiency leads to very short mixing times and thus to an

. extremely gentle mixing process; ® Most of them have just
® Rotation speed . o . .
Turbula o o The mixers are easy to operate and allow hygienic work; been used in laboratories
. ® Processing time . . . . .
Mixer o Flexibly choose different shapes and size of mixing containers and study.
easily accessible container holder for fast exchange of containers;
o Small volume mixer offers very fast mixing with full discharge
® Rotation speed without loss of material;
o . . © Only 100 mL volume
o ® Processing time o Intensive but homogeneous and fast blending of the powder »
Picomix . . capability compares to
e Powder filling ratio components takes place;

. Cyclomix.
e Simple operate process;

® Process chamber can be cooled and easy to clean.
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As summarized in table 1.3, all of these devices can be used in dry coating process, the structure or working
principle of them are quite different. Therefore, they are successfully used in different fields. The high-
energy devices, such as mechanofusion, hybridizer, Cyclomix are more suitable for achieving stronger
coating strength. Cyclomix is a very energy rich mechanism in which operating parameters are to be strictly
controlled in order to achieve desired results. Increasing the operating parameters beyond optimum
parameters does not cause such degradation in properties in devices like Co-Mill, MAIC and

Mechanofusion.

Zhou et al. [1*! tried to use Co-milling to develop coating parameters so as to improve the flowability and
avoid reduction of tabletability. Silica loading was varied between 0 and 2% wt./wt. and co- milling cycles
from 0 to 40 while not changing other parameters. The study demonstrated that increasing the silica loading
and the number of co-milling cycles can improve flow properties, hence, they concluded that a certain
number of cycles is necessary to break the agglomerates of guest particles and aid their proper spread on

host particles.

Ghoroi et al. 13¢1 applied MAIC and found that coated nanoparticles imparted nano scale roughness on the
guest particles and host-host particle contacts, hence reducing cohesivity and agglomeration tendency thus
increasing the dispersibility. Attrition of the particles was minimal. Surface coated fine particles and
excipients generally showed improvement in flowability in comparison to uncoated ones. Powders which

have good flow generally pack better because of the low cohesion.

Sato et al. ¥ used sugar particles (Suglets) as host particles and magnesium stearate (MgSt) for guest
particles to study dry particle coating in a high shear mixer. The Suglets particles were seen to have a
mono-modal size distribution with a median diameter (D50) of about 250 pm, the MgSt has a wide particle
size distribution ranging from 0.1 pm to 50 um with a D50 of about 5 um. To observe the effect of
processing conditions on the coating and flowability, the rotation speed of the mixer varied from 250 to
1500 rpm and the processing time varied from 30 to 600 s. SEM was involved to know the coating
consequence. The surface morphology of the coated particles indicated that at high rotational speeds, the
coating phenomena proceed rapidly, even at short processing times. The flowability improved with longer

processing times. Higher rotation speed was found beneficial to the flowability.

Zhou et al. ['*® used mechanofusion technique to study the effects of mechanofusion technique on lactose
monohydrate powder by coating it with MgSt and fumed silica. The results demonstrated that batch

mechanofused with fumed silica showed rough surfaces similar to a batch mechanofused without fumed
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silica. Mixing was unable to disperse MgSt particles on lactose, but mechanofused with MgSt showed a

lower angle of repose indicating better flow.

Ouabbas et al. '*) studied the dry particle coating process by using different devices, MgSt was coated on
silica gel of different weight ratio of 5 and 15% wt./wt., the results were compared with other one obtained
with Turbula mixer. The study indicated that Cyclomix processing changed the shape of the particles
whereas Hybridizer did not. Hybridizer improved the flowability of coated silica but Cyclomix reduced
the flowability attributed mainly to breaking of silica particles (fine particles have larger cohesive force).
Turbula mixer did not improve flowability. Processing silica with MgSt increased the hydrophobicity in
all three machines. Interestingly after storage for a specific time under specific humidity conditions, the

MgSt layer disappeared once again exposing the silica surface.

Lu et al. "% investigated the preparation of Co/Al,Os solid catalysts by dry coating technology. A high
shearing mixer Picomix was carried out to synthesize the catalysts. Porous spherical y-Al,O3; with a 278
mm mean particle diameter and 3 mm Co304 micro-powders were used as host and guest particles,
respectively. Conventional impregnation catalysts preparation method was applied to compare the
performance of catalysts. Co/Al2Os catalysts containing 15 wt% of cobalt were synthesized using both
impregnation and coating methods. For dry coating method, processing conditions include rotation speed
1500 rpm with 10 and 30 min respectively. The performance of the catalysts in Fischer Tropsch (FT)
synthesis was evaluated in a milli fixed-bed reactor. The study illustrated that a uniform coating layer of a
1 mm and 3 mm thickness was observed, the Picomix was successfully used to synthesize the Co/Al,O3
solid catalysts. No formation of cobalt aluminate was found in the dry coating process, more importantly,
the catalysts prepared by dry coating method in FT synthesis exhibited a high FT reaction rate comparable

to that observed over most active state-of-the art catalysts.

1.4 Coating catalysts

Dry particle coating is applicable to a variety of industrially important problems because of its simplicity
and environmental friendliness [1°* 1% Up to now, the dry particle coating technique has been used in
pharmaceuticals, cosmetics, metal/ceramic composites, thermal spray materials, ceramic filters, solid
lubricants, and electric contact materials [1% 32, Nevertheless, very little research attempts to utilize the
mechanical coating process in solid catalysts. Some efforts were made to towards the preparation of

catalysts in literature and are listed in table 1.4.
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Table 1.4 Mechanical study of preparation of catalysts.

. Mass
Devices Processing Size of host | fraction of . Results or
(prepare o Reactors and reactions .. Ref.
catalysts) conditions and guest guest application
Y (wt %)
ALO;
. (3 pm);
Hybridizer 801020nl;[ilrrln, Platinum 0.4
(10-40 mm) Automotive vehicles h d catalyti
A Micromeritics AutoChem utomotive vehicles have used catalytic
- . converters to treat unburned
Ceramic fiber 2910 instrument for .
L. hydrocarbons, carbon monoxide and
. 2500 rpm; (2-3 pm); determination of the catalyst . . . [140]
Hybridizer . 3 . Various nitrogen oxides produced from
30 min ALO; metal Surface area per unit . .
. the combustion of hydrocarbon fuels in
(50-150 nm) loading .
- the engine
Ceramic fiber
. 8000 rpm; (2-3 um);
Hybrid 6.5
ybridizer 3 min ALO;
(50-150 nm)
Oxygen storage capacity
Ce0r (2 cm); 18 g of (OSC? was measured after | The main purpose of this paper was‘ to
Ball-mill 8000 rpm; 710 balls to 1 reducing the catalyst (50 mg) | present a novel method for preparing [141]
0.5-12 0 min) of Dow derg at the appropriate | ceria—zirconia mixed-oxide catalysts with
P temperature (650 K) under | a high oxygen storage capacity
Ha flow (2 h, 35 ml/min)
A fixed-bed flow reactor was
AmO used to test the selective
Retsch 23 §2 ) catalytic reduction (SCR) of Catal de by ball milling: 99% NO
P;islcoo 150 rpm; ( Al (l)lm)’ NOx. SCR is a means of | 48 3% te 30y2 i: r(r:ntulqg't ad bX
pm; e 2 converting nitrogen oxides, convgrsnon @ . - ataysts ma e_ Y [142]
Planetary lh (not gave in ! £ N thth wet impregnation: 80% NOXx conversion
Ball Mill the article) alsorefers toas NOx withthe | 47¢00
aid of a catalyst into diatomic
nitrogen (N2) and water
(H20)
WOs and 10% WOs, A tubular quflrtz reactor v.vas Monolayer’s ?O?tlng was observed by
Planetary 140rpm; MoOs (15-25¢) 1% used to calcinate WO3/TiO2 | SEM, ball milling was regarded as a [143]
Ball Mill 1h : . ¢ ’ 893K for 7h; MoOs;/TiO2 | potential technique for the preparation of
TiO MoOs3 .
were calcined at 823K for 4h | catalysts
The SCR of NO by C3Hs was
Ball mill Milled 8h at Lax03, Fex03, Not gave conducted in a tubular fixed | High SCR activity over LaFeo.97Pdo.0303 is [144]
air atmosphere. CuO or PdO & bed reactor at atmospheric | observed at T <350 °C
pressure
V205
2 1 Th ivity of th h hemicall
(20 mm, 10 The SCR activity was carried e activity of the mechanochemically
. 340rpm; mm, 5 mm) . prepared catalysts were found to be
Ball mill 2 out in a fixed-bed quartz . [145]
0.5-24h Ball to reactor comparable and, in some cases, greater
powder mass than the conventionally prepared catalyst
ratio was 50:1
500-1000 ZnO; Ball to . . The catalyst milled at 1000 rpm for 30
Planetary Photocatalytic degradation L . .
. rpm; powder mass Not gave . min displayed the highest photocatalytic [146]
Ball Mill . . of malachite green ..
5-300 min ratio was 10:1 activity
TiO2
nanocrystals Different ~ milling  materials  were
Planetary 880 rpm; were prepared 0.1-0.5 Photocatalytic generation of | investigated. Catalyst prepared in (147]
Ball Mill 3 min by milling o hydroxyl radicals corundum jars with a size of 37 nm doubly
NaCOs and out performed that of standard TiO2
TiOSO4
TiOs and TiO2 5 mol% Fe20s (calcined at 100 1C)
Planetary 250 rpm; ? Oxidative degradation displayed the best photocatalytic activity
. Fe20; were 5-10 o . . . [148]
Ball Mill 4h milled of dyes achieving activity 3-5 times higher than

P25 TiO2
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TiO2 was ball . . The mechanochemically  prepared
. Photocatalytic ~ degradation .
Planetary 300 rpm; milled, then Not gave of acetaldehyde and nitrogen doped catalyst was found to [149]
Ball Mill 120 h NH; oH>O was gav 4 display greater activity than non-milled
methylene blue .
added. TiO2
. -ALOs: A milli fixed-bed t s
High  shear TARLs m% L fxed-bed reactorwas |y, catalysts  prepared by the
. 1500 rpm; 278 um; applied to  test  the . . .
mixer . 10-30 mechanochemical method in FT synthesis [101]
. . 10-30 min. C0304 performance of the catalysts . . .
Picomix . . exhibited a high FT reaction rate
3 pm in FT synthesis
v-ALOs:
1860 um and The performance of the | The performance of the catalysts prepared
Planetary 250 rom 71 in s catalysts in FT synthesis was | by mechanochemical method in FT [102]
Ball Mill 100 P C}; C; evaluated in a milli fixed-bed | reaction was found to relate the dispersion
e reactor of Co
3 pm
Both milling can be used to prepare the Co
Ball milling v-ALOs: The catalytic performance of | catalysts for FT synthesis, meanwhile, Co
Pulverisete 0; 250 rpm; 70-80 pm; 15 the catalysts in the FT | catalysts prepared by mechanochemical [131]
Planetary ball 10-40 min Co0304 synthesis was evaluated in a | methods show better cobalt reducibility
milling P100 3 um milli-fixed bed reactor compared with the catalysts prepared by
conventional impregnation
- Co/ALO; catalyst: d b
A milli-fixed bed reactor was © . ’ c_a asts . Were  prepare .y
. v-ALOs: particle coating can increase the catalytic
High  shear conducted to evaluate the .. ..
. 5000 rpm; 77 pm; R activity and selectivity of Ci-Cs
mixer K 5-15 catalytic performance of the . [104]
. . 5 min. Co304 . hydrocarbon and COz, accomplished by
Picomix catalysts he catalytic . ..
0.1 pm erformance of the catalysts decreasing selectivity of when the FT
p 4 reaction temperature between 220-280°C
Th talyti tivit
4 ¢ cayne  adVIY 5 o Ni/ALOs catalyst exhibits stable
Ni: measurements were . . .
20 min 2778 nm erformed at atmospheric stability during 10 h. CO methanation was
Milling g s20 | P : P investigated on the 15 wt% Ni/ALOs (1]
ALOs: pressure in a quartz fixed-
. catalyst and the results showed that CO
(not gave) bed microreactor at 200-
completely converted to CHa at 300°C
500 °C
((NH4)2CO3 to Al molar ratio of The CO: methanation was | 15 wt% Ni-12.5 wt% Co/Al2O3 gave the
Mechanoche 3:2, (NH4)2CO;3 to Ni molar ratio of performed in a quartz | highest catalytic performance in CO:
mical method | 1:1 and ((NH4)2CO; to Co molar 10-15 microreactor  atmospheric | methanation (76.2% CO: conversion and [10]
(Mortar) ratio of 1:1). The mixed precursors pressure in the temperature | 96.39% CHj selectivity at 400°C) and this
were milled in a mortar for 20 min range of 200-500 °C catalyst presented high stability over 10 h
Hz and CO; were separately
. leaked into the vial with
Ni: 3-7 m; using a 40 ml syringe until | The results show that finely dispersed
. LaNis: 10 pm-1mm.0.125 g or e yrng . v asp
Ball mill the total pressure reaches 1 | carboxides of Fe and La could be
250 rpm; 0.500 g of the powders were . . .
(Retsch . - . atm. The volume ratio of the | intermediates to lead to [9]
3-27h filled into the milling vial made . .
PM100) . gases was H2:CO2 = 2:1 | mechanochemically  activated  CO2
of SUS304 steel, together with o R X
milling was carried out for | methanation

10 balls of 10 mm-diameter

21.3 h wunder the same
atmosphere with 10 balls

The analysis of literature shows that the mechanical methods have been used to prepare catalysts for
different reactions. Regarding the devices, the majority of the studies chose the ball milling (see table 1.4)
to investigate their research. During the ball milling process, the collisions between the tiny rigid balls and
particles will form catalysts. The degree of milling in the ball milling is influenced by the residence time

of the materials in the mill chamber and the size, density, number of balls, and the rotation speed etc. !

The advantages of the mechanochemical synthesis method to prepare catalysts include as follows: simple
and fast procedure; no high energy is consumed because of room temperature and atmospheric pressure
operating conditions; no chemical solvent and associate problems of the catalyst recovery and subsequent

reutilization or recycling of toxic and corrosive solutions. Given these advantages, this method in the
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preparation of solid catalysts for methanation shows promising improvement. However, using the
mechanical method to prepare catalysts for methanation is quite rare, very few articles can be found in the
1] High shearing mixer picomix has been used to prepare catalysts by researchers Lu et al.l'!:

land Liu et al. [103.104]

literature |

102, 131, 132

1.5 Nanomaterials/nanoparticles

In the dry particle coating process, it is necessary to know the number and mass of fine particles to coat
one layer or multiple layers of host particles. The diameter of fine particles should be measured to obtain
the number and mass of fine particles. However, the nanometric scale of the powders poses a major
problem with the accuracy of size measurements. These powders are very cohesive and form agglomerates
with uncontrollable sizes. The coating process requires knowledge of the size of the primary particles and
not of the agglomerates! This will allow the best calculation of the powder layer with the primary particles

disregarding the agglomerates.

1.5.1 Definition of Nanoparticles

A nanoparticle is usually defined as its diameter is between 1-100 nanometers (nm) 5% 1521 nanoparticle

is usually distinguished from microparticles (1-1000 um).

International Union of Pure and Applied Chemistry (IUPAC) defined a nanoparticle as a particle of any
shape with dimensions in the 1 x 10 and 1 x 107" m range, in 2012, the [UPAC extends the term to

include tubes and fibers with only two dimensions below 100 nm [153],

Nanoparticles can have amorphous or crystalline forms, and their surfaces can act as carriers for liquid
droplets or gases. To some degree, nanoparticulate matter should be considered a distinct state of matter,
in addition to solid, liquid, gaseous, and plasma states, due to its distinct properties (large surface area and

quantum size effects).

1.5.2. Nanoparticle classification and dimension

Nanoparticles are generally deafferented regarding their dimensionality, morphology, composition,

uniformity, and agglomeration [!34,
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1.5.2.1 Nanoparticle dimension

Nanoparticles have been divided into three parts (see Table 1.5). Table 1.5 shows the definition of different
dimensional nanomaterials and their application fields. It can be seen that 1D materials are widely used in
chemistry. Current applications of nanoscale materials include very thin coatings used, for example, in

electronics and active surfaces (for example, self-cleaning windows).

For most applications the nanoscale components will be fixed or embedded but, in some cases, such as
those used in cosmetics and in some pilot environmental remediation applications, free nanoparticles are

used.

Table 1.5 Dimension of nanoparticles

Number of
dimensions

Images of

dimensions

Definition

Application field

One-dimensional
(1D) nanomaterials

1D

Thin films or surface coatings in the
nanometer scale with one dimension are
defined as one-dimensional(1D)

Electronics, chemistry, and engineering
thin films have been already developed
and used for decades. Thin films can be
deposited by various methods, and can be
grown controllably to be only one atom

Thin films or . [155]
surface coatings thick, a so-called monolayer >,
2D
. . Two-dimensional nanomaterials have a
Two-dimensional . . Asbestos fibers are an example of two-
. two-dimensional ~ structure on the . . .
(2D) nanomaterials dimensional nanoparticles.
. nanometer scale.
Fixed long

nanostructures

Three-dimensional
(3D) nanomaterials

3D

Fixed cylindrical
nanostructures

All three-dimensional nanomaterials are
considered to be three-dimensional
nanomaterials.

These include thin films deposited under
conditions that form atomic-scale
porosity, colloids, and free nanoparticles
with various morphologies [,

The ability to produce materials with very high precision and accuracy (better than 100 nm) is leading to
considerable benefits in a wide range of industrial sectors, for example in the production of components

for the information and communication technology, automotive and aerospace industries.

1.5.2.2 Nanoparticle morphology

Nanoparticles possess a variety of shapes, for example, there are spherical, nanoreefs, nanoboxes,
nanoclusters, nanotubes etc. These shapes or morphologies sometimes arise spontaneously as an effect of
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a templating or directing agent during synthesis. For example, during micellar emulsions or anodized
alumina pores, or from the innate crystallographic growth patterns of the materials themselves. Controlling
the morphology of nanoparticles is of key importance for exploiting their properties for their use in several
emerging technologies. Optical filters and bio-sensors are among the many applications that use optical

properties of gold nanoparticles and it requires anisotropy of the particle shape.

1.5.2.3 Nanoparticle composition, uniformity and agglomeration

The nanoparticles can be composed of a single constituent material or a composite of a plurality of
materials. Nanoparticles found in nature are usually agglomerated (see figure 1.13) from materials of

different compositions, and now it is easy to synthesize pure one-component materials by various methods.

Homogeneous

Inhomogeneous

(¢]
Q@ [O)5)
© %O OOO%%O
OO OO OO o o)

hiits

P

Agglomerations

Fig.1.13 Uniformity and agglomeration of Nanoparticles

Depending on its chemical nature and electromagnetic properties, the nanoparticle may be present in a
dispersed aerosol, suspension/colloid or condensed state. In an agglomerated state, the nanoparticle can
behave like larger particles depending on the size of the agglomerates. It is therefore clear that
agglomeration of nanoparticles, size and surface reactivity, as well as shape and size, must be taken into

account when using nanoparticles.

1.5.3 Agglomeration of nanoparticles

Agglomerationis a size enlargement process in which primary particles stick together to
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form agglomerates 7). The formation of agglomeration of nanoparticles can be explained by following

reasons:
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1) The distance between the nanoparticles is extremely short, and the mutual van der Waals force is much

greater than their own gravity force, therefore, they tend to attract each other and form to agglomeration;

2) The surface hydrogen bonds and chemical bonds between nanoparticles lead to mutual attraction
between nanoparticles and stick together to get agglomeration: the finer the particles, the stronger the

agglomeration.

The agglomeration of nanoparticles can be divided into two types !38): soft agglomeration and hard
agglomeration. Soft agglomeration is mainly caused by the electrostatic force and van der Waals force
between particles. Because the force is weak, it can be eliminated by some chemical action or mechanical
energy. In terms of hard agglomeration, in addition to electrostatic force and van der Waals force, chemical

bonding exists, which lead to the hard agglomerates cannot be easily disrupted.

There are some methods that have been used to separate agglomerations. Such as, adding dispersant
(polymer organics, such as polyethylene glycol (PEG), ammonium polyacrylate, sucrose, etc.) to reduce
the surface tension of the interface through absorption, and achieve the purpose of deagglomerations.
Ultrasonic treatment is a common method to deagglomerate the aggregated nanoparticles. In mechanical

mixing, the high shear mixer (such as Cyclomix, Picomix) has proved to have a deagglomeration effect.

1.5.4 Measurements of nanoparticles

Along with the rapid development of nanotechnology, some useful and powerful characterization
techniques have been developed and/or identified for characterizing the size of nanoparticles. A wide range
of advanced characterization techniques exists such as: transmission electron microscopy (TEM), small-
angle X-ray scattering (SAXS), dynamic light scattering (DLS), specific surface area method, centrifugal
liquid sedimentation (CLS), atomic force microscopy (AFM), tunable resistive pulse sensing (TRPS),
nanoparticle tracking analysis (NAT), laser diffraction analysis (LD). In this section, we aim to introduce
a number of typical characterization techniques that have been widely used to analyze the size of

nanoparticles.

1.5.4.1 Transmission Electron Microscope (TEM)

TEM is a microscopy technique (see figure 1.14) in which a beam of electrons is transmitted through a

sample and then form images. When high-energy electrons (usually is 50-200 KeV) penetrate the sample,
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depending on the electron transmission intensity at different locations of the sample, different diffraction
directions or electron through crystal sample, the image is displayed on the fluorescent screen. The TEM
resolution is 0.3 nm and the lattice resolution is 0.1-0.2 nm. The samples can be tested on a copper network
with a diameter of 2-3 mm. A TEM is composed of a vacuum system in which the electrons travel, an
electron emission source for the generation of the electron stream, a series of electromagnetic lenses, as

well as electrostatic plates.

The TEM is used for obtaining an image and chemical information about the nano and microstructure of
all types of materials, ranging from metals and ceramics to soft biomaterials. 2D and 3D imaging of the

structures is possible as well as the mapping of electric and magnetic fields.

Spread
e-beam

Transmitted

electrons modulate

images pixels

Fig.1.14 Photo and schematic of TEM [1%%],

In order to measure the particle size by electron microscopy, we should first take as many representative
morphological images of nanoparticles as possible, and then measure the particle size by these electron
microscopic photos under the help of Imagine software (Imagel). Imagel is a public java-based image
processing software developed by the National Institutes of Health. It can do area and pixel statistics,
spacing, can create histogram of size distribution. In the size analyzing process, in order to obtain the

relatively accurate value, in the selecting process, different sizes, clearly visible areas should be chosen.

1.5.4.2 Small Angle X-Ray Scattering (SAXS)

SAXS is a small-angle scattering technique that is used to analyze nanoscale density differences in a
sample. When an X-ray beam passes through a superfine powder layer, it scatters through the scattering
of electrons in the particles at a very small angle (typically 0.1-10°). SAXS is capable of delivering
structural information of dimensions between 1 and 100 nm, and of repeat distances in partially ordered

systems of up to 150 nm. Each SAXS system consists of an X-ray source, a collimation system, a sample
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stage, and a detector (see figure 1.15). Appropriate software is used to process and evaluate the measured

scattering data.

SAXS is used for determining the microscale or nanoscale structure of particle systems in terms of average
particle sizes, shapes, distribution etc. ['°?). Whether the materials are solid or liquid, the SAXS is available
to resolve size. Since it requires a minimum of sample preparation, it is widely used in the laboratory. In
a typical experiment, a highly collimated beam of monochromatic x-rays is transmitted through a sample
on the order of 1 mm in thickness. The scattered x-rays are collected on a 2-dimensional area detector
azimuthally in 360 degrees at a continuous range of scattering angles which deviate from the direct,
transmitted beam. The scattering angle, which is defined by convention as 26, the diameter of particle D

[161

can be expressed as [1®!! D =27/q, where q = 4nsin(0)/A, in which ) is the wavelength of the x-rays (typically

0.154 nm for the Cu x-ray source), q is the momentum transfer or scattering vector.

Collimation
Detector /’
Samples /
5. 7
s
Qhﬂ / Pinholes

e X-Ray Source

Fig.1.15 Photo and schematic of SAXS [162],

1.5.4.3 Dynamic Light Scattering (DLS)

DLS is a technique (see figure 1.16) that is used to determine the size distribution of small particles in
suspension in solution. The basic principle of DLS is: the sample is illuminated by a laser beam, and the
intensity of the scattered light (Brownian motion) can be measured. The fluctuations of the scattered light

from Brownian motion are detected at a known scattering angle 6 by a fast photon detector.

DLS instruments that measure at a fixed angle and can determine the mean particle size in a limited size

range. The fluctuation of scattered light contains the dynamic information of size of particles and

163-165].

calculation equation can be expressed as follows

_ KpT
- 6nnC

(Eq.1.3)
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Where R is the radius of the particles, C is the translational diffusion coefficient of particles; Kz is the

Boltzman constant, 7 is absolute temperature, # is viscosity.

DLS machine C
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Fig.1.16 Work principle of DLS [66],

DLS is used to analyze size of various particles, such as nanoparticles: solids, proteins, polymers, micelles,

vesicles, biological cells etc. 17,

1.5.4.4 Specific Surface Area Method

Surface area analysis (see figure 1.17) is an indirect method for measuring particle size. In surface area
analysis, nitrogen is usually used because of its availability in high purity and its strong interaction with
most solids. Because the interaction between gaseous and solid phases is usually weak, the surface is using
liquid N2 to obtain detectable amounts of adsorption. There is an inverse relationship between particle size
and surface area. Nitrogen adsorption can be used to measure the specific surface area of a powder.
Relative pressures less than atmospheric pressure are achieved by creating conditions of a partial vacuum.
After the saturation pressure, no more adsorption occurs regardless of any further increase in pressure.
Highly precise and accurate pressure transducers monitor the pressure changes due to the adsorption
process. After the adsorption layers are formed, the sample is removed from the nitrogen atmosphere and
heated to cause the adsorbed nitrogen to be released from the material and quantified. The data collected
is displayed in the form of an isotherm curve, which plots the amount of gas adsorbed as a function of the

relative pressure.

The method of Brunauer, Emmett, and Teller (BET) is commonly used to determine the total surface area.
If the particles are assumed to be as spherical and in a narrow size distribution, BET calculation provides

a precise specific surface area (S) evaluation of materials by nitrogen one layer adsorption measured as a
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function of relative pressure using a fully automated analyzer. The technique encompasses external area

and pore area evaluations to determine the total specific surface area in m?/g,

Determining the specific surface S (m?/g) and assuming that the particle is not porous, spherical and has a

monomodal size distribution, we have 181701,

_ surface of sphere __ 6 (E ] 4)
volume of spherexdensity of particles  Dxp 94
Where D is the diameter of particle and p is the density of materials.
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Fig.1.17 Photo of a 3Flex analyzer of surface area [7!],

1.5.4.5 Centrifugal Liquid Sedimentation (CLS)

Centrifugal sedimentation method is an indirect method for measuring particle size distribution. Powder
particles naturally settle in a stationary liquid medium depending on gravity to overcome the resistance
and buoyancy of the medium, which results in the changes of suspension concentration, pressure, relative
density, light transmittance, or sedimentation velocity. Measuring the variation of these parameters with
time can reflect the particle size composition of the powder. Centrifugal sedimentation method is based on
Stokes's law of particle sedimentation, which is proportional to particle concentration and shading.

Stokes’s law can be expressed by equation 1.5 in the settlement process under centrifugal inertial force

D~ [Hnn®:/by)
(p=pflw?t

Where D is Stokes' diameter of particles; # is the viscosity; D;and D, are rotation center to the surface of

[172]

(Eq. 1.5)

settlement media and light point transmittance; p is the density of particles; pris the density of subsidence

medium; w is the angular velocity of settling; ¢ is times.
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A common CLS instrument is shown in fig. 1.18. The disc can be of virtually any size, typically the
diameter of it is approximately 125-150 mm. The detector beam is usually a monochromatic light of
relatively short wavelength (400-500 nm) or X-rays. Shorter wavelength light gives better detector
sensitivity when particles smaller than 100 nm are measured. To prepare the analysis, the disc is set in
motion at a constant speed, and then the disc chamber is filled with a fluid with contains a slight density
gradient. Samples are prepared for analysis by dilution in a fluid of slightly lower density than the least
dense fluid in the disc. The lower density fluid used for the sample reduces the intial mixing of the fluid
inside the disc with the sample. When a sample is injected, it strikes the back inside the face of the disc,
and forms a thin film, which spreads as it accelerates radially toward the surface of the fluid. When the
sample dispersion reaches the fluid surface, it quickly spreads over the surface, because it is of lower

density. Once a sample is on the fluid surface, sedimentation of individual particles begins.

Light

. Reinforcing ring source
] . Detector
Gradient liguid
— L Light beam
}  Light beam e - 8 o AR OLEOEANIOR,

Gradient liquid
Disc closure -

Injection point

Fig.1.18 Schematic of a CLS [172,

Applications include analysis of polymer latexes and emulsions, fillers, ceramic oxides, pigments,
microspheres, oil emulsions, and much more. Many materials - such as oil emulsions, adhesive latexes,
and liposomes - that may have presented difficulties for measurement via differential sedimentation can

be measured quickly and precisely [73 1741,

1.5.4.6 Atomic Force Microscopy (AFM)

AFM (figure 1.19) is a very high-resolution type of scanning probe microscopy with demonstrated

resolution on the order of fractions of a nanometer.

It consists of a cantilever with a sharp probe and its end that is used to scan the specimen surface. Normally,

the cantilever is made of silicon or sili con nitride, when the probe is brought to approach a sample surface,
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the force will cause the cantilever to deform or change its motion state, these change distributions will be
obtained by a 4-quadrant photo detector and then the surface structure information and surface roughness
can be shown with nanometer resolution. Applications of AFM can be found in a wide range of disciplines of

the natural sciences, molecular engineering, polymer chemistry, cell biology, and medicine 1731,

4 guadrant photo
detector

Cantilever
deflection
Laser measurement
aever

AFM ot

Fig.1.19 Photo and Schematic of an AFM (PI, Germany) 1171,

1.5.4.7 Tunable Resistive Pulse Sensing (TRPS)

TRPS technology enables accurate measurements of nanoparticle properties suspended in solution 1761,
The particles going through a pore are detected or blocked one by one as a transient change in the ionic
current flow. Since the magnitude of the blockade is proportional to the particle size, it is possible to obtain
an accurate particle size after calibration with a known standard. Figure 1.20 a) shows a TPRS technology

(Izon Science Ltd.) and b) schematic illustration of the measurement principle.

-Adjustment options. ...,

. b) Measurement principle
a) TRPS technology (Izon Science Ltd.)

Upper chamber

|

Variable

pressure \
module

Nano base
unit

Lower chamber

2

Fig.1.20 a) TPRS technology; b) schematic illustration of the measurement principle (The suspended particles in
the upper compartment pass through the pore and cause the resistive pulse. There are three options to adjust the
instrument for optimal settings for the specific sample: mechanical pore stretching, pressure difference adjustment,
and the applied direct current voltage) ['77,
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The typical TRPS has 4 components, a variable pressure module, a nano base unit, teeth, and a fluid cell.
b) Schematic illustration of the measurement principle of TRPS shows the suspended particles in the upper
chamber pass through the pore and causes the resistive pulse. There are three options to adjust the
instrument for optimal settings for the specific sample: mechanical pore stretching, pressure difference

adjustment, and the applied direct current voltage.

TRPS is used to determine sample concentration and accurately obtain particle electrophoretic mobility

and surface charge, in addition to particle size information 77,

1.5.4.8 Nanoparticle Tracking Analysis (NTA)

NTA is a technique that uses the characteristics of light scattering and Brownian motion to obtain the
particle size distribution of the sample in the liquid. When a laser beam is passed through the sample
chamber, the particles in suspension that fall in the laser beam path disperse light in such a way that they
can be observed through a 20x magnification microscope. A camera mounted on this microscope records
a video file of the movement of the particles under Brownian motion, within its field of view (see figure
1.21). The particles’ movement is recorded on a frame-by-frame basis. At the same time, the NTA software
detects and monitors the center of individual particles that were observed, and also measures the standard
distance moved by individual particles in the direction of x and y planes. NTA allows the determination
of a size distribution profile of small particles with a diameter of approximately 10-1000 nm in liquid

suspension.

Microscope il
Particle scattering from laser beam A /

Particle suspended in liquid
Laser beam (Approx. 50pm wide)
Metalized surface

P
e,
Glass 4-! |

Fig.1.21 Photo of NTA (AZoNetwork UK Ltd.) and schematic of working principle ['8],

o
o -
=

NTA is used for commercial and academic work with nanoparticles, bacterial membrane, drug delivery,

vaccine production, protein aggregation, etc. [17,
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1.5.4.9 Laser Diffraction Analysis (LD)

LD is a technology that is widely used for analyzing particle size, it utilizes diffraction/diffusion patterns
of alaser beam passed through any object ranging from nanometers to millimeters in size to quickly
measure dimension of a particle. In a laser scattering measurement, a laser beam passes through scattered

particle samples and angular light at angles inversely proportional to the particle size.

LD uses Mie’s theory [ (which describes the scattering of an electromagnetic plane wave by a
homogeneous sphere) of light scattering to calculate the particle size distribution, assuming a volume
equivalent to the sphere model. Mie’s theory requires knowledge of the optical properties (refractive index
and imaginary component) of both the sample being measured, along with the refractive index (describes
how fast light travels through the material) of the dispersant. Usually, the optical properties of the
dispersant are relatively easy to find in published data, and many modern instruments will have built-in

databases that include common dispersants.

Dispersion Optical Detector
Beam module

expander -

o

Sune

—

Dy

°8
Laser light i

source Particle flow

Measuring
zone

Fig.1.22 Photo of Master 3000 (Malvern UK Ltd.) and schematic of working principle [7],

Figure 1.22 present an example of a Master 3000 (Malvern UK Ltd.) and its working principle. The
Mastersizer 3000 uses the technique of laser diffraction to measure the size of particles. It does this by
measuring the intensity of light scattered as a laser beam passes through a dispersed particulate sample.

This data is then analyzed to calculate the size of the particles that created the scattering pattern.

As mentioned above, a lot of methods can be used to analyze the nanoparticle size. Table 1.6 summarizes

the advantages and limitations of different methods of nanoparticle measurement.

Souza et al. '8 compared TEM and DLS methods to analyze the size distribution of ceramic nanoparticles.
TEM images (see figure 1.23) show a sample dispersion of the titanium oxide nanoparticles, and different
size distribution using different methods for the same nanoparticles. It was found that mean and median

values from DLS would be slightly higher than TEM due to the interference of the dispersant.
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Table 1.6 the advantages and drawbacks of different measurements.

Analyze size

Method Advantages Drawbacks/Limitations
range
o P 9werful @agnlﬁcatlgn; e Few powders are used to observe, makes the analysis
® High quaAhty and detailed; ) results lack of statistics;
TEM 11000 1 o Information about surface features, shape, size etc.; o Potential artifacts from sample preparation;
© Easy to operate; o ) ® Samples are limited to those that are electron transparent,
f Wld? applications, e.g., scientific, educational and able to tolerate the vacuum chamber and small enough to
industrial field. fit in the chamber.
o Samples need not be crystalline; e Spatial averaging occurs due to random orientation of
’ dissolved or partially ordered samples - leads to a loss of
e Minimum of samples preparation required; information;
SAXS 1-100 nm . . o Radiation damage is possible for less robust samples e.g.,
e Measurement is usually non-destructive; proteins;
o Able to measure various samples. o Scattered intensity is weak for commonly used systems.
e No destroying and interfering with the original state
of the system; . .
1 nm-10 pm . 4 . e Measuring process is slow;
DLS o It is fast, accurate and requires only a few samples to . . .
measure the dynamic properties of the medium; o DLS must be used on highly dilute solutions.
e High resolution.
e Complicated evaluation program;
Physical gas Hieh accuracy and reliability of results for non e Since it measures pore size, which causes deviation with
) e High accuracy iability sults - . .
adsorption (BET 1-1000 nm porous materials the real size of particle.
measurement) e Calculation just suitable for non-porous and spherical
particle.
® High size resolving power;
e Enabling populations of single particles to be | e Settling medium and working speed will directly affect
distinguished from populations of dimension and | the measurement results. The types and usage of
CLS 10-1000 nm multimers for the study of the agglomeration state of | dispersants, sample concentration and sample amount will
suspensions, as well as to separate distinct particle | also affect the measurement results (181,
populations from each other.
o Easy to prepare samples for observation; e ]t can only scan a single nanosized image at a time of
® [t can be used in vacuums, air, and liquids. about 150x150 nm.
e Measurement of sample sizes is accurate with a 3D | e It has a low scanning time which might cause thermal
AFM 0.5 - 1000 nm imaging; drift on the sample.
o [t can be used to study living and nonliving elements; | ® The tip and the sample can be damaged during detection.
o It can be used to quantify the roughness of surfaces; | It has a limited magnification and vertical range.
o |t is used in dynamic environments.
o High resolution and sensitivity, unique insights into
size distribution and concentration of the | ® TRPS requires optimization and standardization to
TRPS 40 nm -10 pm nanomaterials, as well as particle behavior and | establish sensitivity, specificity and reproducibility
morphology in complex media.
e Highly precise, accurate, and reproducible
concentration measurements on different types of
nanoparticles; e NTA can be time-consuming and requires some
NTA 10 nm-1 pm o Considerably, repeatability and reproducibility of operational skills for the adjustment all software settings.
concentration measurements have been increased
significantly.
o It has high information carrying capacity; . . .
. & Y . g' pactty . e |t is expensive and hence more expenditure
o It is free from electro-magnetic interference; . . .
It has . ional leakage: e [t increases complexity and duration of the treatment
LD 30 nm-3.5 mm o It has very minimum signal leakage;

® Single laser beam can be focused in areas smaller
than 1 micro diameter.

based on laser devices or equipment;
o [t requires higher power during the cutting process.
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Fig.1.23 TEM images of TiO, and the correspondent TEM and DLS particle size distribution 8,

Braun et al. 32 analyzed the size of the silica nanoparticle by CLS methods. Fig.1.24 shows the
sedimentation time as a function of the particle size as calculated from equation 1.5 for different values of
the particle density. As the particle density and/or the particle size increase, the sedimentation time
decreases. Nanoparticles under investigation will reach the detector in a time range roughly between 10 s
and 20 min (see dotted lines in figure 1.24). The study has proved that the CLS method is robust and

suitable for particle size in the range of about 35-50 nm.
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Fig.1.24 Sedimentation time as a function of particle size as calculated from equation 1.5 for three different
particle density values (The horizontal dotted lines correspond to sedimentation times of 10 s and 20 min, resulting
in a particle size range suitable to be characterized by CLS from roughly 10-200 nm, respectively.) [1521,
Robert et al. "33 compared the AFM and NTA measurements with TEM for determining the mean diameter
of nanoparticles. TEM images (see figure 1.25) provided two different size of latex 100 nm (a) and 200

nm (b).
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Fig. 1.25 TEM images of the nanoparticle samples (a) 100 nm latex and (b) 200 nm latex, size distribution that
measured by AFM and NTA [83],
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The results from three different particle measurement techniques have been compared. All techniques give
standard deviation less than 1 nm. It has been demonstrated that these techniques give different results but
these are all consistent considering the exact nature of each measurand and their physical conditions. This
study leads the way for improvement in nanoparticle size measurement by allowing the results from

different techniques to be compared directly.

100 150 20

Diameter/nm

Fig. 1.26 TEM images of (a) HNP25, (c¢) HNP50, and (e) HNP100. Diameter distributions from TEM images,
DLS, and SAXS fitting are shown in (b) for HNP25, (d) for HNP50, and (f) for HNP100. f is the number
frequency. All distributions for a given HNP size are normalized to the same area 1341,

Zhi et al. " measured the size of SiO»/TiO; (different dispersion of SiO») hollow nanoparticles (HNPs,
respectively, HNP25, HNP50, HNP100 mean different dispersion of SiO,) by different measurements,
respectively, SAXS, TEM and DLS. (See figure 1.26).

The study demonstrated that SAXS gives accurate information on diameter and size distribution, DLS

measurements are quicker and perhaps cheaper than SAXS, but are less reliable in determining
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polydispersity, giving higher values than SAXS. TEM may underestimate the polydispersity of the

particles if sampling is not performed with great care.

Table 1.7 Summary of particle sizing techniques used for the commercial CsA nanoemulsion 1831,

Technique Measured value (nm)
DLS 117.9 £2.0 nm
LD 73.1 £ 1.5nm
NTA 107.7 £ 1.3 nm
TEM 26.6 + 14.3 nm

LD measurements has a wide measure range from 10 nm to 3.5 mm using a single optical measurement

1851 investigated the

path, making it suitable for an extremely wide range of applications. Peter et al. !
particle size and size distribution of Herein cyclosporine (CsA) ophthalmic emulsion. Assessment of
particle size was performed using four fundamentally different particle sizing techniques, including DLS,

LD, NTA and TEM. measured results are summarized in table 1.7.

The study illustrated that each technique has strengths and limitations depending on the type of sample,
the state of dispersion, and the particle size range. Generally, each technique measures a different property
that is used to infer size; therefore, direct inter-comparison of size values is less desirable as it may
introduce errors due to conversion, different sample preparation, etc. In addition, the distribution range
can vary drastically depending on the instrument configuration, sample type and preparation procedure, as

well as measurement artifacts.

Given that each technique has its own advances and limitations, combining different characterization
techniques is highly desirable to fully measure the size of nanoparticle. It is also important to understand

the underlying working principles and optimized conditions to collect reliable data from each technique.

1.6 DEM modeling

1.6.1 Introduction

Discrete element modeling (DEM) is a method for computing the motion and effect of a large number of

particles. With advances in computing power and numerical algorithms, it has become possible to
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numerically simulate millions of particles on a single processor. DEM is an ideal model to track the particle
motion, collision and to analyze the force (i.e. normal contact force), energy and velocity,

etc, (104, 186]

DEM was developed by Cundall and Starck 187 in 1979 based on the molecular dynamics, it regards the
entire medium as a series of discrete and independent particles. Particles can contact by angle and surface,
particles can be translated, rotated, or deformed. The particle surface is available to be compressed, slipped,
and separated. When the particle undergoes external force or boundary displacement, the position of
particles is updated and the new contacts between bodies are taken place as the calculation based on

Newton’s second law.

In general, there are two types for contact of particle interactions in DEM: hard-sphere and soft sphere ['#8],

1.6.1.1 Hard Sphere

The hard spheres are widely used as model particles in the statistical mechanics’ theory of fluids and solids
(18] They are defined simply as impenetrable spheres that cannot overlap in space. They mimic the
extremely strong ("infinitely elastic bouncing") repulsion that atoms and spherical molecules experience
at very close distances. As is shown in figure 1.27, this assumption suggests that the hard-sphere model is
suitable for highly agitated or gravity-free conditions '°°!. This model can be used to simulate the multiple

contacts occurring at the same instant because the computational burden increases dramatically due to the

update of information, such as particle velocity and trajectory whenever particle contact occurs 1!,

vV, vV, \'A v,

I P; 5 — . Py —l - Py ——
Pre-contact Contact Post-contact
(instant contact and no overlap)

Fig. 1.27 Simple schematic diagram of hard-sphere model V; and V>: the velocity of each particle before contact;
V,'and V" the velocity of each particle after contact [192],

1.6.1.2 Soft sphere

The soft sphere model is the most common and flexible model in DEM [!%*], In this model, it is assumed

that the particle contact is lasting, as is shown in Figure 1.28. Hence, the soft sphere model is desirable for
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the investigation of long-lasting and multiple particle contact in a high dense system [!°4, The soft-sphere
model is referred to as a time-driven approach, as it sets a time step in which the contact force is calculated.
Therefore, the time step should be carefully set for accurate simulation. The smaller time steps allow
accurate integration of the resulting particle equations but can dramatically increase the computational

time in the simulation.

Overlap
VvV, V, l ' '
B b bl . < G Y WA
Pre-contact Contact Post-contact

(Long lasting contact)

Fig.1.28 Simple schematic diagram of hard-sphere model V| and V: the velocity of each particle before contact;

V' and V" the velocity of each particle after contact [1%2],

A number of studies have been performed using the soft-sphere model to simulate high shear granulation,

coating, and milling processes 1% 1961,

1.6.2 Studies of DEM modeling

DEM for particulate systems has been reported in the literature, it has been proved that these approaches
are useful in developing a better understanding of particle motions and the mechanism of particulate
processes. Some articles about DEM modeling on particle mixing and granulation are summarized in table

1.8.

Table 1.8 Summary of the work of the literature of DEM modeling on particle mixing and granulation.

Modeling information

. . Modeling Parameters Objectives Ref.
Materials Diameter number of
particles
0.113- Size, number and Determine the influence of particle shape and size on the
Clust 500-3500 . . . . 196
uster 0.300 mm shape of cluster particle behavior and the interface friction. [196]

Y ? dul
oung's modulus Establish a general numerical way to check the

Steel ball 15 mm 230 of particles and [197]
. . performances of concrete
velocity of rotation
. . . Study dissipation mechanisms of the non-obstructive
Not 0.1-0.2 S d fill
th:ai?:lim mm 1000-2000 rat;zzfanarti‘d:s]g particle damping (NOPD) based on a discrete element [198]
P method (DEM).

Use DEM to simulate multiple interacting bodies
Steel ball 2954 mm 104 SI.ZB‘ of ball and underlgomg r‘elatlve motion and breakageA and establish [199]

milling speed the interaction rules and the associated contact

parameters.
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0.31-0.93

Size of sand,

Test the effect of material properties on flowability of

Sand 250-1915 velocity and . . [200]
mm . o particulate materials.
simulation time
. Study the d; ics of ch: tion in tumbli ill
Steel balls 90 mm 48 Rotation speed udy fhe .ynamlcs of eharge n}o wom i tumbiing mifs [201]
both experimentally and theoretically.
Fabric 20-100 1000 Size F)f grain and MicroTnechanical Astudies of the granular material [202]
mm filling rate behavior at the grain scale level.
Number of mills, Study the effects of the mill speed on energy efficiency
Steel balls 22.24 mm 120-216 filling rate, and and capacity of mills and the behavior of the load in the [203]
critical speed mill.
Catalyst’s . .
article Combine DEM modeling and mass transfer was
fFe/Al o 4.4 mm 40000 Simulation time developed for investigating the local mass transfer [204]
Sio )2 : throughout a catalytic gas—solid fluidized bed reactor.
2
Chipping angle of - . .
Expl the effect of t tat k
Rock blocks 10 mm 30-1000 rock blocks and xplore fhe - eflect ol joint —orientation  onroc [205]
. . fragmentation by a tunnel boring machines cutter.
orientation
Size of and Predict the damping characteristics and describe the
Tungsten 0.88 and . . . . .
steol 1.2 mm 1246, 386 number of particles, motions of multi-bodies and determine the energy [206]
' simulation time dissipation.
Sandstone 2520 em 2000 Si_ze of r_)ani.cle Develop. a robust nun_"le_rical simulation capability for_ the [207]
and simulation time exploration and prediction of near-wellbore mechanics.
Mill rotational
Total d, vibrati . - . L
236-952 o f‘:n?llzzass S?:;e ue‘rlllc rz;:l(;n Investigate the milling process of mechanical alloying in
Steel =207 £ duency a SPEX 8000 series shaker mill by varying ball sizes and [19]
mm balls: amplitude, ball .
. ball to powder mass ratios.
5-50 g diameter, total mass
of milling balls
Polypropylen 10 and 16 38878 Size of particles Discuss the current state of the art in the modeling of [208]
e mm and 9294 and simulation time granular flows in mixing processes.
Density of Use DEM in parallel with a model for coalescence of
CaCOs 1.7 mm 5000 anicle); deformable surface wet granule and predicted both [209]
P collision rates and coalescence efficiencies.
Not gfive in 2.0 mm 48000 Time step Intro@u(fe anew modf:ling strategy for the simulation of 210]
the article the mixing of monodisperse particles.
Time step. friction Model the particle-particle interactions and studied the
Polyethylene 6 mm 3300 p,’ influence of the various assumptions and simplifications [211]
coefficient .
of particle processes.
Lactose 0.19-0.99 8000 Filling rate and Present an appropriate multidimensional population [212]
primarily mm size of particles balance equation model for high-shear granulation.
Granular 18000 - . Size an'd ﬁllin'g Use the DEM m'odeling to simulate flow, mi?(ing, and
catalyst 2-3 mm 20000 ratio of particles, time | heat transport in granular flow systems in rotary [213]
4 step, vessel speed calciners and impregnators.
Develop a DEM model of polycrystalline SiC to simulate
h . hini o
' 22200 5656 - Size of particles, the t':er.amlcs mac| 1n1ng 'Pro'cess and quan.tltatlve
SiC m 11313 speed description of the crack’s initiation and propagation can [214]
s P be obtained and used for the assessment of the machining
techniques.
The sand particles were modeled by unbreakable 2-
Sand 1.5-2.7 791 APérticle size fmd sp]"{ere cAlumps, so that interlocking l?etween partic'les, [215]
mm Friction coefficient which yielded more stable and efficient force chains,
could take place.
Develop a model of a fluidized bed granulator by
v-ALO; 2 mm 150000 Velocity combining the gas and particle dynamics with a simple [216]
model of particle wetting.
. . Use DEM modeling to model the motion and orientation
Loading mass of . .
Placebo tablet 11.9 mm 875 - 1250 articles of several novel pharmaceutical tablet shapes in a film [217]
p coating pan in order to predict coating uniformity.
Devel li i icl 1 fi
Density and friction evelop and validate an appropriate particle mode ' or
Soybeans 5.4 mm 1000 one test seed, soybeans, based on these physical [218]

coefficient of particles

properties.
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Nearly all of the related reports suggested changing the process parameters to understand the particle
motions and mechanism of particulate processes, such as velocity and simulation time. More studies
focused on the properties of the particles themselves, such as size, density, young’s modulus etc., and
found that these parameters play a critical role in particle motions. Therefore, these parameters should be

properly considered for optimization as well as scale-up productions.

1.6.3 DEM modeling on dry particle coating

In recent decades, with the increased usage of high-speed mechanical mixing of large volume commercial
applications, a better understanding of high-speed mixing especially in the dry coating field has become
even more important. In dry particle coating, fine/guest particles are coated on the surface of large/host
particles by using mechanical forces (i.e., shearing, impacting, compressing). Table 1.9 summaries the

DEM modeling on coating.

Table 1.9 Summary of some articles of DEM modeling on coating.

Modeling information
i Variati Model
) ) Modeling ariation 0fie Objectives Ref.
Materials Diameter number of parameter Devices
particles
Rotati M tically-
Host: Polymethyl Host: Host: 1000 otation a.g nencaty Model and understand the processes happening at multiple
speed, host assisted . . R . . .
methacrylate 100-200 pm Guest: . . . . length and time scales in magnetically assisted impaction [219]
Guest: ALLO;3 Guest: 100nm 56000 size and Impaction coating coating process.
T ) density (MAIC) )
Rotation
t he DEM li if it i ful tool t
Host: Polymethyl Host: speed, loading . Study the ! modeling and see if it is a usefu oq J
Host: Mechanofusion, model dry particle processes and can be used at various
methacrylate 400 pm number, L ; . . . [220]
1000-4000 . . Hybridizer length scales to gain a certain understanding of mechanical
Guest: Al,O3 simulation .
. devices.
time
Host: Particle Investigate the mechanical dry particle coating by DEM
Pharmaceutical 1.0 mm 5000- number, CO“iCﬂl_ screen modeling and examine the influence of the operating [221]
powders 20000 speed, volume mill parameters.
of vessel
Host: Magnetically-
Host: Polymethyl Host:
ost: Folymethy oS 1000 Number of assisted Study the dry particle coating processes by DEM modeling
methacrylate 200 pm . . L L . [13]
Guest: ALO Magnets: magnets impaction and optimize its application in the commercial.
T 10-80 coating (MAIC)
Host: Host: . . . .
. o8 o8 Investigate the effect of particle interface energies and
Host: Mannitol 100 pm 200 Couette .. . . .
Surface energy mixing energy input on the macroscopic behavior of the [222]
Guest: Lactose Guest: Guest: shear cell dry-coating process by using the discrete element method
- us 1S
5 um 10000 Y ePp Y using
Host: Host: Theorical
. o3 . o8 eorica Size of host L . Investigate the effects of material stiffness, host and guest
Potassiumchloride 125-250 m surface and guest A high-intensity article sizes, and mixing intensity on dry coating qualit; [110]
Guest: Aluminum Guest: 0.25- coverage: angicle vibrational mixer Esin a hich i’ntensit Vibgrational n};ixer Y &4 4
silicate 0.5 pm 100% P €2 e Y '
. Rotati
Host: Suglets Host: otan.on spéed . Get a better understanding of dry particle coating process [223]
40000 and simulation Cyclomix R . .
Guest: MgSt 2 mm time using experimental study and DEM modeling.
1
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Host: Host: Surface Understanding the adhesive interactions between active
Host: DPIs 70 pm 1 enerey and Vibrated pharmaceutical ingredient (API) particles and carrier [224]
Guest: API Gust: Guest: vel%)}::it container particles in dry powder inhalers (DPI) is critical for the
5um 200 Y development of formulations and process design.
Rotation
Host: speed, surface Binary interaction between adhesive units formed from
. ) energy, . monodisperse spherical fines and carrier particles was
Host: M: tol 100 Host: Not
ost: Vannito wm s collision N g'fwe n studied with the discrete element method (DEM) in order to [225]
Guest: lactose Guest: 2 the article K L
frequency, better understand phenomena such as lumping, bridging and
3 um .. . . .
surface flowability of adhesive units and mixtures.
coverage
Host: Host: Youne’s Study the coating performance of polymeric materials and
KCl 5 um Host: dul g Ad Fluid energy polyethylene (PE) effect on the breakage of the coarse [226]
modulus ant
Guest: Guest: 1000 . mill (FEM) particles. >
size of guest
PE 1-5 pm
Host: Host:
i Host: 6000- Rotation Investigate the critical process parameters that affect the
Glass bead . .
Guest: 1.7 mm 13000 speed and Agitated filter heat transfer in the filter dryer and compare the (2271
L t‘ ) Guest: Guest: filling ratio of dryer experimental temperature and solvent concentration
actose
1 mm 50000- guest and host profiles to the simulations under similar conditions.
100000
Host: Host: Host: Rotation Study the he kinematics of granular flow of cohesionless
Glass bead 2-10 mm 5000~ speed and size Bladed mixers Panlcles in a. bladed mixer experlm.entally usn.lg particle [228]
Guest: Guest: 50000 of host and image velocimetry and computationally using DEM
MgSt 5-100 um guest modeling.
Host: Host: Host:
OS. o8 o8 . . Examine the breakage and capturing behavior of loose fine-
Mannitol 200 um 1 Velocity, Spherical . . . .
particle agglomerates on impact with target particle by [229]
Guest: Guest: Guest: surface energy shaped space DEM modelin
Lactose 5 um 1000 &
Host: Host:
Vol Density and
Mastic 2-8mm c.’ ume . enst y an Dynamic Evaluate the rubber effects and the interaction among
filling: filling ratio of . . [230]
Guest: Guest: shear rheometer limestone filler, rubber by DEM modeling
K 11-74% guest
Bitumen 200 pm
Host: Host: Host: .
O? . o8 o8 Surface L Understand the effect of fine particle amount and adhesion
Ascorbic acid 315 um 80 Cyclindrical R .. X .
energy, mass . on the adhesive mixing process by DEM modeling via [231]
Guest: Guest: Guest: ratio, velocit; polycarbonate jar ariation of surface ener;
Vv Vi Ul .
Cornstarch 14 um 36864 g ¥ &y
Host: Host: Host: 1
OS. o8 08 Velocity, Spherical Explore the effects of the interface energy between fines
Mannitol 200 pm Guest: surface ener shaped space and host on agglomerate breakage by DEM modelin (232]
Guest: Lactose Guest: 5 pm 1000 By pec sp 28 880y g
Host: Host: Host: 1 Surface Advance the use of the multi-scale simulation tool towards
L-shaped o Lo
Lactose 70 pm Guest: energy, eylindrical tube quantitative predication of the performance of dry powder [233]
Guest: MgSt Guest: 2 pm 2000 velocity Y for inhalation.
Host: Host:
Crystaliine 20-220 um Mass Size of host Resonance Asse-ss predictébility of packing porosity as well e.is its bulk
Guest: ratio: L. density reduction enhancements after dry coating for a [234]
cellulose 10-93 pm 1-3.5% and guest acoustic mixer wider variety of pharmaceutical powders
Guest: API i =70 y of p p .
Develop a fundamental approach to simulate dose emptying
Host: Host: . Lo . .
. Surface and dispersion in a model dry powder inhaler that explicitly
Drug particle Host: 70 um 1 Prototype . . . . .
energy . takes into account the interaction between carrier particles, [235]
Guest: Guest: 2 pum Guest: . inhaler R R .. . .
velocity that may be cohesive or adhesive, and their interaction with
Lactose 2000 . .
a possibly turbulent velocity field.
Host: Host: . . . . . .
Size of . Investigate the influence of interparticle cohesion on the
Guest: 0.55-2 mm ! host, velocit; Spherical ener; ropagated and dissipated in agglomerates durin; [236]
st, v ity, S 1 u
Glass bead Guest: Guest: surface enery shaped space im| agc}; : aiis%a rigid target " # ¢
100 pm 1000 By pact ag gic target.

Through the analysis of the literature, it was found that in the DEM coating modeling, Hertz-Mindlin with

JKR (Johnson-Kendall-Roberts) cohesion model was conducted. JKR cohesion model is a non-linear

elastic contact model that allows us to represent the cohesive nature of fine and moist materials.
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1.7 Different DEM model

Many papers concerning dry coating have been published [!3 101 105, 131.237-239] "yt this technique is not
commercially used because a general rule governing the coating process is lacking and there is an
inadequate understanding of the fundamental knowledge of coating mechanisms ! 18] Hence, it is
imperative to simulate the dry coating behavior to understand the coating mechanism as well as to optimize
the dry particle coating. In order to investigate the interactions between two particles or between the

particle and the geometry, it is necessary to have a good understanding of contact models.

Contact models can be classified into contact and non-contact models (see figure 1.29). The contact model
includes elastic contact and inelastic contact model. Elastic contact is the study of
the deformation of solids that touch each other at one or more points % this contact moment is
instantaneous and very short. Inelastic contact, in contrast to elastic contact, was suggested to model the
dissipation of energy when plastic deformation between particles occurs **!1. The elastic contact model

consists of two parts: linear model and a non-linear model.

Particle interaction

Contact | Non-contact
Inelastic ——Van der Waals force

Linear model Non-linear model —Linear spring-dashpot model —Liquid bridge force

Linear spring model F——Hertz-Mindlin model —Hysteretic model —Electrostatic force
—Hertz-Mindlin + JKR model “—Thornton model
—DMT model

Fig. 1.29 Classification of particle interaction force models by contact force and non-contact force '], In
addition, the non-contact forces such as van der Waals force, liquid bridge force and electrostatic force is described.
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1.7.1 Elastic contact model
1.7.1.1 Linear spring model

The linear spring model is the contact model that represents the linear relationship between force and
displacement (overlap), as shown in figure 1.30. The contact force increases with displacement. The

contact forces in the normal and tangential direction respectively are given by [242:

Where Fy, ;; and F ;; are the normal contact force and the tangential contact force between particle 7and J,

8, and J; are the overlap in the normal and tangential direction, K, and K are the spring constant of the
particles involved in the normal contact and tangential contact direction, respectively. The spring constant

is defined as the force required per unit of extension of the spring 1>+

Because of the relationship between the contact force and the overlap, the linear spring model considers
that two particles in contact are both normally and tangentially connected by a linear spring constant 2441,
The linear spring model is not taking into account the dissipative energy that is produced when two
particles collide. Practically, when particles collide and deform, some kinetic energy is dissipated by
plastic deformation and the kinetic energy is converted to another energy >, It turns out that the linear

spring model is hard to apply to particle contact modeling.

Contact force (F)

Displacement (&)

Fig. 1.30 Relationship between contact force and displacement.
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1.7.1.2 Hertz-Mindlin Model

As is shown in Figure 1.31, when two particles collide, there is an area, or range, commonly described as

“overlap” (9), which can be calculated from equationl.8.

Where R; and R; are the radius of particle / and 2, respectively; and d is the distance between the centers

of particle / and 2 (C;and C>).

The normal force is generally calculated by Hertz contact theory without considering particle surface
adhesion. Hertz contact theoretical assumption is that the surface of the particles in contact with each other
is smooth and homogeneous, the contact surface is very small compared with the particle surface, only
elastic deformation occurs on the contact surface, and the normal contact force is perpendicular to the

contact surface.

Particle 1 Particle 2

Fig. 1.31. Illustration of normal and tangential forces involved in the contact between particles. C;and C»: the
center of particle 1 and particle 2; R; and R»: the radius of particle 1 and particle 2; d: the distance between the C;
and C»; 6 the overlap between particle 1 and particle 2; P: the center point of overlap; F, and F: the contact force

in the normal direction and the contact force in the tangential direction, respectively 11921,

Figure 1.31 shows two spherical particles in elastic contact, defining normal force between two particles

Foi.

Frij = SE°(R")'/28, 2 (Eq. 1.9)

i
Respectively, £”and R" are the equivalent Young’s modulus and the equivalent radius, &, is the normal

overlap between the contacting particle i and j;

(Eq. 1.10)
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R* = Eqg. 1.11
ﬂ%+#) (Fg- 11D

Where, E;, vi and E}, v; are the two sphere young’s modulus and Poisson’s ratio. A contact area is assumed

to be circular %91, it can be calculated by equation 1.12.

a =oR* (Eq. 1.12)

Mindlin and Deresiewicz theory *47)

stated that when two particles contact in the tangential direction, they
start to slip along the circumference of the contact surface. The direction of the slip is consistent with the
direction of the tangential force. Gradually, the slip develops into the interior of particles through the
contact surface. Mindlin-Deresiewicz’s contact theory describes this contact process and the relation

between tangential displacement and tangential force.
The tangential contact force spring component (F ;;) between contacting two particle i and j can be given
by:
Fiij = —K6  (Eq. 1.13)
Fyi; is the tangential contact force between particle i and j; §; is the tangential overlap between the

contacting particle 7 and j; K; the tangential spring constant.

1.7.1.3 Hertz-Mindlin + JKR model

Hertz-Mindlin with JKR (Johnson-Kendall-Roberts) cohesion model is a non-linear elastic contact model
that considers the cohesive nature of fine and moist materials. This contact theory is an extension of the
Hertz contact theory that adhesion exists only on the contact surface ?*¥!. The normal overlap (when two
particles are compressed together, the deformation occurs, the overlap in the normal direction is defined

as the normal overlap) between two particles can be calculated by equation1.14.

a? amya

Sn =5~ (2 (B 114)

Where 6,,: the normal overlap between the contacting particle i and j; E*: the equivalent Young’s modulus;

R* the equivalent radius; a: the radius of the area of contact; Y : the surface energy (Surface

energy quantifies the disruption of intermolecular bonds that occurs when a surface is created %)

JKR normal force is based on the overlap J, the interaction parameter and surface energy .

71



Chapter 1: Literature Review

3 *
Faij = —4/myE*az +7=a*  (Eq. 1.15)
When y = 0, the normal force will be calculated by equation 1.9 (normal force Hertz-Mindlin model).

Figure 1.32 shows the variation of normal force with the normal overlap. The comparison between Hertz-
Mindlin with JKR cohesion model results and Hertz Mindlin (no slip) model results is presented. The
negative amount of overlap is the interval between two separate particles. When the Hertz-Mindlin model
is applied, the relationship between the normal contact force and the normal overlap is presented as blue
curve in figure 1.32. The adhesion is taken into account when two particles collide, the normal overlap and
normal contact force can be seen in figure 1.32 as a pink color. As supposed, the normal force increases
with the normal overlap, however Hertz-Mindlin normal force is bigger than the Hertz-Mindlin JKR
normal force in the same overlap. &, is the maximum overlap between particles, which is calculated by Eq.

1.16

_az  |[amyac
5= % I (gg 1.16)

Where a. is the corresponding maximum radius of contact area.

5E01
| — Herlz-Minalin //
4E01 |
=« » = JKR equation solution
3E_01 —< — EDEM JKR

2.E-01 /
1E-01 | /

-5
0.E+00 *L_.- T
A.E-01

-2.E-01 -
-2E-04 -1E-04 O0E+00 1.E-04 2.E-04 3.E-04 4.E-04

Overlap (m)

Force (N)

Fig. 1.32 The variation of normal force with the normal overlap >° (Normal force as a function of normal
overlap. Hertz-Mindlin with JKR cohesion model results are compared with Hertz-Mindlin model results. Negative
overlap is the gap between two separated particles.)

The Hertz-Mindlin + JKR model also predicts larger contact areas than with conventional Hertz theory due

to the cohesion !

1. The normal force will disappear when the overlap is less than 0, however, in the JKR
contact model, the cohesive force still exists but is less than 0. The cohesive force is provided by JKR
model as following equation:
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3 *
Feonesive = — ET’-’YR (Eq. 1.17)

Eq.1.25 can explain why, when the overlap is less than 0, the normal force will become negative. If the
force is bigger than this maximum cohesion force, the cohesive force between particles turn to zero, the

particles will be completely separated.

1.7.1.4 DMT Model

The Derjaguin-Muller-Toporov (DMT) model is suitable for adhesive contact which assumes that the
contact profile remains the same as in Hertzian contact. The difference with Hertz-Mindlin +JKR model
is that the DMT model considers the attractive interactions outside the area of contact 2!, The contact

force F, in this model can be calculated with the following equation 23:

4E*a®
FC =
3R*

—2m (Eq. 1.18)

The DMT model is used for very hard materials, or materials with a small tip radius and rigid spheres, and
long range interactions [***, However, the Hertz-Mindlin + JKR model is used for soft elastic material with

a relative high surface energy 12331,

1.7.2 Inelastic contact model
1.7.2.1 Linear spring-dashpot model

Unlike the elastic contact model, the inelastic contact model was suggested to simulate the dissipation

241

energy when plastic deformation between particle collide *"!. The linear spring-dashpot is the most

common model for inelastic contact model, it was proposed by Walton 259! based on a study by Cundall

and Strack !'*], In this model, the normal contact force is calculated with the following equation 2>):
Fn,ij = —Kn(sn + T]nVn (Eq ]]9)
Where 1,, is the normal damping coefficient; 1, is the relative velocity on the normal direction.

The tangential contact force is calculated by applying the linear spring but is also limited by Coulomb’s
law of friction using the following equation [257- 28]
Ft,ij = min{,uan'ij, Kt f tht + UtVt } (Eq ]20)
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Where iy is the coefficient of friction; 7, is the tangential damping coefficient; V; is the relative velocity
on the tangential direction; K, is the tangential spring constant; d, is the distance moved at time ¢. The
tangential force equals the smallest of these two forces. Due to its simplicity and robustness >, the
application of this model can be found in various pharmaceutical manufacturing process, such as blending,

and high shear wet granulation (22611,

1.7.2.2 Hysteretic Model

The hysteretic model uses various spring constants during the loading, unloading, and reloading
stages (2], In this model, a partially latched spring force-overlap model is applied in the normal direction.
The approximation of Mindlin and Deresiwicz theory issued for the case of the constant normal force in

[259

the tangential direction >, Hence, this model is limited as it only considers the plastic deformation and

263

the normal direction. This model has been studied by Chushuri et al. [2°¥ they investigated the effect of

cohesion in the blending and size segregation of binary mixture in blending process simulation. Sahni et

[264

al. 2% ysed the hysteretic model in coating process simulation to obtain the optimal blending conditions

in a pan coater.

1.7.2.3 Thornton Model

The Thornton model is based on Thornton’s theory 2%, This model proposed to study the normal contact
between two elastic, perfectly spherical plastic particles. This model is based on the Hertz theory for
normal force-displacement relationship during the initial elastic loading but it suggests that plastic
deformation occurs if the limiting contact pressure is reached at the center of the contact area. Kluth et

[266

al. %) ysed this model to study the correlation between sputter parameters, film growth and structural

properties of zinc oxide.

1.7.3 Non-contact model

Non-contact model comprises van der Waals’ force, liquid bridge force and electrostatic force. These
forces can act simultaneously or successively between the particles to influence their micro- or

macroscopic dynamics of powders.
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In terms of van der Waals’ force, it is a very weak force but denotes the attractive intermolecular forces,

such as dipole-dipole *7). In DEM modeling, van der Waals force F,4,, is calculated by the following

equation (268

ARR;
6(Ri+Rj)ZZ

Fogw = (Eq. 1.21)

269]

Where z is the surfaces distance of the 2 particles. z is assumed to be 0.4 nm *°! | R; and R; are the radius

of spherical particle i and particle j, 4 is the Hamaker constant.

Therefore, in DEM simulation, the minimum separation distance is taken into account in the calculation
of van der Waals’ force. This minimum separation distance is named by cut-off distance ?"%. In several

DEM modeling studied 727! the cut-off distance is determined within the range of 0.1-1.0 nm.

The liquid bridge force is the cohesive force generated by the formation of the liquid bridge between two

S [274

wet particles 274, Tt is very hard to get the accurate information on the wet particles and calculate this force

(274, 2731 Therefore, in DEM modeling, some simplified solutions have been used to easily calculate the

capillary force (the capillary force is mainly raised by the surface tension at solid/liquid/air interfaces)

instead of liquid force [27%276-2771 otherwise, this force is ignored in the dry coating process 127% 27,

The electrostatic force exists between charged particles, which is often approximately evaluated by the
classical Coulomb’s law [278-280],

e _ _ 1 q192
F12 = 4-7T£0R%2 41+0s (Eq ]22)

Ff, is the electrostatic Coulomb force between the charged particles / and 2; g, ,q, are the signed
magnitudes of the charges of particles / and 2; g, is permittivity of vacuum, constant as

8.854¢-12 F/m 1281,

Non-contact forces in DEM modeling were mainly studied for the pharmaceutical manufacturing process.

] [282]

Yang et a investigated the effect of van der Waals’ force and liquid bridge force on the packing

283]

behavior of cohesive particles by DEM modeling. Rhodes et al. *¥ studied the impact of van der Waals’

force and liquid bridge force on fluidization characteristics using DEM modeling. Additionally, Peng et

[284

al. % took into account van der Waals’ force and electrostatic force to study the aggregation in

suspensions using DEM modeling.
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1.7.4 Contact model used in this study

In this study, the Hertz-Mindlin (no slip) model and Hertz-Mindlin + JKR model were used for the dry
particle coating process. The Hertz-Mindlin (no slip) model is accurate and efficient for force calculation,
in this model both normal and tangential forces have been considered to relate to the coefficient of
restitution and the rolling friction. The Hertz-Mindlin + JKR model only considers the attractive

interactions on the contact area.

1.7.4.1 Governing equations

The particle in granular flows is involved with two types of motion: translational and rotational. In DEM
modeling, the first step for getting the evolution in time of the (translational and rotational) velocity and

position of the particles is to calculate the particle translation and rotational motions according to Newton’s

285 286]

second law 23], The total force and torque acting on a solid particle can be expressed by equation 1.23 12861,

SFi=Y,F+ Y Fif + Fl + F? (Eq. 1.23)

Where F; is the total force acting on particle i; F f] is the contact force acting on particle 7 by its contacting
particle j or walls; FJ is the non-contact force (including van der Waals force, liquid bridge force and
electrostatic force) acting on particle i by its neighbor non-contacting particle & or other sources; F { is the
particle fluid interaction force acting on particle i; F f is the gravity(g) force acting on particle i (F ? =mg,

m; 1is the mass of particle i, g 1is the gravitational acceleration, which equal to

9.81 m/s?). Figure 1.33 shows the forces and torque acting on the particle i in the DEM modeling.

The total force acting on each particle are calculated based on the Newton’s second law, the equations for

the translational and rotational motions of particle i can be given:

av;

dw;
Il-d—a: =Y M; (Eq. 1.25)

Where F; is the total force acting on particle i; M; is the total torque acting on particle 7; m; is the mass of

particle i, I; is the moment of inertial of particle i; for a radius R; of spherical particle, I; = %miRiZ; Viis
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the translational velocity of particle i; ; is the angular velocity of particle i; t is the motion time,

dav; dw; . . .. . .
d—‘ and d—’ are acceleration of translational and angular velocities of particle i.
t t

1 d
)

Fig. 1.33 Schematic structure of the forces and torque acting on particle i and non-contacting particle k %), (fi’ is
the contact tangential force on particle i by particle j; fi" is the contact normal force on particle i by particle j; m;g is
the gravity force of particle i; V; and V; are the translational velocity of particle i, j; i and ; are the angular
velocity of particle i, j; M is the torque acting on particle i by particle j)

The updated velocities of particle after a single time-step (At) can be expressed by equation 1.26 and 1.27:

dv;
Vierar = Vie + (G148) (Eq. 1.26)

dw;

Witpar = Wi + ( 4, At) (Eq. 1.27)

Where Vi ae and Vi, are the translational velocities of particle i at time ¢ + At and t; w42 and w;, are
the angular velocities of particle i at time t + At. The displacements of all single particles are evaluated

and updated as follows:
Uit = Uie + ueAt (Eq. 1.28)

Pitrar = Pir T QicAt (Eq. 1.29)

Where u;; 2 and u;,are the translational displacement of particle i at time t 4+ At and #; @42 and @4
are the angular displacement of particle i at time t + At. As we can see, the velocity, acceleration and
displacement are combined with time step (At). DEM modeling assumes that, in a calculated time step,
the force received by the particle is constant, i.e., the acceleration is constant. The time step is fixed and

remains constant throughout the simulation.
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smallest particle size. The Rayleigh time step (AT) can be calculated [

R
0.163v+0.877

AT=7T<

When using a simulation with a range of particle sizes, the Rayleigh time step is calculated based on the

287, 288]

G

;) (Eq. 1.30)

Where R is the particle radius; G is shear modulus of particle; p is solid density of particle; v is Poisson

ratio of particle.

1.7.4.2 Summary of equations involved in these two models

As analyzed above, the particle motions and interaction will be calculated by forces, energies, velocities

etc., the equations get involved in this study are summarized in table 1.10.

Table 1.10 Summary of equations get involved in these two models

Parameters Definitions Equations
Rayleigh ti The Rayleigh ti is the ti ken f¢ h AT =~ (0.1~0.5)t = R \/ﬁ
ayleigh time- e Rayleigh time step is the time taken for a shear =~ (0. S)trayteigh =T\ 07637 + 08766 G
step wave to propagate through a solid particle . . . . . . . .
R is radius of particle; v is Poisson's ratio of particle ; p is
4n Rayleigh wave method is using for calculation. . . ) . .
the solid density of particle; G is the shear modulus of particle.
Overl When two particles collide in physical, there is an 6 =R; +R; —d R;and R; are the radius of particle i and
verlap . -
®) area or range in common for, which is named by | j, respectively; and d is the distance between the centers of
overlap. particle i and ;.
The normal contact force describes the

Normal contact

force

interparticle force acting at the contact point. The

Foi= gE*(R*)l/zaf/z (Hertz-Mindlin (no slip) model);

iJ

— TS 4E 3 Lo
Fo) normal contact force is supposed to contribute to Faij = —A4ymyEraz + & (when the Hertz-Mindlin +
" the translational motions of particles. JKR contact model is applied.
) When two particles are in contact and deformation 1 1-v} 1- v]?
Equivalent =

Young’s modulus

occurs, a new area will be formed, the young’s

modulus of this new area is named by equivalent

F-E g

E;, vi and E,, v; are the two sphere young’s modulus and

(£ o
young’s modulus. Poisson’s ratio.
Equivalent When two particles are in contact and deformation .
radius occurs, a new area will be formed, the radius of this k= / (Rl + Rl)
(R) new area is named by equivalent radius. ' !

Contact area

When two particles are in contact and deform, this

@ contact and deformed area is called contact area, it a=VéR*
a
is assumed to be circular.
Tangential The tangential colliding force facilitate the
Frij = =K,

contact force

rotational motions of particles.
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(Fri) S, is the tangential overlap between the contacting particle
i and j; K, is the tangential spring constant.
2
Normal overlap | The overlap in the normal direction is defined as 8y = ;_ - (471?/(1)1/2
6, s . .
(6n) the normal overlap when the Hertz-Mindlin + JKR contact model is applied.
Number of When two particles collide, it will count as one collision, no matter how long the particles stay in contact, only the

collisions (Nojision)

completed collisions are counted.

Number of

contacts (Neonacr)

The total number of contacts of particle-particle are the impacts occurring between all particles at data write-out

points. In other words, the contact is in progress when the write-out takes place.

Translational

velocity (v)

The translational velocity is defined as the rate of

change in displacement.

dv; .
Vjerar = Upe + (d—: At) Vierae and vy, are the translational

velocities of particle i at time t + At and t

Angular velocity

Angular velocity refers to how fast an object

dwj

Witypr = Wie + (d_; At)

Wirene and wy, are the angular velocities of particle i at

() rotates or revolves relative to another point,
time t + At
. . N, isi .
Collision o ) | Tt is given by f, = % , Where the N_gyision is the
Collision numbers per particle per second is 0
frequency - accumulative collision numbers during the simulation period
defined as the collision frequency
) time 7, N, is the total simulated number.

Total force

(F)

The total force and torque acting on a solid particle
mainly includes: Ff; is the contact force acting on
particle i by its contacting particle j or walls; Fj is
the non- contact force (including van der Waals
force, liquid bridge force and electrostatic force)

acting on particle 7.

ZFi=ZlF§,—+ZkF?,f+F{+Ff
J

F lf is the particle fluid interaction force acting on particle i;

g : : ‘e i (F9= :
F{ is the gravity(g) force acting on particle i (F;=mg, m; is
the mass of particle i, g is the gravitational acceleration, which

equal to 9.81m/s?)

Cohesive force

(Feohesive)

Cohesive force is the behavior or nature of
molecules that exert intermolecular forces on each

other, it belongs to non-contact force.

3 *
—;nyR

Feonesive =

y is the surface energy

pressure (P) and moles (n) |

to calculate the normal force and cohesive force.

1.7.4.3 Surface energy

Surface energy of particles is important in many application areas

291, 292]

79

As it can be seen, when the Hertz-Mindlin + JKR cohesive model is applied, the surface energy is necessary

(2% The surface energy of a solid

predicts how a coating formulation spreads on it. Interactions between solid is important as they determine
the adhesion between the two phases. Johnson ! concluded that mechanical work must be expended to
overcome the adhesive forces to separate bodies in intimate contact. The surface energy of a solid is

defined as the change of the total surface energy (y) per surface area (S) at constant temperature (7),
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Vs = (8V/88)yp, (Eq. 1.31)

In term of liquids, the surface area will be different under the above conditions. However, for solids, the
surface area cannot be changed, generally, because changing the surface area needs to against the elastic

forces 2211,

Wetting has traditionally been the standard approach for studying the energy of a solid surface. It is agreed
that the measurement of contact angle on a given solid is the most practical way to get the surface energy
of the solid 2°*2°71 1t was proposed nearly 200 year ago. The theory of the contact angle of pure liquids on

a solid is expressed by young’s equation [290: 292 293, 298, 299]

Ys =Yg +YiC0s0; (Eq. 1.32)

Where y; is the experimentally determined surface tension of the liquid, 8; is the contact angle, ¥ is the

surface energy of the solid, y,; is the interfacial surface between the liquid and solid.

Surface tension
\ o®
143
s | o0
Surface "9 o

9,
energy \ ?, .D' o
) 4 .k W i '

] Contact angle

¥si ¥s

Fig.1.34 Schematic depicting the interfaces of a liquid droplet on a solid surface [3°°,

As Eq.1.32 indicates that the surface energy of a solid depends on the interfacial surface y; and y; and

301

contact angle 6.The interfacial surface relationship is given by Girifalco and Good *°!l by follows:

Yst =¥s v —2(sv)%°  (Egq. 1.33)
Where y; is the solid surface energy, y; is the liquid surface energy.

Fowkes et al. *%% 301 proposed an approach to estimate the solid or liquid surface energy. In his proposal,

the surface energy is separated into different component’s energy:
vs =y +yP +v' (Eq. 1.39)

Where ¥ is the dispersion component, ¥? is the polar, ' is the dipole. The polar y? also is called
(acid/base). Kaeble et al. % treated polar interactions as one type of force also defined by a geometric
mean relationship. The interfacial surface y5; must be lower than the sum of two individual surface

tensions.
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Vo = ¥s + 1= 20iy®)"" = 20F))"° (Eq.1.35)

Where y& is the polar energy of solid, yld is the polar energy of liquid, ysp is the dipole energy of solid, ylp
is the dipole energy of liquid.

In DEM modeling, the interfacial energy of particles originally proposed by Johnson et al.?*l. As they
proved that it is possible to correlate the interfacial surface energy with surface wettability by using
young’s equation. Therefore, in the JKR cohesion contact model, the surface energy is the work that has
to be done to separate two contact particles i and j. This energy is referred to as the work of adhesion

W; B%1. For the same particles (i =), W; becomes the work of adhesion Wj, that is
1
Yi = ;Wi (Eq.1.36)

For different particles, especially solid particles, the interfacial energy is evaluated by combining two

particles work of adhesion, 1222 3%] as follows:
Wy~ [WiWS ~2 [y&vd; (Eq.1.37)
Then the interfacial energy of two different solid particles can be expressed :

0.5
Vsij = VsitTVsj— Z(Vgi]/gj) (Eq.1.38)

This approach is consistent with the general method of calculating the Hamaker coefficient of dissimilar

interacting bodies %!

W, =2y =—>— (Eq. 1.39)

127D min’?

W, is the work to need to separate two adhered surfaces, D,y;, is the minimum separation distance. This
equation indicates that the surface energy is related to Hamaker constant and minimum separation distance.
In DEM simulation, the minimum separation distance is taken into account in the calculation of van der
Waals force. This minimum separation distance is named by cut-off distance %3], In several DEM

modeling studied [27-271:272:307] the cut-off distance is determined within the range of 0.1-1.0 nm.

Tamadondar et al. ???! investigated the effect of particle interface energies and mixing energy on the
macroscopic behavior of the dry-coating process by using the JKR model in a Couette shear cell. The cell
was first filled with 200 host particles (D-Mannitol) with a 100 pm diameter, and 10000 of 100 fine

particles (lactose monohydrate) with a 5 pm diameter. Different cases were devised and simulated to study
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the effect of particle interfacial energies as well as impeller speed. The interfacial energy was calculated
by equations 1.37-1.39. The study demonstrated that interfacial energy plays a key role in the formation

and breakage of agglomerates and in controlling the adhesion of fines to a carrier's surface.

Duy et al. 2% used the JKR model to examine the breakage and capturing behavior of loose fine-particle
agglomerates on impact with a target particle. The loose agglomerate was made of 10000 spherical elastic
particles of 5 pm diameter with physical properties corresponding to lactose monohydrate. Host particle
was a spherical particle with physical properties corresponding to D-Mannitol with a diameter 200 pm.
The interfacial energy was given by equation 1.39. To study the effects of the impact parameters, the
agglomerate was guided to collide with the mannitol particle at different velocities. The study indicated

that velocity is a significant parameter for adhesion, because velocity of particle governs the collision.

1. 23] studied the influence of interparticle cohesion on the energy propagated and dissipated

Roberto et a
in agglomerates during impact against a rigid target. The agglomerate impact was simulated using the JKR
model. Four spherical agglomerates are made of 3000 spherical elastic particles, every 100 pm in diameter
and with physical properties that approximately correspond to glass beads. The only differences between
the agglomerates arise from the differences in values of surface energy that have been used. These values
are 0.5, 3.5, 20 and 35 J/m?. Briefly, the 3000 particles that form the final agglomerates were randomly
positioned within a prescribed spherical space. Particle motion was initiated by a centripetal force that

brought all the particles together. The study indicated that the energy required to break the interparticle

contacts is less than 10% of the total energy dissipated by the agglomerates during impact.

Sohan et al. ! used the JKR model to probe the stability and mechanical properties of adhesive units
during binary head on collisions as a function of the number of adhered fine particles, the initial collision
velocity, and the surface energy between the particles. Fines and hosts were modeled as elastic spheres of
3 and 100 pm. Various combinations of surface energies ranging between 0.01 and 0.05 J/m? were
investigated. Fifteen different velocities ranging from 0.04 m/s to 1.7 m/s were studied. The study revealed
that the integrity of adhesive units following binary impacts was most strongly influenced by the surface

energy.

224 reported DEM analysis to provide insights into the attachment process during mixing. The

Yang et al. |
impact between two spheres is analyzed to establish a criterion for determining whether two particles will
attach or rebound during an impact. Besides, the adhesive interaction between active pharmaceutical
ingredient (API) particles and a large carrier particle in a vibrating container is analyzed and the effects of

vibration conditions are examined. All the carrier and API particles are spherical particles. The diameter
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of the carrier particle and API particles are 70 and 5 um, respectively. The interfacial surface energy
between two particles was studied between 0.044-4.4 J/m?. The study demonstrated that the velocity is
very important for understanding the macroscopic behavior of dry powder inhalers (DPI) formulations and
provides science-based guidance for DPI formulation design. Moreover, it shows that the velocity

increases with increasing work of adhesion and decreasing particle radius.

It is found that the JKR model is generally considered to be an appropriate model for modeling adhesive
mixtures. Accordingly, velocity and surface energy are two critical parameters for studying the coating
process. However, the effect of material properties, e.g. material hardness and plasticity, size of guest and

host, on adhesion behavior should be investigated to obtain a better understanding of dry particle coating

[229]

1.8 Objectives of the thesis

The goal of this study is to propose a new methodology to prepare catalyst supports for the methanation
reaction. In particular, a mechanical method — dry particle coating — was used to prepare the new supports.
Dry particle coating is considered to be an environmentally-friendly and low-cost technique. Meanwhile,
it’s crucial to understand the mechanism of the dry coating process, the factors that affect coating
performance, the evaluation of coating quality, the scale-up production as well as the exploration of novel

application fields.
This work consists of 3 main parts:
1. Study and Analysis of nanopowder

In this work, the method for the preparation of new catalyst supports consists in coating large
v-Al,O3 and S.S316L particles with nanoparticles of TiO,, SiO», and Zeolite. However, these powders
(TiO,, SiO, and Zeolite) are very cohesive and form agglomerates with uncontrollable sizes, the
nanometric scale of the powders poses a major problem in the accuracy of size measurements. The coating
process requires knowledge of the size of the primary particles and not of the agglomerates! This will
allow the best calculation of the powder layer with the primary particles and not of the agglomerates.

Therefore, analyze the size of nanoparticles is the most important task.

2. Preparation of new supports
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When the analysis of nanopowder is done, preparation of new supports by mechanical energy or solvent-
free is arranged. The basic principle of dry particle coating process is mixing particles under the mechanical
force (impact/compression/shearing force). Host particle: y-Al,Os and S.S316L have an average diameter

of around 67 pm and 98.3 um will be used as host particles to prepare new supports.

Guest particles: TiO,, SiO, and Zeolite with nanosize will be used to coat on the surface of y-Al,O3 and
S.S316L to prepare the new supports (such as TiO»/y-AlLOs, Si02/y-Al>Os, zeolite/y-AlOs, TiO2/S.S316L,
Si0,/S.S316L, and zeolite/S.S316L.).

3. DEM modeling

Considering that dry particle coating is driven by mechanical forces, it depends on particle motions and
particle-geometry interactions [**)l, Directly observing the interactions between particles and geometry is
very difficult so far. As a result of the experimental work on dry coating and the preparation of supports
and catalysts, many questions have arisen about the phenomena of collision and adhesion of the particles
in the picomix, as well as the variation of the different forces applied to the particle surfaces and the particle
velocities. Similarly, the impact of operating conditions plays a very important role, such as the physical
and mechanical properties of the particles, the speed of rotation and coating time in the picomix. Work
and analysis by numerical modeling (Discrete element method: DEM) seem indispensable in this work.

This numerical modeling work will allow us to answer and explain the phenomena and coating mode.
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Chapter 2: Experiments and Materials
2.1 Introduction

This study aims to prepare new solvent-free (dry process), or by mechanosynthesis, catalysts for the
methanation reaction. Five supports have been classified for the preparation of catalysts, y-Al203, S.S316L
(Stainless steel), SiO2, TiO2 (Anatase titania), and Zeolite (Beta-zeolite) (see table 2.1). S.S316L and y-
Al20s3 have an average diameter of around 98 pum and 67 um, ideal size for supports and the preparation
of catalysts. However, the other three supports (Zeolite, TiO2, and SiO2) have extremely small diameters.
Thus, several processes (granulation, pelletizing, and atomization) were applied to obtain larger diameters
around 80 um. But the agglomerates obtained were very brittle and break quickly. In such cases, a solution
had to be found to obtain SiO2, TiO2 and Zeolite supports with a diameter around 80 um and with high
stability and hardness. To solve this problem, a new approach to the preparation of the supports for SiO2,
TiO2 and Zeolite has been implemented. The new preparation consists of using S.S316L and y-Al203 as
the support core and coating the fine particles of SiO2, TiOz, and Zeolite to form new support as shown in
figure 2.1: SiO2/y-Al203, TiO2/y-Al203, Zeolite/y-Al203, Si02/S.S316L, TiO2/S.S316L and
Zeolite/S.S316L.

The Picomix was used in the coating process. It is a solvent-free process and the adhesion of fine particles
to the coarse particles is achieved by adhesion (roughness) and interactions of van der
Waals’ forces. The coating operations are conducted in the picomix process and the operating conditions
including rotation speed 3500 rpm, processing time 5 min, and filling ratio 40% (total powder is 40% of
volume of the 100 mL vessel of picomix). The density of all materials (y-Al203, S.S316L, SiO2, TiO2, and
Zeolite) was measured via a density test (see paragraph 2.3.2), because the density is one of the important
parameters, it was used to calculate the mass of guest and host particles (see equation 2.2). All of the
materials and prepared new supports were characterized by particle size (Mastersizer 3000, paragraph
2.3.1.1) and morphological properties (SEM, paragraph 2.3.3). The size of three nanoparticles TiO,, SiOa,
and Zeolite were analyzed by five different methods, LD (laser diffraction, paragraph 2.3.1.1), TEM
(Transmission electron microscope, paragraph 2.3.1.2), DLS (dynamic light scattering, paragraph 2.3.1.3),
SAXS (small-angle X-ray scattering, paragraph 2.3.1.4), and BET specific surface area (paragraph 2.3.1.5).
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2.2 Materials and methodology

2.2.1 Materials

All used commercially available materials (y-Al203, S.S316L, SiO2, TiO2, and Zeolite) are summarized
and listed in table 2.1. In order to avoid the influence of small particles of the host particles on the
experimental results, the host particle of y-AlLO; was sieved at 63-90 um and S.S316L was sieved above
63 um to prepare the new support.

Table 2.1 The list of commercially available materials used in this study

Power Component Purity Supplier
Alumina (Scca-5/170 ) v-AlO3 >99% Sasol-Germany
Anatase titania TiO2 >99.5% Sigma-Aldrich
Silica Si02 >99% Fuji Silysia Chemical Ltd. Japan
Zeolite (CP814E*) Beta-zeolite Zeolyst

Fe, Cr (main component,

Stainl teel 316L P Qi
ainless stee others are C, Ni, Si, O, N etc.)

Hoganis

2.2.2 Supports preparation

The news supports SiO2/y-Al203, TiO2/y-Al20s3, Zeolite/y-Al203, Si02/S.S316L, TiO2/S.S316L, and
Zeolite/S.S316L were prepared via dry particle coating process. The detailed preparation procedures and

relevant involved device and relevant information will be displayed in this section.

2.2.2.1 New supports preparation

v-AlOs and S.S316L have an average diameter of around 67 um and 98 um, the size of three nanopowder
TiO,, Si0,, and Zeolite will be listed in Chapter 3.

Zeolite 10, Si0, TiO, 0,
b e
0 ‘ e Q Q ————» S.8316L

Fig. 2.1. Images of new supports: left (y-Al>Os as a core shell, Zeolite, TiO,, and SiO; are coated), and right
(S.S316L as a core shell, Zeolite, TiO», and SiO; are coated).
86




Chapter 2: Experiments and Materials

v-Al,O3 and S.S316L were used as host particles to coat with the fine particles of SiO2, TiO2, and Zeolite
to form the new supports under 3500 rpm and 5 mins, filling ratio was set at 40% of vessel volume (40
mL of powders were added into the 100 mL vessel, which means total powders of host and guest are 40
mL). The exact grams of host and guest were determined by the calculation (see table 2.2). As shown in
figure 2.1: SiO2/y-ALO;, TiO2/y-ALOs, Zeolite/y-Al,Os;,  Si02/S.S316L, TiO2/S.S316L, and
Zeolite/S.S316L.

Table 2.2 List of particles new supports prepared in this work by dry particle coating.

Host Guest Mass of particles (g) in Picomix Preparation
New supports . . .
particles particles conditions
Host particles Guest particle
Ti02'P/y-ALO3 TiO,tP 5.09
TiO2PLS/y-ALO3 TiOPts 0.19
TiO2"™M/y-AL O3 TiO,T™EM 0.05
Si02P/y-Al2 O3 SiOatP 0.45
v-ALO3 24.56
Si02PL8/y-A O3 SiQ,PLs 0.11
SiO2TEM/y-ALLO3 SiQ,TEM 0.09
Rotation
+aLD /.y )
Zeolite"P/y-Al203 Zeolite 6.32 speed: 3500
ZeolitePrS/y-Al,03 ZeoliteP'S 0.19 rpm;
Zeolite™/y-ALOs Zeolite™ 0.01 Processing
time:
TiO2P/S.S316L TiO2'P 9.14
5 min;
TiO2PtS/S.S316L TiO,PLS 0.35 o .
Filling ratio:
TiO>"™M/S.S316L TiO,T™EM 0.09
40%.
SiO2tP/S.S316L SiOatP 0.82
S.S316L 136.46
Si02PtS/S.S316L SiO;PLs 0.20
SiO2TEM/S.S316L SiO,TEM 0.02
Zeolite'P/S.S316L Zeolite'P 11.02
ZeoliteP'S/S.S316L ZeoliteP™S 0.35
Zeolite™M/S.S316L Zeolite™M 0.02

The mass of guest particles of TiO,, SiO,, and Zeolite were mixed with host particles of y-Al>O; or

S.S316L under 3500 rpm, 5 min, and filling ratio 40% in picomix to prepare new supports. Table 2.2
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summarizes the mass of host and guest that have been used in this study. The size of three nanoparticles
TiO,, SiO,, and Zeolite were analyzed by three different methods, LD (Laser Diffraction), TEM
(Transmission Electron Microscope), DLS (Dynamic Light Scattering). The materials with size analyzed
by the 3 methods were labeled respectively: Zeolite', ZeoliteP"S, Zeolite™, TiO,'°, TiO,PLS, TiO,™M,
SiO,MP, Si0,PLS, and Si0,™M (the details of the analyses are presented in the paragraph 2.3 and results in

chapter 3).

2.2.2.2 Picomix (high shearing mixer)

During the preparation of the supports a small capacity, 100 mL, high shearing mixer Picomix (Hosokawa
Micron B.V, see Figure 2.2) was applied to study the dry particle coating process. The Picomix offers very
fast mixing with a full discharge without loss of material. The Picomix consists of an LCD touch screen,
a stainless-steel conical agitator vessel, and a rotor that has three pairs of angled paddles. The angle
between the paddles and the horizontal plane is 60°, clearance gap between the wall of the vessel and
paddles is 1.3 = 0.3 mm (more dimensions can be seen from the figure 2.2). These three pairs of paddles
play different roles in the mixing process. The paddle in the bottom of the vessel is mainly responsible for
the act of mixing (the distance between the bottom to this paddle is 1 mm); the middle paddle gives
shearing/impacting force to advance adhesion of the guest particles onto the host particles; the main job
of the top paddle is to break up the agglomerated particles and turn them into individual particles. High-
speed rotation of the paddles creates a centrifugal force and moves the particles from the bottom to the

wall of the vessel.

Picomix (Hosokawa)

Agitator
vessel
(100m1.)

Screen @

‘Working area Paddles

Fig. 2.2 High shearing mixer-Picomix [!!- 1941 (*The unit of the dimension in this figure is mm).

During the mixing process, fine particles and host particles interact and collide under the high

shearing/impacting force between the particles and the wall. The working volume of the picomix is from
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25 mL to 100 mL, the rotation speed can reach up to 6000 rpm. The working time and rotation speed can

be controlled by the LCD touch screen.

The rotating mixing element is arranged in a conical agitator vessel. As a result of the special geometry of
the mixing element and the high shear speed, an intensive but homogeneous and fast blending of the
powder components takes place. After filling the powder components into the agitator vessel, the machine
is then closed. Once the mixing process is completed, the vessel is removed from the machine and the
mixture is emptied out. The mixing efficiency is regulated by the rotor speed, the mixing time, and the

degree of filling.

2.2.2.3 Coating layer calculation

In this study, calculating the coating layer, i.e. the number of particles needed to coat the host particle to
form a monolayer is very important. The percentage by mass of guest particles used in the coating
experiment was calculated based on the assumption of 100% surface coverage of the host particles with a
monolayer of guest particles. It was assumed that all guest particles are of the same size, both host and
guest particles are spherical, and that the host and guest particles do not deform during the coating process.
Based on these assumptions, the number of guest particles for monolayer coating can be seen as the

following equations: [101- 105.308]

N = 4’(Dhost2+Dguest)2 (qu 1)
Dguest

Respective Diosi, Dgues: (in this work we used the mean diameter dp.)) are the diameter of host and guest

particles; N is the number of guest particles per host particle.

After obtaining how many guest particles are needed to coat one host particle, in the experiment, it requires

the mass of the guest, equation 2.2 is used to calculate the mass fraction of the guest particles, w%.

ND} tPguest
w% = gres x100% (Eq.2.2
(D}?;ostphost)+(ND;u_estpguest) ( q )

Respective densities of host particles and guest particles prost, Peuest; Equation 2.1 and 2.2 were used to

calculate the mass of guest in this study, the calculated results have been shown in table 2.2.
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2.3 Characterization methods

The prepared new supports SiO2/y-Al,Os, TiO2/y-Al,Os, Zeolite/y-Al,Os, Si02/8.S316L, Ti02/S.S316L,
and Zeolite/S.S316L were analyzed by a physical way via size distribution, and the surface morphologies
were measured with a scanning electron microscope. For three (TiO,, SiO,, and Zeolite) nanopowder,
different devices/measurements were used to analyze their size and will be described in the following

sections.

2.3.1. The characterization methods for nanopowder

In this study, TiO», SiO,, and Zeolite are nanoparticles, which means always accompanied by
agglomeration. Agglomeration is a size enlargement process in which primary particles stick together to
form agglomerates because of adhesion force, such as electrostatic force and van der Waals’ force.
Uncontrollable agglomeration makes it very difficult to analyze the size of nanoparticles because the ideal

analysis method is to analyze the size of particles one by one.

As described in Chapter 1, paragraph 1.5.4, each technique has strengths and limitations depending on the
type of sample, the state of dispersion, and the particle size range. Generally, each technique measures a
different property that is used to infer size; therefore, direct inter-comparison of size values is less desirable
as it may introduce errors due to conversion, different sample preparation, etc. In addition, the distribution
range can vary drastically depending on the instrument configuration, sample type, and preparation
procedure, as well as measurement artifacts. Five techniques were used in this experiment to measure the

size of nanomaterials, and they are respectively: LD, TEM, DLS, SAXS, BET surface area.

2.3.1.1 Laser Diffraction analysis (LD)

v-Al203, S.S316L, SiO2, TiO2, and Zeolite used in this study have had their sizes measured by using
Mastersizer 3000 (Malvern Ltd., UK) equipped with Hydro LV (600 mL volume) (see figure 2.3). It
provides 0-3500 rpm and ultrasonic energy to ensure the uniformity of particle dispersion. The Mastersizer
3000 uses the technique of laser diffraction/diffusion to measure particle size distributions from 10 nm up

to 3.5 mm.

In a laser diffraction/diffusion measurement, a laser beam passes through a dispersed particulate sample

and the angular variation in the intensity of the scattered light is measured. Large particles scatter light at
90



Chapter 2: Experiments and Materials

small angles relative to the laser beam and small particles scatter light at large angles. The angular
scattering intensity data is then analyzed to calculate the size of the particles that created the scattering
pattern using the Mie theory of light scattering. The particle size is reported as a volume equivalent sphere
diameter. The Mastersizer 3000 uses a sequential combination of measurements with red and blue light
sources to measure across the entire particle size range. Measurement of large particulates is provided by
an advanced focal plane detector design able to resolve very small diffraction angles. Sensitivity to sub
100 nm particles, scattering light at wide angles is achieved using advanced optics and a powerful 10 mW

solid-state blue light source.

The measurement procedure is as follows: Firstly, dispersed the samples in the water, for this, a volumetric
flask with the capability of 50 mL was used. Secondly, manually shook the volumetric flask until the
powder dispersed uniformly. Thirdly, the samples were poured into the Hydro LV and started to test. For
each measurement, 2500 rpm rotation speed with demineralized water (DW) was conducted. In order to
check the stability of the results, each sample was tested 6 times, 3 times without ultrasonic and 3 times

with 10 s and 30% ultrasonic.

Powder

=N
n— +
. ﬁ. Fluid (demineralized water)
34
+

Fig.2.3 Mastersizer 3000 particle size analyzer (Malvern Ltd., UK) and analyzing process.

The particle refractive index (RI) and particle absorption index (Al) got involved for measuring (selected
from the system database) are listed in table 2.3. The absorption indexes were selected to take into account
materials that were completely transparent (absorption index equal to 0), completely absorbing (absorption
index equal to 1), and intermediate values of 0.01 and 0.1. For the prepared new supports, theoretically,
we should choose RI and Al of the guest material in the measurement. However, since the coating is very
thin, its mass is very small, therefore during the measurement, the RI and Al of the host particles were

chosen to complete the analysis.

The LD measurement, the size of the particle that has the same energy diffracted or scattered by the laser.
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The LD measurements obtained is the size distribution volume% with d;, what we need is the mean

diameter (dp@,2). According to the definition of “volume-surface” can obtain the mean diameter (dp.2))

of the powders %!

Nid;®
dp(3’2) = % (Eq23)

Here N; is the number of particles in class i, and d; is the average dimension of the particle in this class.

Table 2.3 The RI and Al of different materials.

Materials Refractive index Absorption index Operation conditions
v-ALO3 1.766 0.01
S.8316L 2.757 1 Shaking + a 2500 rpm

in rotation speed with
demineralized H20 was
SiO2 1.45 0.01 used to provide the
calibration and baseline

TiOz 2.7 0.01

Zeolite 1.446 0.01

determination;
SiO2/y-AL20s3, 1766 0.01 3 times without
TiO2/y-Al20s, and Zeolite/y-Al2O;3 ultrasonic;
Si02/S.S316L 3 times with 10s and
30% ultrasonic.
Ti02/S.S316L, and 2.757 1

Zeolite/S.S316L

Note: Refractive index of water: 1.33.

Three nanopowder (TiOz, SiO2, and Zeolite) were dispersed in a flask with demineralized water to which was added
0.5% of sodium pyrophosphate decahydrate (99% purity) as dispersant.

2.3.1.2 Transmission electron microscope (TEM)

Transmission electron microscope (TEM, see Figure 2.4) was used to get the images of three nanopowder
(8102, TiO2 and Zeolite) and then ImageJ was used to calculate the mean diameter (dp,2)) of nanopowder.
The principle of TEM is: high-energy electrons (usually is 50-200 KeV) penetrating the sample, depending
on the electron transmission intensity at different locations of the sample, different diffraction direction of
electron through crystal sample is different. After enlarging the rear electromagnetic lens, the image is
displayed on the fluorescent screen. The TEM resolution is 0.3 nm and the lattice resolution is 0.1-0.2 nm.
The samples can be tested on a copper network with a diameter of 2-3 mm. To measure the particle size
by transmission electron microscopy, we should first take as many representative morphological images

of nanoparticles as possible, and then measure the particle size by software ImageJ.
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The procedure of sample preparation is as follows:

Put the powders and ethanol in a small beaker, stirring by ultrasound for 10~30 min; then, suck the mixture
of powder and ethanol with a glass capillary, put 2~3 drops of the mixture on a micro grid; finally wait
more than 15 min to allow the ethanol to evaporate; load the sample on the stage and insert it into the TEM

to perform the measurement.

Fig. 2.4 Transmission electron microscope (TEM).

To determine the size distribution and the mean diameter (dp@.2)), the Image J software was carried out in
this investigation. For each particle, 20 images were used to select the clear and visible surface area. the

number of selected surface areas respectively, are SiO, - 192, Zeolite - 237, and TiO; - 296. For each
particle, the diameter of the surface area was calculated by § = 7 * (di/ 2)2, then d; = (45 /m)%5, where S

is the surface area, d; is the diameter of the selected surface area. By the TEM images can obtain the
number of the particle (;) and the number of fractions (N;%), but we need the volume fraction (/%) for
drawing size distribution graph. For this then divide the size into different classifications, count the number
belongs to the different classifications. @~ The total volume  (Viw) of particle
Viotat = Xieo Ni * Vp; that is Vigrar = XiLo N; * (d}) /6. Therefore, the volume fraction (V%) can be

expressed Vi;% = Vi /Viotar-

In this calculation, we assumed that the surface area of the selected two-dimensional equals the three-
dimensional area of this particle. The mean diameter (dpg.2)) of particles was calculated by equation 2.3.

The information on this method is summarized in table 2.4.
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Table 2.4 Detailed information about this method

Number: Diameter (di) of
Powders | Selected surface selected surface The mean diameter (dp,2) of particles | For each
areas area particle, 20
SiO2 192 4 X Nidi3 images were
PB2 =S 52
= (45/ yos N.d: used to select
Zeolite 237 di = (*/m) INidi
. . . the clear and
S is the surface N; is the number of particles in class 7, and |
4 is th di ) fh e i visible
H area i 1s the average dimension of the particle in
Ti0; 296 ' ¢ P surface area
this class.

Therefore, the clear and visible particles were selected and used Imagel to calculate the size of the selected

surface area to obtain a relatively accurate value.

Basic operating steps are as follows (an example as shown in figure 2.5): firstly, open the TEM image,
secondly, set known distance which is in the left bottom of the image (e.g., 20 nm), select surface area
(see figure 2.5a) to analyze. The results show in figure 2.5b (selected 4 surface areas). The area is the
surface area that was selected, here the mean stands for average diameter, as it can be seen, here it displays
the minimum and maximum of the diameter because the area shown in figure 2.5a is not the complete

circle area. Feret’s diameter is the longest distance between any two points along the selection boundary.

4 Results

I 4 Image) - b ‘
| File Edit Image Process Analyze Plugins Window Help Fle Edt Font Results
-
I:LIQ|C{./,‘A. 2 l\‘AI(\N’“:” O\ID'ZII|°|/I I |"’ T 47060 136917 b2 211 23955 161 99501 140080 | 19554
'Rectangle®, rounded rect or rotated rect (night click to switch) 2 1695764 140468 61 254 164251 O 0.000 0.000 42 B46
£ AGCe022-80000X-0009-T3pg (333%) ; & 7l '3 338039 118159 60 214 26668 195045 160682 35776 17818
4 505490 145167 77 245 29.335 180091 115618 40.601 21852

333.90x222.60 nm (2004x1336), 8-bit, 2.6MB

[Rectangie", rounaeq rect or rotated rect (ngnt Chc o switch)
$AGCe022-80000%-0009-Tpg (33.3%)

333.90x222 60 nm (2004x1336); 8-bit. 2.6MB

20 nm

Fig.2.5 The calculation process of Imagel.
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2.3.1.3 Dynamic Light Scattering (DLS)

The Zetasizer Nano S (see Figure 2.6) is a research grade dynamic light scattering system for 0.3 nm to
10 um. The basic principle of DLS is when illumination reaches the medium, the alternating
electromagnetic field causes the electrons in the molecule of the medium to move faster, and the vibrating
electric dipole acts as a secondary source to radiate electromagnetic waves in all directions. These
secondary waves emitted from different scatters superimpose each other to form scattering light. The phase
and polarization of light depend on the position and orientation of the scatters. Because of Brownian
motion, when the position and orientation of the scatters change with time, the phase and polarization of
the scattered light also change (that is, fluctuation). The following equation is used to calculate the radius

of the particle B10-312],

_ KgT
~ 3mnC

(Eq.2.4)

Where R is the radius of the particles, C is the translational diffusion coefficient of particles; Kz is the

Boltzman constant, 7"is absolute temperature, 7 is viscosity.

Fig. 2.6 Photo of Fisher Scientific Ultrasonic Probe(a) and Nano Sizer(c).

The sample preparation process is as follows:
1. Water/ethanol solution + dispersant (sodium pyrophosphate decahydrate);

2. Magnetic stirring the solution + Ultrasonic probe power (see figure 2.6a) + sample (see
figure 2.6b);

3. Ultrasonic probe power (5 W) + sample string (10 min) + analyze.

The purpose of adding dispersant and an ultrasonic probe is to break the agglomeration between particles
and acquire a more accurate particle size of nanopowder. During the measurement process, different

ultrasonic probe power (7-13 W), concretion of dispersants (0.5-6 g/L), solvents (water/ethanol), process
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times (1-30 min) were utilized to avoid the influence of agglomerated particles on the results (see

table 2.5). Each sample was measured more than 20 times under different conditions.

Table 2.5 DLS analysis of nanoparticle.

N
Refractive Absorption umber Solution of Ultrasonic Process
Samples R . of sample . . .
index index tests dispersant (g/L)  probe power (w) time (min)
TiO: 2.7 0.01 41 0.5-5 7-13 1-30
SiO2 1.45 0.01 21 0.5-2 7-13 1-10
Zeolite 1.446 0.01 37 0.5-6 7-13 1-30

*Note: Dispersant = sodium pyrophosphate decahydrate;
Refractive index of solvents: water: 1.33; ethnoal:1.36.

2.3.1.4 Small Angle X-Ray Scattering (SAXS)

Small-angle X-ray scattering (SAXS) is an analytical technique that measures the intensities of
X-rays scattered by a sample as a function of the scattering angle. A SAXS signal is observed whenever a
material contains structural features on the length scale of nanometers, typically in the range of

1-100 nm.

A typical scattering experiment aims at measuring the scattering intensity produced by a sample

illuminated by a monochromatic beam (A) of X-ray or neutron (see figure 2.7).

Transmitted beam

X- Incident beam
ray

Wave vector: q = k_s) - E

Fig. 2.7 Schematic of SAXS 313,

In a SAXS experiment, the intensity is expressed as a function of the scattering vector ¢ resulting from a

photon of wavelength A scattering off the sample at an angle 26, g = 4zsin(6)/A.
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The diameter of particle D is given by ¢!

D =27/, (Eq2.5)
in which 4 is the wavelength of the x-rays (0.154 nm with Cu x-ray source).
A Xeuss 2.0 (Xenocs - France) (see figure 2.8) was applied in this study, it with Cu ka (A=0.154 nm)

radiation at a tube voltage of 8 Kev, the working distance was utilized 250 cm (see figure 2.8b) and 26

angles ranged from 0.1°to 61.6°, 1g sample was put in the measuring vessel (see figure 2.8b).

Fig. 2.8 Xeuss 2.0 SAXS instrument: a. the whole device; b. put sample part; c. detector.

2.3.1.5 Specific surface area (BET)

The textural structure properties including specific surface area (Sger) and porosity of materials were
measured by low temperature (77K) N, adsorption-desorption isotherms performed on the 3Flex analyzer

(Micromeritics Instrument Corp.) (see Figure 2.9).

Before the measurement, a separated device (VacPrep061, Micromeritics Instrument Corp.) was applied
to degas the sample under vacuum at 423 K around 5 h. When the degassed procedure was done, the

sample tube was filled with N> and fixed on the analytical platform of 3Flex for measurements.

The method of Brunauer, Emmett, and Teller (BET) is commonly used to determine the total surface area.

Common equation is used for determination BET as follows % 3131;

=+ (3) (Eq.2.6)

X[(P%)_l] T XmC | XmCs \P,

X is the weight of nitrogen adsorbed at a given relative pressure (P/P,), X, is monolayer of N», which is

the volume of gas adsorbed at standard temperature (273 K) and pressure (1 atm), and C; is constant. 0.025
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< P/P,<0.30 should be used to determine the surface area using the BET equation. At relative pressures

higher than 0.5, there is the onset of capillary condensation, and at relative pressures that are too low, only

monolayer formation is occurring.

Fig. 2.9 The 3Flex analyzer (Micromeritics Instrument Corp.)

When the BET equation is plotted, the graph should be linear with a positive slope.

The monolayer capacity X,, can be calculated with equation 2.7 [316-317];

=L (Eq2.7)

m = Si+i
Where S; is the slope of the linear BET plot and i is the intercept. Once X, is determined, the total surface

area Sper can be calculated with the following equation.

XmLavAm
SpeT = M, (Eq.2.8)

Where L, is Avogardro’s number, which equals to 6.022¢+23 mol'; A4,, is the cross-sectional area of the
adsorbate and equals 0.162 nm? for an absorbed nitrogen molecule, and M,, is the molar volume and equals

22.4 L/mol.
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Micropores Nonporous

Type -I11 Type -IV

‘Weak substrate Mesopores

Capillary condensation

Type =V Type -VI

Weak substrate

Lnuenb paqrosqy

Layering

Relative Pressure, P/P  [-]

Fig.2.10 The six types of adsorption isotherm, in the classification of BET isotherms [3'®! (Capillary
condensation is the "process by which multilayer adsorption from the vapor phase into a porous medium proceeds
to the point at which pore spaces become filled with condensed liquid from the vapor phase).

Barrett-Joyner-Halenda (BJH) is a method to determine pore size distribution of a mesoporous solid [!")
using the desorption branch of N, isotherm (see figure 2.10). According to the International Union of Pure
and Applied Chemistry (IUPAC) classification, there are three types of pores: those smaller than 2 nm are
called micropores (see Type-I in the figure 2.10); those larger than 50 nm are called macropores; and those

between 2 nm and 50 nm are called mesopores (see Type-1V in the figure 2.10) 32,

Type-VI isotherms are a special type of isotherm reflecting the result of multilayer adsorption on a non-
porous homogeneous solid surface (e.g., a clean metal or graphite surface). Actual solid surfaces are
mostly inhomogeneous; hence it is difficult to encounter this situation. The type-V isotherm is similar to
the type-1lI isotherm, but the number of adsorption layers is limited when the saturation vapor pressure is
reached and the adsorption volume tends to a limiting value. At the same time, due to the occurrence of
capillary coalescence, the isotherm rises faster at moderate relative pressures and is accompanied by a

hysteresis loop.

The literature ['6%171- 3211 how that from the measurement of the BET specific surface one can estimate a
particle size but this under conditions that the particle is not porous, spherical, smooth and has a
monomodal size distribution. If a powder is not porous, spherical, and smooth, the following equation can
be used to calculate the size of particle 1681701,
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D= surface of sphere £ (Eq.2.9)

" volume of spherexdensity of particles - S*p

Where D is the diameter of particle and p is the density of materials. This equation was carried out to

estimate the diameter of particle in this study.

Five measurements were utilized to analyze the size of nanoparticles in this study and were summarized

in table 2.6.

Table 2.6 Summary of five techniques were used in this study.

Analysi
meltll?o}(,issls Devices Diameter calculation equations
Master 3000 _ ENd?
LD (Malvern Ltd., UK) P2 = nNid? 3D
FEI Tecnai G2-20 48 YN;d;®
TEM D= 05 and dp = &1 2D
(European fund) (*/m)°* and dp YNd;?
Nanosizer KgT
DL R=_— D
S (Malvern Ltd., UK) 3mnC 3
Xeuss 2.0 2
AX =41 2D
SAXS (Xenocs, France) b / q
3Flex analyzer .
BET (Micrometric instrument D= 5o -
Crop.)

Note: In TEM analysis, for each powder, 20 images were used in Image J, the number of selected surface areas
respectively, are SiO2 - 192, Zeolite - 237, and TiOz - 296.

For all particles, the mean diameter (dpg.2)) is calculated by equation 2.3.

2.3.2 Particle solid density

The density (p) measurements were performed using a Helium pycnometer (AccuPyc1330, micromeritics
Instrument Corp, see Figure 2.11). The AccuPyc 1330 Pycnometer is an easy-to-use, fully-automatic gas
displacement pycnometer. Analyses are initiated with a keystroke. Once an analysis is initiated, data are
collected, calculations are performed, and results displayed without further operator intervention. The
AccuPyc 1330 Pycnometer's unique run precision feature increases the precision of analysis results by
reporting data from five consecutive runs that are within a user-specified tolerance. This feature allows
early termination of analyses, thereby decreasing the number of runs needed for accurate results. The
AccuPyc 1330 Pycnometer determines density and volume by measuring the pressure change of helium

in a calibrated volume.
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Fig. 2.11 The AccuPyc1330 Pycnometer (Micromeritics Instrument Corp.).

2.3.3 Scanning Electron Microscope (SEM)

Scanning electron microscope is an electron microscope that produces an image of the surface of a sample.
The electrons interact with the atoms in the sample to produce various signals containing information
about the surface topography and composition of the sample. The electron beam is usually scanned with
a grating scan pattern, and the position of the beam is combined with the detected signal to produce an
image. Scanning electron microscopy can achieve resolution greater than 1 nanometer. Samples can be
observed under high vacuum, low vacuum, wet conditions (using an environmental scanning electron

microscope) and a wide range of low or high temperatures.

Fig. 2.12 Scanning electron microscope (Hitachi Ltd.).

The most common scanning electron microscope mode is the detection of secondary electrons (SE)
emitted by atoms excited by the electron beam. The number of secondary electrons that can be detected

depends on the sample topography and other factors. An image showing the morphology of the surface
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was created by scanning the sample and collecting the emitted secondary electrons using a special detector.

A S-3400N SEM (see figure 2.12) was used in this study. The voltage was set between 7.0 to 15 kV.

2.3.4 Flowability tester

Powder flow, also known as flowability, is defined as the relative movement of a bulk of particles among
neighboring particles or along the container wall surface *?2. A change in the cohesive properties of
a powder may have an important effect on dry coating and coating quality. [Carr’s index (/C) and Hauser
ratio (HR) are two parameters that always [***) are used to estimate the flowability of powders. The /C and
HR values have been calculated by the bulk density (ppyx) and tapped density (pyqp) of powders, the

equation as follows [101-104.323]:

IC = 20iPuer o 100% = (1 - 22) x 100%  (Eq.2.10)

Pbulk Pbulk

Hy = Ltar. (Eq.2.11)

Pbulk

The IC and HR calculate the flowability index of powder. It is divided into 4 ranges, 5 - 10%, 12 - 16%,
18 - 21%, and 23 - 28%, respectively, excellent, good, fair and poor flow properties of the materials 24,

Indicating good flowability of materials if HR < 1.2, and poor flowability of the materials if HR>1.4 32

3251 A HR greater than 1.20 - 1.4 is considered to be an indication of poor flowability 2],

\

Fig. 2.13 Picture of the tapped density tester (SVM22, Erweka GmbH, Germany).

The bulk and tapped density were measured by a tapped density tester (SVM22, Erweka GmbH, Germany)

and is shown in Figure 2.13. Each sample was measured three times to reduce error in this study.
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2.4 Conclusions

In this chapter, a solvent-free method - dry particle coating was introduced to prepare new supports (see
figure 2.2) via a high shear mixing - Picomix under 3500 rpm, 5 min, filling ratio 40%. y-Al203 and
S.S316L were using as the support core and coating the fine particles of SiO2, TiOz, and Zeolite to form
new supports SiO2/y-Al203, TiO2/y-Al203, Zeolite/y-Al203, SiO2/S.S316L, TiO2/S.S316L, and
Zeolite/S.S316L. In order to know the amount of guest used in the experiment, the mass of the coating
layer of the guest was calculated based on the assumption of 100% surface coverage of the host particles

with a monolayer of guest particles.

To understand the property of the raw materials y-Al203, S.S316L, SiO2, TiO2, and Zeolite, the various
characterization techniques (such as solid density, BET surface area, flowability, surface morphology)
were described in this chapter. According to the characterization results and statistics, the mechanism of

dry particle coating not only could be described but also possibly could be explained.

Moreover, five different devices/methods, LD (Laser Diffraction), TEM (Transmission Electron
Microscope), DLS (Dynamic Light Scattering), SAXS (Small Angle X-ray Scattering), and BET specific
surface area were used to analyze the three nanopowder: SiO2, TiOz2, and Zeolite. The results of the three
analyses were labeled as Zeolite'?, ZeolitePS, Zeolite™, TiO,MP, TiO,PS, TiO,™M, Si0,'P, Si0,PS, and

Si0,™M, and these three sizes were used to investigate the preparation of new supports.

103



Chapter 3: Results and Discussion of Characterization of host and guest particles

Chapter 3: Results and Discussion of Characterization of Host and
Guest particles
3.1 Introduction

In order to understand the property of the host and guest particles, different characterization was used to
analyze the host and guest particles, such as density, size, BET, and flowability. In this chapter, the results

of these different characterizations were presented in details as follows:

- The density of all materials (y-Al203, S.S316L, SiO2, TiOz2, and Zeolite) was measured via a density test
(see Chapter 2, paragraph 2.3.2), because the density is one of the important parameters, it was used to

calculate the mass of guest and host particles (see Chapter 2, equation 2.2).

- All of the raw materials (host/guest) were characterized by particle size (Mastersizer 3000, see Chapter
2, paragraph 2.3.1.1) and morphological properties (SEM, see Chapter 2, paragraph 2.3.3) to know the
size and surface morphology of the host and guest particles.- Different size measurements LD (laser
diffraction), DLS (dynamic light scattering), TEM (transmission electron microscope), SAXS (small-
angle X-ray scattering), and BET (specific surface area were conducted to analyze the size of three types
of guests nanopowder TiO,, SiO,, and Zeolite to compare the effect of different testing methods on the

size of guest particles.

- BET specific surface area (Sger) was measured by low temperature (77 K) N; adsorption-desorption
isotherms performed on the 3Flex analyzer (see Chapter 2, paragraph 2.3.1.5) to know the porosity of

materials.

- The results of particle flowability (see Chapter 2, paragraph 2.3.4) were presented to see if the guest

particles have a good fluid and how the flowability will affect the coating process.

3.2 Density of powders

The densities of all five particles were measured by the Helium pycnometer (AccuPyc 1330, Micrometrics
Instrument Crop. As has been showed in Chapter 2, figure 2.11) and the results are summarized in table

3.1.
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Table 3.1 The density of materials.

Samples Density (g/cm?)
v-AlO;3 3.258
S.S316L 8.102

TiO2 3.955

SiO2 2.043
Zeolite 2.04

Regarding the two host particles S.S316L and y-Al>O3, it is noted that S.S316L has a higher density than
v-Al>Os. The latter is a mesoporous material (see figure 3.1). These 2 host materials not only are different
by their densities but also by their surface state and morphology. For the three guest particles, we can note
that the density of SiO, and zeolite are two times less dense than TiO». The density of the powders has an
important effect especially on the mass of the guest particles, the more the mass is important the more the

number of particles increases and the coating can be complex.

3.3 BET analysis

The BET specific surface area and porous structure of raw y-Al203, S.S316L, SiOz2, TiO2, and Zeolite were
analyzed by low temperature (77 K) N> adsorption-desorption isotherms performed on the 3Flex analyzer
(see Chapter 2, paragraph 2.3.1.5). Figure 3.1 shows the N> adsorption-desorption isotherms of five

samples.
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Fig.3.1 N, adsorption-desorption isotherms of y-Al>0Os, S.S316L, SiO2, TiO2, and Zeolite
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y-Al203 and SiO:2 exhibited type IV-isotherms®??, indicating the mesoporous texture, Zeolite exhibited
type I-isotherms, indicating the microporous texture, TiO» exhibited type II-isotherms, indicating non-
porous, S.S316 had no isotherms, indicating non-porous as well. As displayed in table 3.2, the specific
surface area (Sper) of y-Al203, S.S316L, SiO2, TiO2, and Zeolite respectively are 148.96, 1.79, 220.59,
50.55, and 506.60m?*/g (see table 3.2).

Table 3.2 The BET specific surface method measured results.

Powders BET specific surface area (m?/g)
v-AlLO3 148.96
S.S316L 1.79
SiO; 220.59
TiO, 50.55
Zeolite 506.60

3.4. Size analysis for y-Al1203 and S.S 316L

The size distribution of two host particles y-Al203 and S.S316L was presented in figure 3.2. The results
showed that both y-Al203 and S.S316L possessed one main mode, which located around 67 pum and
98 um, the mean diameter (dp2)) was given that for y-Al203: 67.7 um, S.S316L: 98.3 um.
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Fig.3.2 Size distribution of raw y-Al2Os and S.S316L
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3.5 Analysis and results of nanoparticle size: SiO», TiO2, and Zeolite

In this study, five devices/measurements LD (laser diffraction, see Chapter 2, paragraph 2.3.1.1), TEM
(Transmission electron microscope, see Chapter 2, paragraph 2.3.1.2), DLS (dynamic light scattering, see
Chapter 2, paragraph 2.3.1.3), SAXS (small angle X-ray scattering, see Chapter 2, paragraph 2.3.1.4), and
BET specific surface area (see Chapter 2, paragraph 2.3.1.5) were involved to measure the nanosize of the

3 powders (TiO», SiO,, and Zeolite).

The five analytical techniques were presented (LD, DLS, TEM, BET, SAXS) in Chapter 2. At first, we
can say that the physical absorption analysis technique (BET method) is rather applied to measure the
specific surface (developed surface) and the pore distribution. The literature cites this technique as being
applicable for the measurement of nanoparticle size from the equation (see Chapter 2, equation 2.9).
However, this method is only valid for spherical, non-porous, monodisperse powders with a smooth
surface. This is not the case for our three powders TiO,, SiO», and Zeolite. Thus, we decided not to present

the results (the size calculated by BET can be found in Appendix).

SAXS theoretically gives very accurate measurements of nanopowder, since we do not have this
instrument in our group, the results (see Appendix) got from other analyzing place were late and additional

software was needed to analyze the results of size distribution, it will not be introduced here as well.

3.5.1 TEM (Transmission electron microscope)

First of all, in this work, we will start with the analysis of nanoparticles with TEM. This technique will
allow us to obtain images that visualize the distribution of nanoparticles in each sample of powders. TEM
images (see figure 3.3) of sample TiO,, sample SiO., and sample Zeolite were recorded to analyze the size
of particles. This technique directly reflects the morphology and size of nanoparticles through the
projection of nanoparticle images. TiO, can be seen more clearer than SiO; and Zeolite in the same scale
bar. This shows a larger size of TiO». SiO, and Zeolite present a large agglomeration phenomenon. In this
case, the agglomeration of a large number of particles makes it much more difficult to analyze the diameter
of the particles. Therefore, in the analysis of this technique, we can only obtain more accurate results by
obtaining as many clear pictures as possible. For each particle, 20 images were taken of the visible particles.
The procedure of image processing and determination of the size and the average diameter was described

in Chapter 2, paragraph 2.3.1.2.
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Zeolite

Wm -

Fig. 3.3 TEM images of TiO,, SiO», and Zeolite.

In this study, different images were selected around 200 number of particles (192 for SiO,, 237 for zeolite,
296 for TiO,) to analyze the size of nanoparticles. The size distribution i.e., the variation of the volume

fraction as a function of the size of TiO,, SiO,, and Zeolite is shown in Figure 3.4.
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Fig. 3.4 Size distribution of TiO;, SiO,, and Zeolite are measured by TEM.

TiO; has the biggest agglomerates and mean diameter dpi2) = 25.16 nm (see table 3.5) between the three
of them. The mean diameter dp@.2) of SiO» and Zeolite respectively are 17.39 nm, 19.78 nm (see table 3.5).
Similarly, SiO; appears to have the smallest size and the most deviated particle size distribution towards
the smaller sizes. The three powders show a very small particle size and at the nanometer scale. Thus, the
powders were characterized by very cohesive powders and spontaneously form agglomerates of variable

sizes under the action of the van der Walls’ forces.
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3.5.2 LD (laser diffraction)

In this study, for each measurement, a 2500 rpm rotation speed with demineralized water (DW) was
conducted. In order to check the stability of the results, each sample was tested 6 times, 3 times without

ultrasonic and 3 times with 10 s and 30% ultrasonic.

Figure 3.5 displays the size distribution of TiO», SiO», and Zeolite particles measured by Mastersizer 3000
(see Chapter 2, paragraph 2.3.1.1). As it can be seen that the blue curve (Si0,) with two main modes, one
is narrow around 20 pm, and another one is around 0.7 pm, respectively, which implies the agglomeration
phenomena of the SiO; nanoparticles. On the contrary, the Zeolite particles (red color) present a narrow
size distribution with one main model locating at 7.8 um. TiO, (black color) particles show the main model

locating at 2.7 pum and two small models after 50 um, which indicates slight agglomeration of the TiO»

nanoparticles.
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Fig.3.5 Size distribution of TiO», SiO», and Zeolite are measured by LD.

The results were grouped in table 3.3. We noted that these results highlight the analysis of the agglomerates
and not the primary particles, especially, Zeolite, the standard deviation between the results with and
without ultrasonic was relatively large, which indicated that there was a large amount of agglomeration of
Zeolite particles when analyzed without ultrasonic. With this analysis, we noted that the mean diameter
dpe.) of Si0,, TiO,, and Zeolite respectively are 0.48, 2.67, and 7.79 um, which are corresponding with
the results of the first test (operating conditions DW+2500 rpm).
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Table 3.3 Size of different particles with 6 times test results by LD.

. .. Mean diameter Average mean diameter dp.2) (pm)
|| t t
Samples Operating conditions dp@.2) (um) + standard deviation

DW 1 7.79

(Demineralized water) 2 7.8

+2500 rpm 3 773

Zeolite 6.83 +0.814

DW 1 5.94

+10s 2 5.89

+ultrasonic+2500 rpm 3 5.96

DW 1 2.67

(Demineralized water) 2 2.73

+2500 rpm 3 271

TiO2 2.49 +£0.024

DW 1 2.33

+10s 2 2.35

+ultrasonic+2500 rpm 3 2.39
DW 1 0.484
(Demineralized water) 2 0.492
+2500 rpm 3 0.487

SiO; 0.469 £ 0.0003

DW 1 0.451
+10s 2 0.449
+ultrasonic+2500 rpm 3 0.452

3.5.3 DLS (dynamic light scattering)

The particle size analysis protocol was detailed in Chapter 2, paragraph 2.3.1.3, as was mentioned, for
each type of particle, more than 20 times were used to measure the particle size of the nanoparticles.
Different ultrasonic probe power (7-13 W), the concentration of dispersants (0.5-6 g/L.), and process times
(1-30 min) were utilized to break up the agglomerates and measure the primary particles. Under these 20
different sets of conditions of measurement, the operating conditions with smaller amount of dispersant,
lower power of ultrasonic probe, shorter ultrasonic probe time and smaller particle size obtained are called

the optimal operating conditions, the obtained results are under the conditions of Table 3.4.
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Table 3.4 Optimal of operating conditions.

Samples Mean diameter Optimal conditions Optimal conditions Optimal conditions time under
P dpi2) (nm) dispersant (g/L) ultrasonic probe power (W) ultrasonic probe power (min)
TiO, 107 1 7 10
Zeolite 206 5 7 10
SiO, 119 1 7 5

*Note: the dispersant is sodium pyrophosphate decahydrate.

Figure 3.6 presents the size distribution of TiO,, SiO», and Zeolite that obtained by DLS measurement
(under the conditions of table 3.4). The mean diameter dp.) of SiO», TiO», and Zeolite respectively are
119 nm, 107 nm, and 206 nm. In this method, TiO, has the smallest size. For Zeolite, there are two peaks.

This occurrence of the two peaks because of the agglomeration of Zeolite particles.
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Fig.3.6 Size distribution of TiO», SiO,, and Zeolite are measured by DLS.
In conclusion of this paragraph, the size of TiO;, SiO, and Zeolite has been measured by 3 different
methods and the results are shown in table 3.5. It demonstrates using different methods will obtain the

different diameters, using LD measurement gets the biggest diameter (agglomerates) and TEM gets the

smaller diameter (primary particle).

Table 3.5 Diameter of three guest particles measured by three different methods.

Mean diameter dp(3.2)

Samples
LD (pm) DLS (nm) TEM (nm)
TiO, 2.67 107 25.16
SiO, 0.48 119 17.39
Zeolite 7.79 206.84 19.79

111



Chapter 3: Results and Discussion of Characterization of host and guest particles

It can be seen that the LD analysis has the largest diameter, which means the measurement of agglomerates.
The DLS has a smaller size but it always remains agglomerates. Finally, the TEM indicates the smallest

diameter because the technique allows us to see the particle and measure them by image processing.

It should be noted that differences in the size of nanoparticles were determined by the use of different
techniques. This is not caused by measurement error, but in fact by the specificity of each technique. TEM
measures the geometric size of the nanoparticles deposited on the surface; therefore, the advantage of
TEM is that it can directly observe the morphology and determine the size of particle size, which has
certain intuitiveness and credibility. However, this method is the result of observation of local areas, thus,
it has certain contingency and statistical errors. The average particle size of nanoparticles can be obtained
by measuring and statistical analysis of particle size with a certain number of photos. As a result, the size

of measured nanoparticles can be different by the different techniques.

However, the difference between nanoparticle size for the same particle due to the agglomerates as
discussed earlier. Moreover, it is important to be aware that each particle size characterization technique
will measure a different property of a particle and therefore will give a different value from another
technique that measures an alternative dimension. This leads to many approaches to data analysis which
can affect the particle size information obtained. As a result, each technique is not wrong, they all are

correct; it is simply that a different property of nanoparticles is being measured.

3.6 Morphology of powders

The surface morphologies of five powder y-Al203, S.S316L, SiOz2, TiO2, and Zeolite were characterized
by SEM, as shown in Figure 3.7. Two host particles y-Al203 (see figure 3.7a) and S.S316L (see
figure 3.7b) presented a relatively smooth surface and uniform spherical shape. It is important to note that
not every S.S316L particle is spherical, some S.S316L particles have a very small part of the surface linked,

generally, these small parts are difficult to occur the coating.

Apparently, all three guest particles SiO2 (see figure 3.7¢), TiO2 (see figure 3.7¢), and Zeolite (see
figure 3.7d) showed different degrees of agglomeration because of the strong cohesive force (van der
Waals’s force). This agglomeration can be broken during the coating process at high rotational speeds,
and perhaps it is possible that the coating will continue to form as an agglomeration, adhering to the surface

of the host particles.
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(a) y-AL203

(C) Si02 (d) Zolite (e) TiO2

Fig.3.7 SEM images of y-Al,03, S.S316L, SiO,, TiO», and Zeolite.

3.7 Flowability of powders

The flowability of the raw materials Zeolite, TiO,, SiO,, and y-Al,O; were measured with the tapped
density tester (SVM22, Erweka GmbH, Germany) (see chapter 2, paragraph 2.3.4, figure 2.13). The /C
and HR values have been calculated by the bulk density (ppqx) and tapped density (p¢qp) of powders, the

equations can be seen in Chapter 2 (equations 2.10 and 2.11). The analyzed results are summarized in

table 3.6.

Table 3.6 The flowability of materials.

S I Flowability
amples 1C e
v-ALO3 5.7%+0.7% 1.07 £0.02
SiO: 44% £+ 0.5% 1.74 £ 0.03
TiO2 43% £ 2% 1.77 £ 0.08
Zeolite 41% + 2% 1.69 + 0.08
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IC and HR are two the most important and significant values to describe the flowability of powder as
introduced in Chapter 2, paragraph 2.3.4. A higher value of /C corresponds to the cohesive powder, the
IC of host particle y-Al,O3 (5.7% = 0.7%) is much smaller than that of three guest particles, the /C of
Zeolite, TiO,, and SiO; are respectively, 41% + 2%, 43% + 2%, and 44% =+ 2%. This result is logical
because the previous size analysis and SEM images of three guest particles also showed a large amount
of agglomeration. In Chapter 2, paragraph 2.3.4, it was indicating good flowability of materials if
HR < 1.2, and poor flowability of the materials if HR>1.4. Obviously, y-Al,Os presents a good flowability
because the value of Hris 1.07 + 0.02. S.S316L has a size of 98.3 um, which is larger than that of y-Al>O3
(67.7 um). Since y-Al,Os has a good flowability, S.S316L has good flowability because the larger the
particle size, the better the flowability. Therefore, in this study, the flowability of S.S316L was not

measured. For three guest particles, the values of Hr demonstrated that they have poor flowability.

3.8 Conclusion

In this chapter, the results of different characterizations were summarized and showed as below:

1 - The density of y-AlbOs, S.S316L, TiO,, SiO», and Zeolite were analyzed and respectively, are 3.258,
8.102, 3.955, 2.043, and 2.04 g/cm’.

2 - The BET analysis of isotherms showed that y-Al203 and SiO: are the mesoporous texture, Zeolite is
the microporous texture, TiO, and S.S316L are non-porous materials. The specific surface area (Szer) of

v-Al03, S.S316L, SiO2, TiO2, and Zeolite respectively are 148.96, 1.79, 220.59, 50.55, and 506.60 m*/g.

3 - The size analysis gave the mean diameter (dpg.2)) of two host particles, which are y-Al2O3: 67.7 pm,
S.S316L: 98.3 um.

4 - Three different results for measuring nanoparticles were presented. The analysis of nanopowder
demonstrated that the LD gave the largest diameter because of the measurement of agglomerates. The
DLS provided a smaller size but it always remains agglomerates. The TEM indicated the smallest diameter

because the technique allows us to see the particle and measure them by image processing.

5 - SEM images of two host particles y-Al203 and S.S316L presented a relatively smooth surface and
uniform spherical shape. The SEM images of three guest particles SiOz2, TiO2, and Zeolite showed different

degrees of agglomeration.
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6 - The flowability of powder proved that three guest particles Zeolite, TiO, and SiO; are cohesive powder

and have poor flowability.
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Chapter 4: Dry Coating Results and Discussions
4.1 Introduction

As discussed in Chapter 2, the main objective of this study is to prepare catalysts for methanation reactions
by dry coating. After an extensive literature analysis, 5 supports (y-Al,Os3, S.S316L, SiO», TiO,, and
Zeolite) were selected to prepare the catalysts. However, except for y-Al,O3 and S.S316L, which have
large sizes and can be used directly to prepare catalysts in picomix, the other three particles (SiO», TiO»,

and Zeolite) are nanoparticles and cannot be used directly as the host particles to prepare catalysts.

Thus, three ways (granulation, pelletizing, and atomization) were used to go increasing the size of
nanoparticles to around 80 um. 80 pm. However, the results obtained were very disappointing, and the

obtained large diameters of Zeolite, TiO2, and SiO2 were very fragile and easily break.

In this case, we considered preparing new supports, using y-Al203 and S.S316L as hosts, the fine particles
of Si02, TiO2, and Zeolite were coated to form new supports as shown in figure 4.1: SiO2/S.S316L,
Ti02/S.S316L, Zeolite/S.S316L, SiO2/y-Al203, TiO2/y-Al203, and Zeolite/y-Al20s3.

i e sics Zealite Tio, Si0,
'\. % £ = X \ \

\ \ \
\ \ \ \
\ N \
86
i G — 7-ALO; . —» S.8316L
il o
E

Fig. 4.1. Images of new supports: left (y-Al,O3 as a core shell, Zeolite, TiO», and SiO; are coated), and right
(S.S316L as a core shell, Zeolite, TiO», and SiO; are coated).

Therefore, this program has been implemented and the results of these dry coatings will be presented in

detail in this chapter.

The operating conditions of picomix were as follows: 3500 rpm and 5 mins, the filling ratio was set at 40%
of the vessel volume (40 mL of powders were added into the 100 mL vessel, which means total powders
of host and guest are 40 mL). The exact mass of host and guest particles were determined by calculation

(see Chapter 2, paragraph 2.2.2.3 and table 2.2).

The size of three nanoparticles TiO,, SiO, and Zeolite were analyzed by three different methods, LD

(laser diffraction), DLS (dynamic light scattering), TEM (transmission electron microscope). The
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materials with size analyzed by the three methods were labeled respectively: Zeolite™®, ZeoliteP"S,

Zeolite™M, TiO,"P, TiO,°5, TiO,™M, Si0,P, Si0,P, and SiO,™M.

4.2 Adhesion effects phenomena

Dry particle coating is a solvent free method where guest particles adhere uniformly to the surface of a
host particle by strong adhesion forces. Since the guest particles (Zeolite, TiO-, and SiO,) were conducted
in this study are nanopowder and very cohesive and always show agglomeration and poor flowability (see
Chapter 3, paragraph 3.7). The goal of this study is to know the effect of adhesion on the dry coating

process by calculating the van der Waals’ forces between different materials.

Figure 4.2 shows a schematic of the formation of agglomerates. As it can be seen, when the size of particles
is less than 50 um, the particles can easily form agglomerates, and the smaller the particles, the easier they
can agglomerate together [, Once the particles are agglomerated together, the interparticle forces (van
der Waals’ forces) will be larger than the gravity of the particles themselves and have poor flowability 2%,
The behavior of cohesive powders is mainly observed through the external contact forces acting on the

particle surface and the adhesion caused by the interparticle forces (van der Waals’ forces) 1227- 3281,

100 nm 1pm 50 pm 1mm

Nanoparticles  Submicronic Micronics Intermediate Large
particles particles particles particles

D

Cohesive powder Ind1v1d.uahzed
particles
Formation of agglomerates from primary &
particles under the action of interparticle forces 000
} (X
s.‘. —_— ' 0
. 090
primary @ F,,/W
particles agglomerates
aa/ W ‘ Free flow of powders

‘ Non-free flow of powders ‘

F,,=interaction force ....... (N)
W =weight of the particle=mass of the particle*gravity acceleration (g) ....(N)

Fig. 4.2 The formation process of agglomerates.
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Adhesion may occur between the surface of the particles %), the adhesion forces are the attractive forces
between unlike molecules ¢ 321 they are caused by forces acting between two surfaces. Adhesion
between powder particles or particles and surface plays a very important role in the understanding of

[296, 329-332

powder flow and powder mixing *** 339 In the most general cases I the adhesion force, Fuq, is a

combination of:
- Fyaw 1s the van der Waals’ force;
- Ff, is the electrostatic Coulomb force between the charged particles / and 2;
- Fqp 1s the capillary force;
- Fue is the force because of chemical bonds or acid-base interactions 333
Foqa = Fogw + Fegp + Fli2 + Fope (Eq. 4.1)

In the dry media, the adhesion force is mainly assessed by the magnitude of van der Waals’ forces,

229, 268, 305].

calculated by the following equation [

ARR;
6(Ri+R]‘)Z2

Foaw = (Eq. 4.2)

Where z is the distance between two particles. z is assumed to be 0.4 nm . R; and R; are the radius of

spherical particle 7 and particle j, 4 is the Hamaker constant.

The expression for the Hamaker constant is based on Lifshitz theory [2°% 3341 This theory deals with van
der Walls’ forces between bodies, it does not assume to order pairwise addition of the individual
intermolecular forces; that is, the theory takes into account the influence of neighboring molecules on the

interaction between each pair of molecules located in two bodies, rather than treating each pair individually

[305, 335 305, 334-337].

1. The equation for calculating the Hamaker constant can be seen as follows !

3BT
A=

(51—1)2 n 3hv, (n?-1)7?

4 £1+1 16v2 (n2+1)3/2 (Eq. 4.3)

Where B is the Boltzmann’s constant (1.38x1072 J-K ™1 B%1) T is the temperature, &, is the dielectric
constant, 4 is the Planck’s constant (6.63x1073* (J-s) [395:338]) 45 is the UV adsorptive frequency, n; is the
refraction index. In this calculation, we assumed that the agglomerated cohesive powder has the same
Hamaker constant as the individual particle. Based on this assumption, the Hamaker constant of all of the

materials are listed in table 4.1.
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The Hamaker constant, in table 4.1, is calculated at room temperature (7 =298 K), the dielectric constant,
the UV adsorptive frequency, and the refraction index were cited from the literature. The calculated values

deviate somewhat from references, which is acceptable.

Table 4.1 Parameters of the materials in this study

Dielectric Refraction Adsorptive Hamaker constant
Materials constant index frequency (A4) (10720g)
(1) (n1) We)(105s7) Calculated From references
v-ALO3 10.1 13371 1.806 339 3.0 [340] 20.7 14-15 [305,337)
S.S316L. 15.6 13411 2.3 342 3.0 [303] 23.9 22 1343]
Zeolite 2.7 344 1.47 [345] 3.0 [303] 6.51 4.4 [346]
TiO2 17.0 B47 2.610503] 3.0 [303] 244 43 B303]
SiO: 3.5 0341 1.457 1349 1.71 [340] 0.09 0.05 (350

For the same size and spherical particle, that is to say, R; = R;, van der Waals’ force can be calculated by

AR;

Foaw = — 2.7 It is only necessary to calculate the Hamaker constant (or find it from literature) to know

the magnitude of the van der Waals’ forces. However, in this study, the guest particles and host particles
are spherical particles of different sizes (R; # R;), which involves the calculation of the Hamaker constant
(4;)), it was approximately evaluated by the following equation [0 336337, 331, 332];

1

Where A; and A; respectively, are the Hamaker constant of particle i and .

Table 4.2 The Hamaker constant of different materials in this study

Materials Hamaker constant (4) (1072°J)

Host Guest New supports Host particles Guest New supports
particles particles PP (Ai) particles (4 (Aij)
Zeolite Zeolite/y-Al203 6.51 11.61
v-Al20O3 TiO2 TiO2/y-Al203 20.7 24.4 22.47
Si02 Si02/y-AL203 0.09 1.36
Zeolite Zeolite/S.S316L 6.51 12.47
S.S316L TiO: Ti02/S.S316L 23.9 244 24.15
SiO2 Si02/S.S316L 0.09 1.47
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According to the equation 4.4, the Hamaker constant of different particles were calculated and shown in

table 4.2.

After obtaining the Hamaker constant of the different materials, the van der Waals’ forces were calculated

via equation 4.2 and listed in the table 4.3.

Table 4.3 van der Waals forces between host-guest particles

Materials Radius of particle (nm) Hamaker van der
Host Guest New Host Guest constant (4;) Waals force
particles particles supports particles particles 10724J) Fuaw (N)
Zeolite'P Zeolite'P/y-A103 3895 4.21E-07
ZeolitePtS ZeolitePLS/y-AL03 103.42 11.61 1.25E-08
Zeolite™EM Zeolite™M/y-A1,03 9.895 1.20E-09
TiO2tP TiO2'P/y-ALO;3 1335 3.00E-07
v-ALOs TiOPts TiO2PM5/y-AL O3 32500 53.5 22.47 1.25E-08
TiO™M TiO2"™M/y-AL O3 12.58 2.94E-09
Si0atP Si02P/y-AlLO;3 225 3.17E-09
Si0,Pts Si02PLS/y-AlLOs 59.5 1.36 8.41E-10
Si0, ™M SiO2"EM/y-AlL03 8.695 1.23E-10
Zeolite'? Zeolite'P/S.S316L 3895 5.02E-07
ZeolitePLs ZeolitePS/S.S316L 103.42 12.47 1.34E-08
Zeolite™M Zeolite™M/S.S316L 9.895 1.29E-09
TiO,tP TiO2P/S.S316L 1335 3.35E-07
S.S316L TiOzPLs TiO2PH5/S.S316L 49150 53.5 I 1.35E-08
TiO™M TiO2TEM/S.S316L 12.58 3.16E-09
SiO,tP Si02P/S.S316L 225 3.44E-09
SiO,PLs Si0,PLS/S.S316L 59.5 1.47 9.11E-10
Si0,TEM Si02TEM/S.S316L 8.695 1.33E-10

As already stated in figure 4.2, particles will clump together when the van der Waals force is greater than
their gravity, and the greater the ratio of van der Waals’ force to gravity between particles, the more likely
the particles will clump together. In the coating process, the host particles used are y-Al203 and S.S316L
(both with particle size greater than 50 um), and the gravity force is greater than the van der Waals’ force

itself.
120



Chapter 4: Dry Coating Results and Discussions

Equation 4.2 shows that, with the same Hamaker constants, the van der Waals’ force is mainly determined
by the radius of particle. Since Zeolite"/y-Al,Os, ZeoliteP S/y-Al,03, and Zeolite™/y-Al,Os, are formed
by the same guest and host particle, the hypothesis in this study is the agglomerated particles have the
same Hamaker constant as the individual particle. Therefore, the Zeolite'?, ZeolitePS, and Zeolite™ have
the same Hamaker constant in this study, same as other particles. The only difference is that Zeolite'P,
ZeolitePS, and Zeolite™ represent three different measurements, the van der Waals’ force between the

different particles is presented in Figure 4.3.
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Fig 4.3 van der Waals forces between host-guest particles.

As it can be seen in Figure 4.3, when the host is the same, for the same guest particle, the van der Waals
force of the particle represented by LD is also the largest because of the large particle size (large
agglomeration) provided by the way LD was analyzed. E.g., the van der Waals force follows this order:
TiOP/y-AL O3 > TiO:PHS/y-ALO; > TiO,™M/y-ALLOs. The results of this van der Waals’ force data
unexpectedly indicated that the coating of TiO>"P/y-Al,O5 will be accompanied by a large amount of

agglomeration during the coating process, forming a large number of layers.
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4.3 Calculation of uncoated guest particle in picomix

During the coating technique a significant mass of the guest particles adheres to the walls of the picomix.
Thus, it is important to quantify this mass of powder to be able to evaluate the real quantity of powder that
adheres to the surface of the host particles. There are some particles that were found staying on the wall
of the vessel and the rotor (includes three paddles), by measurint the mass of the particles adhered on the
wall and the rotor of the picomix, an uncoated particle fraction can be obtained to estimate the coating
degree. Figure 4.4 shows one of the mixing examples, it can be seen that a quantity of Zeolite'? particle
powder was adhered to the surface of the wall of the vessel and the rotor after mixing. This was because

of severe particle-wall collisions under high-shearing/impacting forces.

7-ALO,

i
? ﬂ White powder
o -

” Lo
Zeolite

Mixing

Fig. 4.4 Photos of the vessel and the rotor before (left) and after (right) high-shear mixing of y-Al,O3 and
Zeolite™P particles in Picomix.

All the powders sticking to the walls and rotor of the picomix were analyzed. This work was done in the
following way:
1) Weighted the mass of rotor and vessel before the coating (see figure 4.4 (left), the cleaned vessel and

rotor), was named as Myegse; before mixing and Myo¢or before mixing »

2) Weighted the mass of the coated rotor and vessel, this mass is the mass of the rotor and vessel with the

powder adhered on the rotor and vessel (see figure 4.4 (right), the vessel and rotor with powders), and was

named as Myessel after mixing and Myotor after mixing-

3) The mass of particles that stayed on the vessel and the rotor after mixing were obtained from equations

4.5 and 4.6.
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The mass of particles that adhered on the wall of the vessel (M, ticie’s mass on the wau) @nd the rotor

(mparticle's mass on the rotor) was estimated by:

mparticle’s mass on the wall — Myessel after mixing — Myessel before mixing (EQ- 4. 5)

mparticle’s mass on the rotor — Mrotor after mixing — Myotor before mixing (EQ- 4. 6)

Since some particles stayed on the surface of the mixer, the actual coated mass of guest particles was less
than the value that was calculated for coating (see Chapter 2, table 2.2). In this study, the mass percentage

of particles adhered on the wall of vessel and rotor (¢4,) was calculated by:

P19 =

m . ! +m . !
article’ s mass on the wall article’ s mass on the rotor
P P X 100% (Eq. 4.7)
MguesttMpost

Where ¢4, is the percentage of guest particles that adhered on the wall of the vessel and on the surface of

the rotor, Mgy esr and My, are mass of initial mass of guest and host powder before mixing.

Fig. 4.5 The photo of sieve shaker (Retsch, France)

Besides, after mixing, mixed particles were sieved by a sieve shaker (Retsch, France, see figure 4.5),
because before the mixing, y-Al,O; was sieved at 63-90 um before applying for coating and S.S316L was
sieved more than 63 pm to prepare the new support in order to eliminate their difference in particle size
distribution. After mixing, by sieving mixed particles (such as Zeolite"P/y-A1,03) it is possible to know
how many guest particles have not been coated with the host particles. In this study, a 63 um sieve was
used to estimate the uncoated guest particles, that is to say, particles with particle size less than

63 um are considered as uncoated guest particles.
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Therefore, uncoated particles include two sections: the particles adhered to the mixer (the vessel and rotor)
and the particles that the size is less than 63 um. Here mass fraction of uncoated particles (¢q,) was
calculated by:

Vo = P1op T P29y, (Eq. 4.8)

Where @44, is the mass fraction of uncoated particles, ¢,q, is the mass fraction of the particles that the

size less than 63 pm after sieving (Mg;ze 1ess than 63 pm after sieving )» Which is given as follows:

Msize less than 63 pm after sievin
Vo0, = £ £x100% (Eq.4.9)
MguesttMpost

The mass fraction of uncoated guest particles (¢q,) can be used to evaluate the quality of coating, the
smaller the mass fraction of uncoated guest particles, the better the result of the coating. The mass fraction

of uncoated guest particles (¢q,) of 18 samples is shown in figure 4.6.
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Fig. 4.6 Mass fractions of uncoated guest particles in the preparation of new supports under 3500rpm, Smin.

*LD (laser diffraction), DLS (dynamic light scattering), TEM (transmission electron microscope).

It was found that among all the new supports, Zeolite'®/y-Al,Os, Zeolite®*S/y-Al,O;, and
TiO,"P/y-Al,Os these three supports have the largest number of guest particles uncoated on the host

particles in the process of preparation, the mass fraction of uncoated guest particles respectively is 11.41%,
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8.06%, and 9.98%. It is worth noting that for the same host particles, e.g., for y-Al,O3 particles, uncoated

DLS and Zeolite™™. This is possible because a large

guest particles of Zeolite'® are more than Zeolite
amount of agglomerated Zeolite™? particles was broken under high shearing mixing (3500 rpm) in the
process of preparation of Zeolite"P/y-Al,Os, which resulted in the actual preparation of Zeolite™?/y-A1,O3
requiring less mass than the theoretically calculated one. The percentage by mass of guest particles used
in the coating experiment was calculated based on the assumption of 100% surface coverage of the host
particles with a monolayer of guest particles (see Chapter 2, paragraph 2.2.2.3). Excess Zeolite™ particles
stayed on the walls of the vessel and the surface of the rotor. Besides, because high rotation speed produced
high energy to particles and created drastic collisions for particle-particle and particle-wall. Therefore,
high rotation caused an increase of local temperature of the powder. If this is the case, it is not only

beneficial for the guest particles to coat on the host particles, but also promoted adhesion of the guest

particles to adhere to the steel vessel and rotor of Picomix.

Additionally, unlike host particle y-Al,O3, Zeolite, TiO, and SiO; particles in the process of coating with
S.S316L (Zeolite/S.S316L, SiO,/S.S316L, and Ti0O,/S.S316L), much fewer mass fraction of uncoated
guest particles were observed. Furthermore, the amount of uncoated guest particles is not very different,
the mass fraction of uncoated guest particles is 0.33-1.62 wt.%. This phenomenon could be explained by

following four reasons:

1) Both host particle and the material of Picomix are steel, which means both are equally attractive to
particles (adhesion force will be the same), this could be the reason that why for the same guest particles
(such as Zeolite), different host particles of y-Al,Os and S.S316L, the Zeolite particles not coated to the y-
Al>,O3 are more than S.S316L.

2) S.S316L is harder than y-Al,Os, there may be no deformation between guest particles and S.S316L

in the process of coating.

3) It could be related to the sieving process, although the same parameters were set during the sieving
process, the quality of the sieving was also confirmed after the sieving was completed, there may still be
a small amount of small y-Al,O; particles (the size is less than 63 um) adhering to the surface of larger
v-AL,Os particles, which will cause the sieving to fail to separate them. However, these small y-Al,O3
particles will fall off during the high-speed mixing process. Then at the end of the mixing, it is re-sieved
out during the sieving process, these amounts of small y-Al,Os particles are also counted in the uncoated

particles, making the number of uncoated particles increase.
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4) The surface morphology of the y-Al,O; particles (see Chapter 3, figure 3.7a) shows that some
v-Al,O3 shapes are not spherical, and these y-Al,Os may be damaged by the high-speed rotation at
3500 rpm and then sieved out during the sieving process. Since ¢,q, is the mass fraction of the particles
that the size less than 63 pum after sieving of coatings, thus, as long as the particles smaller than 63 pm
were regarded as uncoated guest particles, this could be one of the reasons that the mass fraction of

uncoated guest particles is high in y-AlOs.

4.4 The effect of guest and host particles on coating process

Two host particles S.S316L and y-Al,Oz were used in this work, these two powders are different by their
density and their size distribution (see Chapter 3, table 3.1 and figure 3.2). The y-Al,O; powder is porous
with a specific surface of 148.96 m*/g, however, S.S316L is non-porous. Also, from Chapter 3, figure 3.7,

we note a rather smooth surface for S.S316L and rougher for y-ALOs.

The effect of guest and host particles has been investigated in this section. Host particle of S.S316L (mean
diameter dps2)= 98.3 um) and y-Al,Os (mean diameter dpi2)= 67 um), three guest particles Zeolite, TiO2,
and SiO2 (mean diameter dp) see Chapter 3, table 3.5). The operating conditions were summarized in

table 4.4.

Table 4.4 Operating conditions

Rotation speed Operating time Filling ratio
Device Mass of host and guest (g)
(rpm) (min) (%)
Picomix 3500 5 40 See table 2.2

4.4.1 Size distribution analysis

Figure 4.7 displays the size distribution of coated particles with different guest particles. The size of three
nanoparticles TiO,, SiO,, and Zeolite were analyzed by three different methods, LD (laser diffraction),
DLS (dynamic light scattering), and TEM (transmission electron microscope). The materials with size
analyzed by the three methods were labeled respectively: Zeolite'®, ZeoliteP™S, Zeolite™, TiO,'P,
TiO,PLS, TiO,™M, SiO,MP, Si0,P5, and SiO,™M, Therefore, after coating, the uncoated powder was named

Zeolite'P/y-ALOs, ZeoliteP S/y-ALOs, Zeolite™/y-Al, 05, etc.
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As is shown in figure 4.7, the prepared new supports Zeolite'®/y-AL,Os, ZeoliteP5/y-Al,03, and
Zeolite™/y-Al,O; (see figure 4.7a); TiO,'P/y-ALOs, TiO.°5/y-ALLOs, and TiO,™M/y-ALLO; (see figure
4.7b); Si0,"P/y-ALO;, SiO.PHS/y-ALO;, and SiO,™™/y-ALO; (see figure 4.7c) display similar size
distribution as y-Al,Os particles (the original y-Al,Os particles present a narrow size distribution with one
mode locating at 67.7 um). There are no small peaks that have been observed, which indicates good coating,
it is also possible that all coated particles were sieved before measurement to evaluate the uncoated guest

particles, the mass fraction of uncoated guest particles has been described in the above section 4.2.
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Fig.4.7 Particle size distribution of coated particle (a) Zeolite/y-Al,O3; (b) TiO2/y-Al2O3; (¢) SiO2/y-AlOs.

Fig.4.8 presents the size distribution of coated particles of Zeolite'?/S.S316L, Zeolite®5/S.S316L, and
Zeolite™/S.S316L (see figure 4.8a); TiO,'P/S.S316L, TiO,P"S/S.S316L, and TiO,™™M/S.S316L (see
figure 4.8b); Si0,'P/S.S316L, SiO,PH%/S.S316L, and Si0,™M/S.S316L (see figure 4.8¢). It can be seen
that all peaks are located around 100 um. More specifically, TiO»/S.S316L and SiO,/S.S316L particle
provide almost the same peak as the original S.S316L particles, nevertheless, the peak of Zeolite/S.S316L
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has a bit different from the original S.S316L. This is because Zeolite has a big size compared with TiO,

and SiO;.
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Fig.4.8 Particle size distribution of coated particle (a) Zeolite/S.S316L; (b) TiO2/S.S316L; (¢) SiO»/S.S316L.

Table 4.5 summarizes the mean diameter (dp ) of all coated particle, and the mass fraction of uncoated

guest particles (@o).

Particle size distribution indicated that both S.S316L and y-Al,O; provided a good coating because the

size of coated particles has all increased. Zeolite'”/S.S316L gave a bigger size compared with

ZeoliteP"S/S.S316L and Zeolite™™/S.S316L. TEM images (see Chapter 3, figure 3.3) have demonstrated

that Zeolite has a lot of agglomeration, although, after 3500rpm, 5min, on the surface of Zeolite"/S.S316L

might still have aggerated Zeolite'” particle. This may be the reason that why Zeolite'?/S.S316L presented
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the largest size compared with all coated particles. Meanwhile, the mass fraction of uncoated guest

particles proved that only 1.62% of Zeolite'" stayed on the surface of mixer (the vessel and rotor).

Table 4.5 Mean diameter (dp,2)) of all coated particle, and the mass fraction of uncoated guest particles (@)

Mean Mass fraction Mean Mass fraction of
. of uncoated .
Samples diameter dpg) . Samples diameter dpg) uncoated guest
guest particles .
(nm) %) (um) particles (%)
v-ALO3 67.7 S.S316L 98.3
Zeolite'P/y-ALO3 79.4 11.41 Zeolite'P/S.S316L 115 1.62
ZeolitePS/y-Al203 76.9 8.06 ZeolitePrS/S.S316L 105 1.59
Zeolite™™M/y-A1,03 742 4.73 Zeolite™™M/S.S316L 99.9 1.06
TiO2"P/y-ALO3 76.5 9.98 TiO2*P/S.S316L 106 1.45
TiO2PLS/y-ALO3 74 .4 543 TiO2P1S/S.S316L 104 1.36
TiO2TEM/y-Al,O3 73.9 3.22 TiO2TEM/S.S316L 103 0.44
Si02LP/y-AlLO3 75.9 5.66 Si02P/S.S316L 103 1.26
Si02PES/y-Al03 71.8 3.21 Si02P$/S.8316L 102 1.17
SiO2TEM/y-A1,03 72.8 2.21 Si02TEM/S S316L 100 0.32

4.4.2 Characterization of the coating of the particles

From the size distribution, we can see that there are guest particles coated on the surface of S.S316L and

v-Al>,O3 because the particle size of the coated particles is larger than that of the original host particles.

Since the coated particles were firstly sieved with a sieve larger than 63 pum, thus, only one main peak was
observed in the particle size analysis. In this section, we will analyze each coated powder individually by
SEM (all of the coated particles were sieved before the SEM analysis) for obtaining a better understanding

of coating.

4.4.2.1 Analysis of the quality of the coating of Zeolite/y-Al,03, TiOyy-Al;0s and Si0y/y-Al;03

First of all, the surface morphologies of Zeolite, y-Al,Os, and Zeolite/y-Al,O; (Zeolite"?/y-Al,Os,
ZeolitePS/y-Al, 03, and Zeolite™/y-Al,05) are shown in figure 4.9. Apparently, the guest particle Zeolite
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agglomerated together because of the strong cohesive force. The y-AlO; particles exhibit a relatively

uniform spherical shape and smooth surface.

(a) Zeolite

d) ZeolitePrS/y-Al,03 (e) Zeolite™/y-Al,03
Y Y

Fig. 4.9 SEM images of original Zeolite powder (a), y-ALO3 powder (b), Zeolite'P/y-AL,Os (c),

ZeolitePHS/y-AlLOs (d), Zeolite™/y-Al,O; (€) coating under 3500rpm, 5min in Picomix.
It was found that Zeolite"P/y-A1,03, Zeolite® 5/y-Al,Os, and Zeolite™/y-Al,O;3 present the same shape as
host particle y-Al,O3 but no smooth surface (see figure 4.9c-¢). In terms of Zeolite'?/y-Al,O3, there are
lots of small debris (see figure 4.9¢) which can be seen on the surface and cannot be easily removed by
sieving because of the large number of Zeolite agglomerations. Compared with Zeolite'?/y-Al,O3 and
ZeolitePS/y-Al,Os (see figure 4.9d), almost no debris can be seen on the surface of Zeolite™/y-ALLO;
(see figure 4.9¢). A conclusion can be made here that y-Al>O; coating with Zeolite in the TEM size has
the ideal coating effect.

Figure 4.10 presents the images from SEM analysis of TiO», y-Al,Os, and TiO»/y-Al,O3 (Ti0,"P/y-ALL O3,
TiO,P5/y-ALLOs, and TiO,™/y-ALLOs). Guest particle TiO, gives a severe agglomeration phenomenon
because of its strong interparticle force (van der Waals’ force). It can be seen that TiO,"P/y-Al,O; particles
(see figure 4.10c¢) show a rough surface, maybe because too many TiO; particles bonded with y-AlOs.
The surface morphologies of TiO>P5/y-ALLO;s (see figure 4.10d) show a relatively smooth surface though
there are agglomeration phenomena that can be observed. Unlike TiO,*P/y-Al,O; and TiO,°“S/y-ALO;3,
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the surface morphologies of TiO>™M/y-ALLO; (see figure 4.10¢) present a quite smooth surface, however,
a little bit agglomerated of TiO; particles were captured. Comparing the coating results of the three, we

can conclude that TiO,™/y-A1,O; gives the best coating.

(b) y-ALO3 (¢) TiO2'P/y-AL20;3

(d) TiO2PLS/y-ALOs (e) TiO2TEM/y-ALOs

Fig. 4.10 SEM images of TiOz (a), y-AL,Os (b), and new supports TiO2"P/y-ALOs (c), TiO2PS/y-ALO; (d),
TiO,"™®M/y-ALLO; () coating under 3500rpm, Smin in Picomix.
Figure 4.11 shows the surface morphologies of SiO,, y-ALOs, and SiO»/y-ALOs (SiO,"P/y-AlOs,
SiO,P5/y-AlL 05, and SiO,™™/y-Al,0s3). A large number of agglomerated SiO- particles were observed
(see figure 4.11a). After coating with y-AL,O3, the agglomerated SiO; particles were found to adhere onto
the surface of y-Al,Os particles and form relatively uniform coatings (see figure 4.11c-e). No visible chips
were seen on the surface of SiO,"P/y-Al,03, Si0,P5/y-Al,03, and Si0,™™/y-Al,Os. But more specifically,
SiO,"P/y-AlLOs (see figure 4.11¢) gives multiple layers, which means agglomerated SiO,"" particles. The
surface of SiO,P"5/y-ALOs (see figure 4.11d) shows a relatively smooth surface. Nevertheless, when the

magnification of the measurement is increased, the agglomerated SiO,P"

particles can be found (see figure
4.11d). It was noted that SiO,"™M particles (see figure 4.11¢) look uniformly dispersed on the surface of y-
AlLOs particles. No agglomerated particles were captured even at high magnification (5000). This is

because during the calculation of the coating (see Chapter 2, table 2.2), because SiO,"™™ has a small
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TEM

particle size, very little mass was used in the experiment and each SiO,"*" particle had the opportunity to

go into a collision with the y-Al,Os particles, which then formed the coating.

(d) Si02PLS/y-AL0s (e) Si02"™M/y-ALO;

Fig. 4.11 SEM images of SiO; (a), y-ALO;3 (b), and new supports SiO2"P/y-AlOs (c), Si0,PH5/y-ALOs (d),
Si0,*M/y-Al,05 (e) under 3500rpm, Smin in Picomix.

4.4.2.2 Analysis of the quality of the coating of Zeolite/S.S316L, TiO»/S.S316L, and SiO»/S.S316L

In this part, we will examine the quality of the coating for the host S.S316L particles and the three powders
(Zeolite, SiO,, and TiO») invited for the three analysis methods (LD (laser diffraction), DLS (dynamic

light scattering), and TEM (transmission electron microscope)).

The surface morphologies of original Zeolite particles, original S.S316L particles, and the coated particles
Zeolite/S.S316L (Zeolite'?/S.S316L, ZeolitePS/S.S316L, and Zeolite™/S.S316L) are shown in figure
4.12. It is obvious that guest Zeolite particles are agglomerated together (see figure 4.12a) because it is a
nanoparticle, and the adhesion between the particles is greater than its gravity, making it less fluidity/poor
flowability (see Chapter 3, table 3.6) and thus agglomerates in large quantities. The S.S316L particles (see
figure 4.12b) exhibits a relatively smooth surface and spherical shape. It is very important to note that not

every S.S316L particle is spherical, some S.S316L particles have a very small part of the surface linked,
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generally, the coatings are very difficult to occur in these small parts. Zeolite'?/S.S316L particles (see
figure 4.12c) present discontinuous coating (occurred on the small part of the surface linked with S.S316L)
and a great quantity of agglomerated Zeolite'P particles, which is because the mass of zeolite particles
needed to coat 136.46 g S.S316L particles is less than the calculated mass (11.02g of Zeolite particles).
Which resulted in many Zeolite particles had no place to stick except on the surface of Zeolite"?/S.S316L

to form a multi-layer coating or to stick on the surface of the mixer.

(a) Zeolite (b) S.S316L (c) Zeolite™P/S.S316L

(d) ZeoliteP"S/S.S316L (e) Zeolite™/S.S316L

Fig. 4.12 SEM images of Zeolite (a), S.S316L (b), and coated particles Zeolite*P/S.S316L (c),
ZeolitePS/S.S316L (d), Zeolite™™/S.S316L (e) under 3500rpm, 5Smin in Picomix.
Compared to Zeolite'?/S.S316L particles and Zeolite®*5/S.S316L particles (see figure 4.12d) show a
better coating results because Zeolite® S/S.S316L particles do not show agglomeration of large particles.
In the case of Zeolite™/S.S316L particles (see figure 4.12¢), different from both of Zeolite"?/S.S316L
and Zeolite"?/S.S316L coatings, Zeolite™™/S.S316L clearly gives the best coating with uniform

dispersion and smooth surface.

Figure 4.13 shows the surface morphologies of TiO,, S.S316L, and TiO»/S.S316L particles
(Ti02'P/S.S316L, TiO,PHS/S.S316L, and TiO,™M/S.S316L). TiO,'P/ S.S316L particles (see figure 4.13¢)
exhibited a good uniform coating but a multiple layer of TiO,"P particles. The morphologies of

TiO,""5/S.S316L (see figure 4.13d) and TiO,™™™/S.S316L (see figure 4.13¢) present a very smooth surface,
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which implies a very good coating. In the results of particle size analysis in Chapter 3, we know that DLS
and TEM provided the small size of guest particles. During the coating process, a small number of masses
of guest particles TiO,"® and TiO>™ are needed (see Chapter 2, table 2.2), which may be just enough

DLS

mass to coat TiO,"*® and TiO,™M the surface of the host S.S316L particles, leaving no excess mass

TiO,P"S and TiO,™™ to form multiple layers of coatings.

(a) TiO2 (b) S.S316L (c) TiO2"%/ S.S316L

(d) TiO2P-5/S.8316L (e) TiO2TEM/S S316L

Fig. 4.13 SEM images of TiOz (a), S.S316L (b), and coated particles TiO,'P/S.S316L (c), TiO,P-%/S.S316L (d),
TiO,"™M/S.S316L (e) under 3500rpm, 5min in Picomix.

The surface morphologies of SiO,, S.S316L, and Si0,/S.S316L (Si0,"?/S.S316L, Si0,P5/S.S316L, and
Si0,™M/S.S316L) are presented in figure 4.14. As a fine particle, SiO, (see figure 4.14a) cannot avoid
agglomeration because of the strong interparticle force. SiO,""/S.S316L (see figure 4.14c) presents a
discontinuous coating but not uniform, which can be seen from one SiO,"?/S.S316L particle (see figure
4.14c), most of the surface of S.S316L was covered but some parts were not. The surface morphologies
of SiO,P'S/S.S316L (see figure 4.14d) demonstrates a good coating. Compared with the surface
morphologies of Si0,"?/S.S316L (see figure 4.14c), fewer agglomerated particles were captured. Among
these three coatings, Si0,™M/S.S316L (see figure 4.14¢) absolutely gives the best coating with a very

smooth and visible surface.
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(a) SiO2 (b) S.S316L (c) Si0217/S.8316L

(d) Si02PH5/S.S316L (e) SiO2™M/S.S316L

Fig. 4.14 SEM images of SiO (a), S.S316L (b), and coated particles SiO,'P/S.S316L (c), SiO.°+%/S.8316L (d),
Si0,™M/S.S316L (e) under 3500rpm, Smin in Picomix.

The analysis of the SEM images of the coated particles showed that each host particle was coated by guests,
but some of the coatings were uneven and discontinuous, such as Zeolite'®/S.S316L, ZeoliteP*5/S.S316L,
Ti0,"P/S.S316L, Si0,P/S.S316L, and Si0,°S/S.S316L. This can be due to the different hardness of the
particles, which leads to deformation, or due to the different mass of the guest particles that were used in
the experiment (see Chapter 2, table 2.2). Meanwhile, for the same guest particle, such as Zeolite, three
different measurement methods (LD (laser diffraction), DLS (dynamic light scattering), TEM
(transmission electron microscope)) provide three different sizes, which means these three particle sizes
correspond to three different masses (see Chapter 2, table 2.2). Therefore, the results of the coating are
known as SEM images, LD size give a multiple layer coating and often is accompanied by a lot of
agglomerated guest particle, this could be because the theoretical calculated mass of the guest particles is
much more than the mass of requires to cover the host particles in one coating layer, such as Zeolite""/y-

ALO;, TiO,"P/y-ALLO3, Zeolite*P/S.S316L.
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4.5 Calculation of coating thickness

The previous sections have given us important information that not all of the masses of the theoretically
calculated guests are 100% coated onto the host. Some guests’ particles are not coated onto the host, these
uncoated guests have been described in section 4.2. Some of the coatings are clearly observed as a thick
layer of coating, such as Zeolite'?/y-Al,0s, TiO,"P/y-AlL O3, and Zeolite*?/S.S316L, which indicated more
than one layer of coating, hence it is necessary to know the thickness of the coating and built the correlation

with the mass fraction of uncoated guest particles and coating consequence.

In this study, in order to know the thickness of the coating, cross-section samples were prepared to make
the direct observation of the thickness of the coating layer possible. The preparation process includes two
parts: resin sample preparation and polishing process (see figure 4.15), the detailed preparation process is

as follows:

Polishing Ypmcess

Fig.4.15 Schematic of the preparation of resin cross-section samples.

1) Prepared a solution: 25 ml resin + 5 ml stiffening agent (ratio of resin/stiffening agent
should be 5);
2) Poured the solution into a 100ml white plastic cup and used a wood stick to stir the

solution until there are no bubbles in the resin;

3) Put the sample into a mold (the sample has to cover the bottom of the mold) and poured

the prepared mixture into the mold;
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4) After more than 8 hours, took the prepared resin sample to polish;

5) Used a polisher (Struers LaboPol-21, Denmark) to polish the characterize surface.
Polishing Machines with sanding discs grit 240, 400, 600, 1000, and 1200;

6) Continued polishing process in a micron-level polisher (6, 3, and 1pum) with the help of

diamond slurry of 6, 3, and 1um;

7) Used a photo-microscopy to check whether the polishing was enough.

When the resin samples were polished, they were characterized by SEM (see Chapter 2, paragraph 2.3.3).
After obtaining the characterized SEM images, the thickness of the coating was measured directly using a
ruler according to the size of the scale used for the characterization, and different thicknesses on one coated
particle were measured as much as possible to reduce the error. The standard deviation was calculated by

the following equation:

_ Z?=1(Xi_)?)2
o= [METES (Eq. 4.10)

Where N, = the number of data points, that is the points for different coating thicknesses; X; = each of the

value of the thickness, X = the average thickness of X;.

But, for some coated particles, the coating was assumed to be perfectly uniform because it was very
homogeneous, therefore, no standard deviation was given in the next descriptions. However, in this study,
only one or two particles were generally used for the evaluation of the thickness of the coating, thus, the

next claim of the thickness may deviate from the actual thickness.

4.5.1 Thickness of Zeolite/y-Al>:03, TiOy/y-Al>03, and SiOy/y-Al:03

Figure 4.16 shows the SEM images of cross-section samples of Zeolite'P/y-Al,0s, ZeoliteP"S/y-Al,O;, and
Zeolite™M/y-Al,0s. It can be seen that each y-ALOs particle is covered by Zeolite'” particle (see figure
4.16-al). The thickness of the coating is basically uniform (see figures 4.16-b1 and -c1) but somewhere
can be seen a very thick layer (see figure 4.16-b1), which indicates agglomerated Zeolite'® because of
strong interparticle force. This result is corresponding to figure 4.9-c1. Figure 4.16-c1 was labeled based
on its basic scale of 10 pm and it shows in figure 4.16-d1. The thickness of Zeolite""/y-A1,O3;= 4.1 + 1.50
um. In order to decrease the deviation of assessment, different coating thicknesses of one particle were

selected as much as possible.
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Fig.4.16 SEM images of cross-section samples of Zeolite!P/y-A1,Os (al-dl), ZeoliteP S/y-Al,05 (a2-d2), and
Zeolite™/y-A1,05 (a3-d3) under 3500rpm, Smin of operating conditions.

DLS

From figure 4.16(a2-d2), we can observe that a thin layer of Zeolite”™ particles covered all the y-Al>O3

particles. However, the images (see figures 4.16-b2 and-c2) of increased magnification of the microscope

DLS

do not give us very clear information on coating thickness, which is probably because Zeolite”™> particles

are not tightly coated on the surface of y-Al>O; particles, or maybe due to the too long time spend or

DLS

strength on polishing, lead to damaged thin coated of Zeolite” > particles. Therefore, its thickness

deviation is not considered and given as 1.05 £ 0 um (see figure 4.16-d2).

Figure 4.16(a3-d3) show a thin and very uniform coating of Zeolite™/y-Al,Os, this result is consistent
with the surface morphologies of Zeolite"™™/y-A1,05 (see figure 4.9¢). Since the coating layer is very thin,
and it is regarded as a homogeneous coating, no deviation will be given here, therefore, the thickness of

the coating of Zeolite™/y-Al,O3= 0.83 + 0 pm.
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Overall, the thickness of the coating of Zeolite'?/y-Al,Os, ZeoliteP S/y-Al,03, and Zeolite™/y-Al, O3,
respectively, are 4.1 £ 1.50 um, 1.05 £ 0 um, 0.83 £ 0 um. The results of this thickness assessment are in
general agreement with the results of the SEM images (see figure 4.9c-¢) and size distribution analysis

(see figure 4.7a and table 4.5) in the previous part.

Figure 4.17 provides the SEM images of cross-section samples of TiO,'P/y-Al,Os, TiO,PS/y-AlOs, and
TiOzTEM/’Y-A1203.

Fig.4.17 SEM images of cross-section samples of TiO,'P/y-AlO; (al-d1), TiOPHS/y-ALO; (a2-d2), and
TiO,™M/y-A1,05 (a3-d3) under 3500rpm, Smin of operating conditions.

It was found that each y-Al,Os particle is covered with TiO,'P particle (see figure 4.17-al), but some
particles of y-Al,O3 with more TiO>"P particles distributed on the surface, and some with less (see figures
4.17-bl and-cl), which indicates that the coating is not very uniform. The reason for this phenomenon
could be the agglomerated TiO,"P particles. The thickness of TiO*P/y-Al,Os = 1.68 + 0.81 um (see figure
4.17d1), this value may differ a bit from the real thickness of TiO,"P/y-A1,O; particle because one particle’s

thickness was estimated.
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As for the SEM images of cross-section samples of TiO,”"5/y-Al,O3, there are some white small fragments
that can be observed (see figure 4.17a2). It is possible that these fragments were not originally coated
TiO,PS particles or the coated TiO,P™S particle was removed during the polishing process because of over
polishing time or strength. A thin coating layer can be seen from figures
4.17b2 and c2, since this thickness looks very uniform, TiO,P"S/y-A1,O;is considered as a uniform coating.

The thickness of the coating of TiO,PXS/y-Al,O3= 0.91 = 0 um was presented in figure 4.17d2.

A very thin coating layer was observed (see figures 4.17b3 and c3). It is noted that some chips are next to
the TiO,™/y-AlL,Os particle (see figure 4.17¢3). These chips could be the uncoated TiO,™ particle or

DLS

were removed TiO,PS particle during the polishing. The thickness of the coating of TiO"™™/y-ALOs is

estimated at 0.69 £ 0.17 um (see figure 4.17d3).

To sum up, here, the thickness of the coatings of TiO,'P/y-Al,0s, TiOP5/y-Al, 05, and TiO,"™™™/y-Al,05
respectively are 1.68 = 0.81 pm, 0.91 £ 0 um, and 0.69 + 0.17 pm. The results of this thickness evaluation
can be linked to the results of the SEM analysis (see figure 4.10c-e) and size analysis (see figure 4.7b and

table 4.5) in the previous section, and justify the analysis of size and SEM.

Figure 4.18 presents the SEM images of cross-section samples of Si0,'P/y-ALOs, Si0,°S/y-AlLOs, and
Si0,™M/y-AL,O;. A very thin coating layer can be observed in figure 4.18. Due to unavoidable SiO,'P
particle agglomeration, the dispersion of SiO,'" particles was not uniform (see figure 4.18b1-d1). One
particle was used to estimate the thickness of the coating of SiO,'P particles, different thickness was
selected to finish the assessment of the thickness of the coated SiO,'P particle. This value is

1.42 £ 0.48 pm.

DLS DLS

Some pieces of Si0,°-> particles were captured (see figure 4.18a2-d2). It could be an uncoated SiO;
particle or a destroyed part of the coating of SiO,P"S/y-AlL,O; that led to SiO,P"S particles staying next to
the y-Al,Os particle. Unlike the cross-section sample of SiO,P/y-AlLQOs, the coating of SiO,PMS/y-AlLOs

has better uniformity, probably because less mass of SiO,P"

particles were used compared with the mass
of SiO,'P particles. Due to a very thin coating layer can be observed, the coating of
Si0,P5/y-Al,05 was considered as a very homogeneous coating, no deviation will be shown here. After

evaluation, the thickness of the coating of SiO,P"5/y-AL,O; is given as 0.61 £ 0 um,
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Fig.4.18 SEM images of cross-section samples of SiO,'P/y-AlOs (al-d1), SiO,PtS/y-Al,05 (a2-d2), and
Si0,TBM/y-Al,05 (a3-d3) under 3500rpm, 5min of operating conditions.

Since the Si0,™M particle has a small size (nano-level), even though the magnification of the microscope
is large, able to clearly and visibly capture the coating, it faced certain challenges. Therefore, in the cross-
section samples of Si0,™M/y-ALL,O;, few clear and visible particles are presented here (see figure 4.18a3-
d3), which is a very thin and coating layer is taken into account to be a very uniform coating. The thickness
of the coating of Si0,™M/y-ALL,O; is assessed as 0.52 + 0 um. The thickness of the coatings of SiO,'P/y-
ALO;,  SiOPYS/y-AlLOs, and  SiO,"™™M/y-AlL,O;  respectively are 142 =+ 048 um,
0.61 £ 0 um, and 0.5 + 0 um. The results of this evaluation were correlated with their particle size analysis

(see figure 4.7¢) and SEM analysis (see figure 4.11c-d).

4.5.2 Thickness of Zeolite/S.S316L, TiO»/S.S316L, and Si0/S.S316L

SEM images of cross-section samples of coated Zeolite'?/S.S316L, Zeolite®5/S.S316L, and
ZeoliteP*S/S.S316L are shown in figure 4.19. Obviously, every S.S316L particle has been covered by

Zeolite'P particles and revealed a heavy coating layer (see figure 4.19al-c1), the main reason may be due
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to the excessive quantity of the Zeolite'® mass being used (see Chapter 2, table 2.2). Nevertheless, this
coating layer is not uniform because of the agglomeration of Zeolite'® particles. The results of the
estimation of the coating thickness of Zeolite*?/S.S316L (see figure 4.19-d1, thickness = 4.06 & 2.40 um)

proved the non-uniformity of the coating as a big standard deviation was obtained.

50 pm

Fig.4.19 SEM images of cross-section samples of Zeolite*?/S.S316L (al-d1), Zeolite5/S.S316L (a2-d2), and
Zeolite™M/S.S316L (a3-d3) under 3500rpm, Smin of operating conditions.

As can be seen from figure 4.19al, ZeoliteP™S particles are relatively uniformly distributed on the surface
of S.S316L particle. The captured three particles (see figure 4.19-b2 and -c2) display a relatively thin
coating layer. The thickness of the coating of ZeoliteP"5/S.S316L (see figure 4.19-d2) was estimated to be
1.05 £0.56 pm.

A thin coating layer can be seen in the figure 4.19-b3 and -c3. Compared to the other two types of coated
particle (Zeolite'?/S.S316L and Zeolite®/S.S316L), the coating of Zeolite™/S.S316L is not very

obvious (see figure 4.19-a3) because less agglomeration gives a smaller size. There is a big debris that can

TEM TEM

be seen in figure 4.19-b3, which should be uncoated Zeolite
142

particles or the Zeolite'*" particles that
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were removed from the surface of Zeolite™/S.S316L particles during the polishing process. Since the
thickness of the coating is very thin, the deviation is ignored and is given around

0.69 £ 0 pm.

Respectively, the thickness of Zeolite'/S.S316L, ZeoliteP S/S.S316L, and Zeolite™/S.S316L are
4.06 +2.40 um, 1.05 £+ 0.56 pm, and 0.69 + 0 um. The value of this assessment is corresponding to their
particle size analysis (see figure 4.8a) and SEM analysis (see figure 4.12¢-d).

Figure 4.20 shows the SEM images of cross-section samples of TiO,P/S.S316L, TiO,P%/S.S316L, and
TiO,™M/S.S316L. It is found that each S.S316L particle was covered with TiO,' particles (see figure
4.20al-c1) and presents a very thick coating layer. However, this thick coating layer is not homogeneous
(see figure 4.20-b1 and -d1), the thickness of the coating is assessed as 5.08 + 2.38 pm, this value proves

the non-uniformity of the coating layer, because of the big standard deviation.

Fig.4.20 SEM images of cross-section samples of Ti0>"?/S.S316L (al-d1), TiO,P"$/S.S316L (a2-d2), and
TiO,™M/S.S316L (a3-d3) under 3500rpm, Smin of operating conditions.
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Unlike TiO,™P particles, TiO,P™S particle provides a smaller size. Therefore, the process of coating with

DLS particles mass than TiO,'P particles (see Chapter 2, table

the same mass of S.S316L requires less TiO»
2.2). Theoretically, coated with S.S316L, TiO,°™S particle’s coating layer is thinner than that TiO,'P
particle’s coating layer. This theory can be proven from figure 4.20-c2, which provides a very thin coating

layer. The thickness of the coating was roughly estimated as 1.66 = 0.79 pm.

Compared to TiO,"P/S.S316L and TiO,°*5/S.S316L particles, the thickness of TiO,™"/S.S316L is harder

to get because TiO,™

3, table 3.5). Thus, it is very difficult to visually observe the thickness of the coating of TiO,™M/S.S316L

particle exhibits a small particle size (mean diameter dp2=19.79 nm, see Chapter

particles with a microscope. A TiO,™M/S.S316L particle (see figures 4.20-b3 and -c3) obtained gives a
thin, tight, and relatively homogeneous coating. This particle was used to cursorily calculate the thickness

of the coating of TiO,"™/S.S316L, which is 1.61 + 0.5 um.

Totally, the thickness of the coating of TiO,*P/S.S316L, TiO,"5/S.S316L, and TiO,™M/S.S316L
respectively are 5.08 = 2.38 um, 1.66 = 0.79 um, and 1.61 + 0.5 um. The results of this rough evaluation
are well related to the particle size (see figure 4.8b) and surface morphology (see figure 4.13c-d) of the

three coated particles.

SEM images of cross-section samples of SiO,"P/S.S316L, SiO,P5/S.S316L, and SiO,™™/S.S316L are
presented in figure 4.21. As it can be seen, SiO,'P particles are more evenly dispersed on the S.S316L
surface and formed a visible coating (see figures 4.21-b1 and -cl). The thickness of the coating of

Si0,*P/S.S316L is about 3.11+1.72um (see figure 4.21-d1).

A thin, tight coating layer but not uniform can be observed from figures 4.21b2 and c2. The thickness of
the coating of Si0,P"S/S.S316L is estimated as 1.86 = 0.61 um. Since SiO,°"S has a small size of 119 nm
(see Chapter 3, table 3.5), after the formation of the coating, it is difficult to observe the thin coating with

the microscope even at a large magnification (see figure 4.21-a2).

In the previous study of the particle size analysis (see Chapter 3, table 3.5), it was obtained that Si0,™

presents the smallest particle size compared to SiO>P and SiO,°** particles. Hence, compared to both
SiO,MP/S.S316L and SiO,P"S/S.S316L, it becomes more challenging and difficult to obtain the coating
layer of SiO,™M/S.S316L particle. Only at the very high magnification of the microscope, a thin coating
layer (see figure 4.21-d3) can be captured. All SiO,™ particles were assumed to be uniformly coated onto
the surface of the S.S316L particle, as a result, the thickness of the coating of SiO,™/S.S316L is 0.23 +
0 pm.
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50 pm

Fig.4.21 SEM images of cross-section samples of Si0,P/S.S316L (al-d1), SiO0.°+%/S.S316L (a2-d2), and
Si0,™M/S.S316L (a3-d3) under 3500rpm, Smin of operating conditions.
The thickness of the coating of Si0,'?/S.S316L, Si0,°5/S.S316L, and SiO,™M/S.S316L respectively are
3.11 £ 1.72 pm, 1.86 + 0.61 um, and 0.23 £+ 0 um. The results of this evaluation were correlated with the

particle size (see figure 4.8c) and surface morphologies (see figure 4.14c-e) of the three particles.

Table 4.6 summarizes all the thickness of coatings to get a clearer understanding. In the meantime, the

size of all particles before the coating is also given as a reference value to analyze the results of the coating.

Theoretically, the thickness of the coating layer equals the size of the guest particle, this would be an ideal
coating. However, it is often very difficult to achieve it in real experiments because the guest particles are
often accompanied by agglomerates. Therefore, the analysis for the size of nanoparticles may also be the
size of agglomerated particles (such as LD (laser diffraction) and DLS (dynamic light scattering)

measurement).
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Table 4.6 Thickness of the coatings.

Host Guest Coated Thickness of
Host Guest Coated
particles particles particles coating
particles particles particles
(dpe») (pm) (dpe) (dpe2) (pm) layer (pm)
Zeolite'P 7.79 um Zeolite'P/y-ALO3 79.4 4.1+1.50
ZeolitePtS 206.84 nm ZeolitePS/y-A1,03 76.9 1.05+0
Zeolite™M 19.79 nm Zeolite™M/y-Al> 03 74.2 0.83 £0
TiO,tP 2.67 pm TiO2'P/y-ALO3 76.5 1.68 £ 0.81
v-ALO3 67 TiOzPLS 107 nm TiO2PLS/y-ALO3 74.4 091+0
TiO,TEM 25.16 nm TiO2T®M/y-AL03 73.9 0.69 £0.17
SiO,tP 0.45 pm Si02P/y-AlLOs 75.9 1.42+£0.48
SiOoPLs 119 nm Si02PHS/y-ALO3 71.8 0.61+0
SiOTEM 17.39 nm SiO2TEM/y-ALL O3 72.8 0.52+0
Zeolite'P 7.79 pm Zeolite'P/S.S316L 115 4.06 £2.40
ZeolitePS 206.84 nm ZeoliteP$/S.S316L 105 1.05+0.56
Zeolite™M 19.79 nm Zeolite™M/S.S316L 99.9 0.69+0
TiO,LP 2.67 pm TiO2'P/S.S316L 106 5.08 £2.38
S.S316L 98.3 TiO,PLS 107 nm TiO2PLS/S.S316L 104 1.66 £0.79
TiO,TEM 25.16 nm TiO2"™M/S.S316L 103 1.61+0.5
SiOatP 0.45 pm Si02'P/S.S316L 103 3.11+1.72
SiQ,PLs 119 nm Si0PH5/S.S316L 102 1.86 £ 0.61
SiO,TEM 17.39 nm SiO2TEM/S.S316L 100 023+0

*Note: LD (laser diffraction), DLS (dynamic light scattering), TEM (transmission electron microscope).

dp(.2) is the mean diameter and the calculation of it can be found in Chapter 2, equation 2.3.

Table 4.6 demonstrates that the thickness of coated particles is less than the original particle size, e.g., the

size of Zeolite'P particle is 7.79 um but the thickness of the coating of Zeolite"?/y-ALO; is

4.1 £1.50 um, apparently, the value of the thickness of Zeolite'?/y-Al,O; is smaller than that the size of

Zeolite'P particle. Three reasons may be used to explain this phenomenon, two of which are related to the

preparation of the dry coating and are shown in figure 4.22.

146



Chapter 4: Dry Coating Results and Discussions

Agglomerated Host particle
nanoparticle

r zeolite AL
»
* Shearing

_—+ Yo
* Compression sl Q é
* Impacting Ficomis (Hosolam)

Compression of

deagglomeration/dispersion
agglomerates phenomena

of agglomerates phenomena

Fig. 4.22 The coating process.

Firstly, as described in Chapter 2, paragraph 2.2.2.2, the function of the top paddle (third paddle) of the
rotor of Picomix is to separate the agglomerated particles and turn them into individual particles. These
separated agglomerated particles are dispersed as a single particle on the surface of the host particles (see
figure 4.22 (right)) so that the thickness of the coating is smaller than the size of the original agglomerated
nanoparticle. Secondly, the agglomerated particles are compressed together under high-speed rotation due

to the shearing/compression/impacting force, and the dispersed nanoparticle forms a multilayer coating

(see figure 4.22 (left)).

A third possible reason is that in this coating thickness study, generally only one or two coating particles
were used to assess the coating thickness, which can lead to some error between the assessed results and

the actual thickness of the coating.

For some particles, after coating, the thickness of the coatings is bigger than the size of guest particles,
e.g., the size of SiO'P particle is 0.45 um but the thickness of the coating of SiO,'P/y-ALO; is
1.42 + 0.48 um, which possibly because only one or two particles are involved in the calculation of the
thickness of the coating, it is also possible that because the destroyed agglomerates regrouped together

and then formed a coating.
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DLS particles are not

Some fragments were found (e.g., ZeoliteP5/y-Al,O3) probably meaning Zeolite
tightly coated on the surface of y-Al,Os particles, or maybe due to a too long time spent on polishing (or

its strength).

We can say Zeolite™, TiO,™, and SiO,"™M give the best coating because the SEM images of the cross-
section of Zeolite™/S.S316L, Zeolite™/y-AL,0;, Si0,™M/S.S316L, Si0,™EM/y-AlL O3, TiO,™™™/S.S316L,
and TiO,™/y-Al,Os present a thin, tight, and relatively homogeneous coating. The SEM images of cross-
section samples of Zeolite'?/S.S316L, Zeolite'?/y-ALLOs, Si0,'P/S.S316L, SiO*P/y-Al 03,
TiO*P/S.S316L, and TiO*P/y-Al,Os; provide a thick coating layer because too much mass of
agglomerated Zeolite'?, Si0,'P, and TiO,"P particles were used in the preparation process. This result is
in general agreement with the analysis of particle size (see paragraph 4.4.1) after coating and the results

of surface morphological analysis (see paragraph 4.4.2).

Overall, the SEM images of the cross-section of samples provided very useful information and allowed us
to roughly compare the thickness of the coatings. Although the values of these thicknesses may deviate
somewhat from the true values because only one or two particles were taken into account in the calculation

of the thickness.

4.6 Conclusions

In this chapter, firstly, van der Waals’ force between different particles was calculated to investigate the
effect of adhesion on dry coating process. In the calculation of uncoated guest particle, it was found that
all particles formed with the S.S316L show little uncoated guest particle (maximum the mass fraction of
uncoated particle is Zeolite"?/S.S316L 1.62%). However, in the coating with y-A1,O3, the mass fraction
of uncoated particles is relatively high regardless of the type of particles, with the mass fraction of
uncoated Zeolite being as high as 11.41% (Zeolite'"/y-Al,O3). When the host particles are the same, e.g.,
for y-Al,Os particles, uncoated guest particles of Zeolite'? are more than ZeoliteP"S and Zeolite™, this
probably because the mass of Zeolite™ particles required to coat 24.56g y-Al,O; particles is less than the
theoretically calculated mass of the particles, which results in the excess mass sticking to the surface of
the vessel and the rotor under strong forces. The percentage by mass of guest particles used in the coating
experiment was calculated based on the assumption of 100% surface coverage of the host particles with a
monolayer of guest particles (see Chapter 2 paragraph 2.2.2.3). Besides, because high rotation speed

produced high energy to particles, and created drastic collisions for particle-particle and particle-wall, it
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therefore caused an increase of local temperature of the powder. If this is the case, it is not only beneficial
for the guest particles to coat on the host particles but it also promotes adhesion of the guest particles to

adhere to the vessel and the rotor of Picomix.

For the effect of guest and host particles on coating, particle size distribution indicated that both S.S316L
and y-AlLOs provided a good coating because the size of coated particles has all increased.
Zeolite'?/S.S316L gave a bigger size compared with ZeoliteP"5/S.S316L and Zeolite™™/S.S316L. TEM
images (see Chapter 3, figure 3.3) have demonstrated that Zeolite has a lot of agglomeration, although,
after 3500 rpm, 5 min, on the surface of Zeolite"?/S.S316L might still have aggerated Zeolite'" particle.
This may be the reason why Zeolite'®/S.S316L presented the largest size compared with all coated
particles. Meanwhile, the mass fraction of uncoated guest particles proved that only 1.62% of Zeolite"”

particles stayed on the surface of the mixer (the vessel and rotor)

The surface morphologies of SEM images indicated that for TiO,'?, SiO,'P, and Zeolite™P particles,
whether the coating is with S.S316L or y-Al,Os, each host particle was covered by guest particles and
formed a thick coating. Many agglomerated guest particles can be directly observed on the surface of the
host particles. when TiO,PtS, Si0,PLS, ZeoliteP'S, coat with S.S316L or y-Al,Os, a smooth surface was
found but a small number of debris (agglomerated guest particles) can also be seen. As far as the images
obtained by SEM are concerned, TEM provides the best coating because a smooth surface without any
chips can be obtained, which means TiO"™™/y-ALLOs;, SiO,"™™/y-AlL,Os, Zeolite™/y-Al,0s,
TiO,"™M/S.S316L, SiO,™M/S.S316L, and Zeolite"™/S.S316L present the best coating. Because the
particle size of the guest particles (TiO,P"S, Si0,PLS, ZeolitePS, TiO,™™M, Si0,™M, and Zeolite™) is at

the nanometer level, the coated layer can only be observed at a relatively large microscope magnification.
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Chapter 5: DEM Numerical Modelization

As mentioned in Chapter 1, the modeling of particle interactions has great importance for gaining a better
understanding of the coating mechanism. DEM modeling is an ideal contact model for investigating the

particle motions and collisions under the high shearing force in complex dry coating devices [ 199 251. 353,

334 The objective of this study is to model the dry particle coating process and understand the behavior of

particles in the Picomix by DEM numerical modelization.

Although DEM modeling is widely used, as reported in the literature [196 199200, 202]

, it has been proved that
DEM approaches are useful in developing a better understanding of particle motions and the mechanism
of particulate processes. It is still relatively uncommon in the field of simulating dry particle coatings: at
least two kinds of particles must be put in, namely the guest particles and host particles. In experimental
studies, the particle size of the guest particles is generally at the nanometer level, and if DEM modeling
wants to correlate with experimental results, the best way is to use nanoscale guest particles. However,
this would undoubtedly put a lot of pressure on the simulation calculations. Therefore, in many simulation
studies of dry particle coating, researchers [?2!:227- 3% increase the particle size to reduce the computational

18, 232, 233, 235

time, or only one or two host particles [ I'are taken into account, and a limited number of guest

particles are involved.

In this work, the numerical studies of dry particle coating in Picomix were performed using one
commercial DEM simulation software EDEM 2018.3.0 and EDEM 2020.3.1 (Academic license for a CPU
with 8 cores, DEM solutions Ltd., Edinburgh, UK) with Hertz-Mindlin (no slip) contact model and Hertz-
Mindlin + JKR cohesive model. Three computers were used in this study, two are equipped with a
processor of Intel(R) Core(TM) 17-4790 CPU@3.60Hz, and 8.0Go RAM; one is equipped with process of
Intel(R) Xeon(R) CPU E5-1650 v2 @3.5GHz, and 32.0Go RAM.

5.1 Introduction to EDEM

EDEM software includes three main subsystems: the pre-processor - EDEM Creator, the solver - EDEM
Simulator, and the post-processor - EDEM Analyst.

EDEM Creator (see figure 5.1) is used to create a representative model of bulk material. There are some
tools to specify the components of the model, including contact physics parameters. In the selection of

bulk material, the properties of materials, such as Poisson’s ratio, solid density, shear modulus, young’s
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modulus, coefficient of restitution, etc. can be added, the size of particle and shape can be defined as well.
In the selection of equipment materials, the properties of the equipment of the material used can be defined.
In the selection of geometry, it can be selected from the software system or imported. At the same time,
the number of particles and the motion of geometry (translation or rotational motion) can be added. The
model types (such as Hertz-Mindlin (no-slip) contact model and Hertz-Mindlin + JKR cohesive model)

can be chosen from the physics display.
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Fig. 5.1 The capture of EDEM creator.

EDEM Simulator (see Figure 5.2) is where it is possible to configure and control the operation of the
EDEM simulation engine. Simulation time-step and data save intervals can be specified. Simulation status
can be visualized and checked in the solve report. EDEM has rewind capability, allowing re-run of a
simulation from any point with or without changes to the model. The main computational challenge in
DEM simulation is the detection of contacts. By dividing the domain into grid cells, the simulator can
check each cell and analyze only those that contain two or more elements (and therefore a possible contact),
thus reducing processing time. As the grid length decreases, fewer elements are assigned to each grid cell
and contacts become easier to resolve. The fewer particles per grid cell, the more efficient the simulator.
If there is no more than one particle in each grid cell then no contact detection needs to take place so the
simulation will progress faster. The idealized length of a grid cell is 2Rmin Where Rpin is the minimum

particle radius in the simulation.
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Fig. 5.2 The capture of EDEM simulator.

EDEM Analyst (see figure 5.3) provides a selection of post-processing tools for analysis, visualization,
and export of simulation data. Bulk behavior metrics can be extracted from the particle-scale simulation
data using a range of binning techniques with equipment geometry movement. EDEM provides 3D
visualizations of the bulk particle system including cutaway views. Visualizations can be exported as
images or videos. The data export function allows us to know the collisions, such as the number of
collisions of particle-particle; the contacts, such as the normal contact forces between particles.
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Fig. 5.3 The capture of EDEM analyst.
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5.2 Modeling parameters

The material’s property has significant effect on the particle motions and interaction, the definition of all

of the parameters get involved in this study are presented in table 5.1.

Table 5.1 Definition of parameters are used in this study

[250]

Parameters

Definition

Particle number

(No)

Veotal

The number of particles in the simulation is evaluated by: Ny = ”
0

v ;
= 724 Where V is
3
gnR

the total volume of particles in the model system, 7, is the volume of individual particle

which equals to %nR3, R is the sphere radius.

Sphere radius

The sphere radius of particles is assumed to be the soft sphere in the model.

(R, mm)
Solid Density The ratio of the mass of a substance to its volume of particles is known as the mass density
(p, kg/m?) or solid density.

Poisson’s Ratio

)

Poisson's ratio is a measurement of the Poisson effect, that describes the expansion or
contraction of material in directions perpendicular to the direction of loading. Most

materials have Poisson's ratio values ranging between 0.0 and 0.5 13531,

Young’s Modulus

(E, Pa)

Young's modulus is a mechanical property that measure the stiffness of a solid material. It
defines the relationship between tense stress (force per unit area) and strain (proportional

deformation) in a material in the linear elasticity regime of a uniaxial deformation. E =
Ty . , . . . .
. where E is young’s modulus, T, is the tense stress, € is the strain or proportional

deformation.

Shear modulus

(G, Pa)

Shear modulus or modulus of rigidity is a measure of the elastic shear stiffness of a

material and is defined as the ratio of shear stress to the shear strain. G can be calculated
E
2(1+v)

this equation when the Poisson’s Ratio and Young’s Modulus are introduced.

by G =

12501 In the EDEM system, this value will be automatically calculated by

Coefficient of
Restitution

(e)

Coefficient of restitution is the ratio of the final to initial relative velocity between two

objects after they collide. It normally ranges from 0 to 1 where 1 would be a perfectly

. .. Ve
elastic collision. e = 2%

Vinitial

Coefficient of Static

friction

(s)

Coefficient of static friction is the ratio of the force of friction between an object and a
surface to the frictional force resisting the motion of object. The static friction force must
be overcome by an applied force before an object can move. The proportionality factor

between the maximum friction force (fmax) and the applied normal force (Fn) of two

surfaces before sliding begins the static friction coefficient ug = @ the Coefficient of
N

static friction (us) can be measured by sliding tests.
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Coefficient of rolling friction is the indication of how great the rolling resistance (rolling
friction torque (Troying) is for a given normal force (Fv) between the wheel and the surface
Coefficient of L
Rolling friction upon which it is rolling. pf = % as the rolling resistance between smooth spheres is
N
W extremely weak, it is common in the DEM simulation that the s between particles were
{,
assumed to be very small (e.g., 0.01) or sometimes can be ignored.
Rotation speed It is defined of the numbers of rotation conducted by the paddles per minutes, it is an
@ ) important parameter in the dry coating experiments. The relation between rotation speed
> Ipm . .
(Q, rpm) and angular velocity of (, rad/s) the paddle is: w =2 I1€/60.
In EDEM software, the DEM algorithms are concerned with solving equilibrium equations
at discrete time intervals for the particle systems. It is known as time-step (AT). In the
Time-step software, Rayleigh wave method is using for calculation AT =~ (0.1~0.5)tray1eign =
R P . . . L . f . . R .
(4T, s) s (—0_163”0.8766 \/;) R is radius of particle; v is Poisson's ratio of particle ; p is the solid
density of particle; G is the shear modulus of particle.
Running/calculation Running/calculation time (7) is decided by operator. Generally, few seconds will be enough
time to study the particle motions. The spent calculation time (fun ime) can be given by:
trun time = 9Ny ﬁ , Ny is the number of particles, 9 is a factor which depends on the
(trun time> S)
hardware of computer (typical ranges from 0.5 to 1.5 ps).

The parameters of the material should be chosen very carefully, because there are some parameters that
have a particularly large impact on the calculation time such as density (p), young’s modulus (£), particle

size. Figure 5.4 presents the effect of young’s modulus/shear modulus on the simulation time.

250].

The time step, AT, can be calculated by [

AT =1 (; 5) (Eq.5.1)

0.163v +0.877 | p

Where R is radius of particle; v is Poisson's ratio of particle ; p is the solid density of particle; G is the
shear modulus of particle. Shear modulus or modulus of rigidity is a measure of the elastic shear stiffness

of a material and is defined as the ratio of shear stress to the shear strain. G can be calculated by

— _E  pso
2(1+v)

t
trun time = ﬁNOE (Eq.5.2)
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Where ¢ is the modeling time, N is the number of particles employed in the modeling, 9 is Per Iteration

Per Particle depends on hardware and number of licenses (depends on computer, normally the value range
is 0.5-1.5 ps).
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Fig. 5.4 The relation of the running/calculation time and shear modulus (Equation 5.1 and 5.2 were used to
calculate the time step, solid density p=3258 kg/m?; v=0.25; modeling time t = 1 s, modeling number Ny= 10000,
9 =1.0 pus) with different particle radius of y-Al,O3

Figure 5.4 shows that when the shear modulus increases to G = 1.0x10'° Pa, modeling 10000 y-Al,O3
spherical particles with a diameter of 10 pm, modeling 1 s, will take 1069 h (44.6 days), which is obviously

impractical. Therefore, it is very important to choose the feasible parameters for the simulation.

5.3 Geometry

Figure 5.5 shows the dimension of the high shear mixer (Picomix, Hosokawa Micron B.V) used for DEM
modeling, which has been drawn in a three-dimension software “Onshape”. The geometry information
was provided by Hosokawa Micron (shown in Appendix 1). The dimensions of the Picomix have been
introduced in Chapter 2, paragraph 2.2.2.2. The clearance gap between the wall of the vessel and paddles
is 1.3 = 0.3 mm, the distance between the bottom to the bottom paddle is 1 mm. In the simulation study,
since the maximum particle size is 2 mm, the clearance gap between the wall of the vessel and paddles,

the distance between the bottom to the bottom paddle was increased by 1.3 times. That is, the clearance
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gap between the wall of the vessel and paddles is 3 mm, the distance between the bottom to the bottom

paddle is 2.3 mm. The other dimensions are the same as the Picomix used in the experiment.

The Picomix model is comprised of a conical shaped vessel with 100 mL volume, three pairs of mixed
paddles, and a centered rotor. The clearance between paddles to the wall of the vessel plays an important
role in the movement of the particles. This rotor will be given a rotational speed to learn the contact
between particles and their collisions by changing the speed in subsequent simulations.
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Fig. 5.5 Geometry of the high-shear mixer (Picomix) model with different views.

5.3.1 Parameters analysis of Al:03

In EDEM simulation, young’s modulus, Poisson’s ratio, coefficient of restitution, coefficient of static
friction, and coefficient of rolling friction are necessary to be added. However, these parameters are
normally difficult to be measured precisely in experiments. Therefore, it is necessary to do a literature
analysis and find these values before conducting numerical modeling. The density (p) measurements were
performed using a Helium pycnometer (AccuPyc1330, micromeritics Instrument Corp). Table 5.2 presents

the parameter analysis of y-Al,Os from the literature.

It was reported [1% 354 that the friction coefficient affected the particle transition from the static to the

dynamic state more significantly and the restitution coefficient has a greater influence on the behavior of
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the moving particles. The variation of friction coefficient and restitution coefficient will give different

predictions in the DEM modeling of particle interactions.

Table 5.2 parameter analysis of y-AlO3

Parameters Authors /Suppliers Values Conditions in literature Ref.
Densitgy Sasol-Germany 1258 Density measured by the AccuPyc 1330 Pycnometer (in (356]
(kg/m®) our team)

MemPro Ceramics 113423 Investigated the mechanical and structural [357]
(USA) ' ’ characterizations of a-Al,O; and y-AL,O; nanofibers.
Zhao et al. 15.122.5 Studied the mechanical properties of lumina (o-Al,O5 and (358]
v-AlOs) nanofibers.
Young’s Zhang et al. 3.8 Studied the fabrication of ﬂe?;ible alumina fibers (359]
modulus composed of nanosheets were studied
(E, GPa) Tamei Chemical Co., 17 The microstructure and mechanical properties of porous (360]
Nagano, Japan alumina ceramics was investigated.
Kovacik I 17 Studie.:d .the correlation .between young’s modulus and (361]
porosity in porous materials.
International 022 International Syalons is one of the UK’s foremost [362]
Syalons ’ technical ceramics suppliers and manufacturers.
Degussa AG 024402 The n.lechani‘cal properties .of dense, bulk, y-ALO; from [363]
(Frankfurt, Germany) nanosize particles were studied.
Poisson’s ratio The finite-element method was used to study the influence
W) Roberts and Jjot 0.2 of porosity and pore shape on the elastic properties of [364]
model porous ceramics.
Alcoa al6sg powder 0.15-0.25 Presen’ted a study on the .inﬂue’:nce (')f the porqsity level on [365]
young’s modulus and Poisson’s ratio of alumina.
Miiller et al. 0.735 Investigated the restitution coefficient of granules. [366]
Three different types of granules have been used as model
Mueller et al. 0.82 granules: y-Al,O; and Zeolite 4a and the dominant plastic [367]
. sodium benzoate to study the restitution coefficient
Coefficient - -
restitution Presented the normal and oblique impact of three types of
© Mueller et al. 0.82 wet granules y-ALO; and Zeolite 4a and the dominant [368]
plastic sodium benzoate.
Michels 08 This Work presents.the nume?ical simulation of flexural [369]
tests in metal ceramic composites.
Michels o1 Numeric.:al simuleiition 9f flexural tests in metal ceramic (369]
composites were investigated.
Described the results of microtribological studies of an
Static‘Friction Berman et al. 0.48 industrially important surface-aluminav (gamma .and (370]
Coefficient (us) alpha), both untreated and treated with a specially
synthesized chemisorbed surfactant layer.
. Studied the frictional behavior both static and sliding
F99.7 alumina .. . . .
. 0.16 friction of steel/steel, steel/alumina and alumina/alumina [371]
(Friatec, Germany) . . . . .
pairs under unlubricated or oil lubricated conditions.
. It is common in DEM simulations that the rolling friction
Rolling . .
. Teffo et al. coefficient between particles were assumed to be very
Friction 0.01 or 0 . R [372]
R small (e.g.,0.01) or sometimes can be ignored.
Coefficient (uy) . - - - -
. Numerical simulation of flexural tests in metal ceramic
Michels et al. . . . [369]
0.01 composites were investigated.
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5.3.2 Parameters analysis of stainless steel (S.85316L) powders

The properties analysis of S.S316L from literature is summarized in table 5.3. The S.S316L used in the
experiments was provided by Hoganis Belgium; the density (8102 kg/m?) was performed using a helium

pycnometer (AccuPyc 1330, Micromeritics Instrument Corp.) in our team.

Table 5.3 Parameters analysis of S.S 316L.

Parameters Authors /suppliers Values Conditions in literature Ref.

ASM Aerospace ) . )
) ) Company provides different type of stainless steel and use for
Specification Metals, 193 ) ) ) ) ) [373]
chemical processing, food processing, marine exterior firm etc.

Ltd. USA
Hoganis Belgium 198 The one we used in our experiments to prepare the new supports [374]
Investigated the deformation process and stress/strain evolution
of micro- lattice structures produced by selective laser melting
Lietal. 190-200 [375]

(SLM) techniques. Some methods were used to measure the
constitutive properties of S.S316L, including Young's modulus,

yield stress, hardness etc.

Studied the influences of energy density on porosity and
Gu et al. 190 . [376]
microstructure of S.S316L.

Lee et al. 206-224 The temperature was changed to study the impact on the [377]
Young’s mechanical of S.S316L.
modulus S.S316L were used to simulate the sintering step, meanwhile
(E, GPa) Song et al. 196 sintering experiments were carried out in a batch furnace to [378]

verify the numerical model and simulations on S.S316L.

Michels 200 Simulated the production process (compaction and sintering) [369]

and flexural tests in a metal ceramic composite.

Lee ot al. 0.16-0.45 The temperature was changed to study the impact on the [377]
mechanism of S.S316L.

Investigated the deformation process and stress/strain evolution

Lietal. 0.3 [379]

of micro- lattice structures produced by selective laser melting

(SLM) techniques.

Used different quadratic formulae that from the classical theory
Mott et al. 0.3 . . ) . [380]
to study the material’s Poisson’s ratio of three possible ranges.

Studied the influences of energy density on porosity and

Gu et al. 0.3 microstructure of S.S316L. Experiments were carried out by [376]
Poisson’s ratio

)

varying processing parameters to change energy density.

Song et al. 0.28 S.S316L were used to simulate the sintering step. [378]

Simulated the production process (compaction and sintering)
Michels 0.3 with EDEM software and flexural tests in a metal ceramic [369]

composite.
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Simulated the production process (compaction and sintering)

Michels 08 with EDEM software and flexural tests in a metal ceramic [369]
' composite.
Coefficient - -
In this patent, golf club was seeking a head face that can have
restitution
. good stiffness with a high coefficient of restitution. By
(e) United States Patent 0.81 ) ) . . ) [381]
comparing the material’s elastic modulus, thickness, coefficient
of restitution etc.
Liu et al. 0.7 DEM was used to describe the relationship between the relative [382]
density of the powder bed of S.S316L and its thickness.
Simulated the production process (compaction and sintering)
Michels 0.5 with EDEM software and flexural tests in a metal ceramic [369]
Static Friction . composite.
Coefficient Liu et al. 02 DEM was used to describe the relationship between the relative [382]
() density of the powder bed of S.S316L and its thickness.
Studied the efficiency of tooth movement associated with some
Iwasaki et al. 0.1 orthodontic mechanics that can be compromised by friction (383]
between S.S316L and bracket.
Rolling Michels 0.01 DEM was used to describe the relationship between the relative [369]
. density of the powder bed of S.S316L and its thickness.
Friction
Coefficient Liu et al. 0.01 DEM was used to describe the relationship between the relative [382]
density of the powder bed of S.S316L and its thickness.
() The aim of this study was to experimentally determine the
Teffo et al. 0.01 coefficients of restitution and static and rolling friction of coal 3721

and S.S316L for discrete element modelling (DEM).

5.3.3 Parameters used for modelisation

found in the literature and part of them that have been used in this work.

159

The analysis of literature demonstrated that young’s modulus of S.S316L has a range of 190 - 200 GPa,
the Poisson’s ratio of S.S316L is 0.3. The coefficient of restitution of S.S316L could be 0.7- 0.8, the
coefficient of static friction of S.S316L can be chosen between 0.1 to 0.5, the coefficient of rolling

friction of S.S316L is 0.01.

Since the study of this simulation includes the study of mixing of host particles (y-Al>O3; and S.S316L)
and dry coating (coating of y-Al,O3; with TiQ,), the parameters used may be different and are summarized

in a different table (see table 5.4 and 5.5).

Table 5.4 presents the parameters used in the simulation of the two host particles. The parameters were
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5.4 Parameters have been used to study the host particle behavior.

Properties of

Properties of particles Properties of picomix

Parameters
particle y-AlLO3 S.S316L (steel)
Density (p, kg/m?) 3258 8102 7990 [384,385]
Sphere diameter (D, mm) 0.6,1,2
Poisson’s ratio (v) 0.15-0.44 [362:363] 0.16-0.45 1369, 376-380] 0.25 [369]
9
Young s Modulus 1.13-2.3x 1010 [357-361] 1.9-2.0x 1011 [369, 373-378] 1.9x% 1011 [369]
(E, Pa)

Filling ratio

10 - 40% filling ratio of picomix volume (100 mL)

Coefficient of

Restitution coefficient

v-ALOs3 - v-AlO3

0.735-0.82 [366-369]

v-AL203 - wall

0.8 [369]

S.S316L - S.S316L

0.7-0.81 [369, 381, 382]

(e
S.S316L - wall 0.8
v-ALOs - y-AL0s 0.1-0.48 13693711
Coefficient of Static
v-Al20s3 - wall 0.5 [369]
friction
(s) S.S316L - S.S316L 0.1-0.5 [369,382,383]
S.S316L - wall 0.5
v-ALO3 - y-ALO;3 0 or 0.01 [36%372]
Coefficient of Rolling
v-Al20s3 - wall 0.3 [369]
friction
S.S316L - S.S316L 0 or 0.01 [369.372,382]
()

S.S316L - wall

0.01

Number of particles

2867(2 mm) - 22918(1 mm)- 106103(0.6 mm)

Rotation speed (£2, rpm)

1500, 3500, 5000

Modeling time (¢, s)

1.0

Rayleigh time-step (47)

40%

*The Picomix refers to the vessel (100 mL) and paddles

Considering the calculation time, the size of the host and guest particles have been scaled up in this
simulation. Young's modulus of y-ALLO; used in the mixing section is 1.7e+10 Pa 1357-3%: 361 Young's
modulus of TiO» reported in the literature is 1.19 — 2.82e+11 Pa 336391 In this study Young's modulus is

reduced and summarized in table 5.5.
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Table 5.5 The parameters have been used to study dry particle coating.

Parameters Properties of particles Properties of Picomix
7-ALO3 TiO: (steel)
Density (p, kg/m’) 3528 3955 7990
Sphere diameter (D, mm) 1 0.1/0.04
Number of particles 1 484/2704
Poisson’s ratio (v) 0.25 0.28 [389.390] 0.25
Shear Modulus (G, Pa) 6.80x107 5.859x107 7.60x1010
Young’s Modulus (E, Pa) 1.70x108 1.50x108 1.90x 10!
v-ALO3 — y-ALO3 0.7
Coefficient of v-Al2O3 — wall 0.8
Restitution v-ALO; — TiO2 0.6
(e TiO2 — TiO2 0.8 3921
TiO2 — wall 0.8
v-Al203 — y-AL2O3 0.1
Coefficient of Static v-ALO3 — wall 0.5
friction v-AL203 — TiO2 0.1
(us) TiO2 — TiO2 0.3 3%
TiO2 — wall 0.3
v-AL203 — y-Al2O3 0.01
Coefficient of Rolling v-ALO3 — wall 0.3
friction v-Al203 — TiO2 0.01
(uy) TiO2 — TiO2 0.03 [394.393]
TiOz2 — wall 0.01
Rotation speed (2, rpm) 3500
Modeling time (z, s) 10
Surface energy (J/m?) v-AlLO3 — y-Al203:1.5 B93%1; - TiQ, — Ti02:0 and 0.9 [3%% 400]
Rayleigh time-step (47) 40%
5.4 Data analysis

EDEM Analyst provides a selection of post-processing tools for analysis, visualization and export of
simulation data. EDEM provides fast, parallelized 3D visualizations of the bulk particle system including
cutaway views. Visualizations can be exported as images or videos. In this study, the particle motion has

been investigated as the particle translational velocity, angular velocity, collision force, collision number,
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collision frequency, translational kinetic energy, rotational energy, potential energy, and impact energy.

Table 5.6 presents the definitions of all exported data attributes.

Table 5.6 Definition of parameters will be used in DEM models 231,

Exported data

Definition/Equation

Average particle
velocity

(7, m/s)

The particle velocity reveals the particle motions in the picomix, as the higher as the velocity, the more rapidly the

particle move. The average particle velocity magnitude in the DEM modeling is given by: o, =

N
Zi=01 vi(trans.) /NO N vi(truns.) = \/vxi(t'rans.)2 + vyi(truns.)z + vzi(truns.)z

Where v;(rqns)) is the translational velocity magnitude of particle ianNj is the total number of particles in the
simulation, respectively, Vy;(trans) Vyi(trans) Vzi(trans) are the translational velocity magnitude of particle 7, j in X,

Y and Z axis direction.

Angular velocity

(Vang, M/S)

Angular velocity refers to how fast an object rotates or revolves relative to another point, i.e., how fast the angular

position or orientation of an object changes with time. For a particle (radius R) rotating at velocity (o, rad/s), the

angular velocity va, =Re and the magnitude of Viangy = \/Vxitang)? + Vyitang)? T Vzitangy? Where Vyang) is
the angular velocity magnitude of particle 7, respectively, Vyi(ang) Vyi(ang) Vzi(ang) are the angular velocity

magnitude of particle 7, j in X, Y and Z axis direction.

Normal contact

The particle contact force describes the interparticle force acting at the contact point. The contact force which

derived from the deformed overlap of particles is normally decomposed into normal and tangential direction for

force analysis. The normal contact force is supposed to contribute to the translational motions of particles. The normal
(Fni, N) contact force is calculated
Foij = %E*(R*)l/wng/z (Hertz-Mindlin (no slip) model)
Where E”and R” is the equivalent Young’s modulus and the equivalent radius, &, is the normal overlap between
the contacting particle i and j. F,;; = —4,/nyE *a% + :i: a® (when the Hertz-Mindlin + JKR contact model is
applied. y is the surface energy of particles.
Tangential contact | The tangential contact force facilitates the rotational motions of particles. The tangential contact force is calculated
force (F,, N) F, = —K,6,;,Where K, is the tangential stiffness; &, is the tangential overlap.

Number of collisions

(Neotiision)

When two particles collide, it will count as one collision, no matter how long the particles stay in contact, only the

completed collisions are counted.

Number of contacts

The total number of contacts of particle-particle are the impacts occurring between all particles at data write-out

points. In other words, the contact is in progress when the write-out takes place.

Collision frequency

8™

Collision numbers per particle per second is defined as the collision frequency, it is given by f,, = W, Where
o

the Neouision 18 the accumulative collision numbers during the simulation period time 7, N, is the total simulated
number. The collision frequency is a very important factor in the dry particle coating process, as it represents the

degree of particle.

Particle kinetic

energy (E, )

In physics, the kinetic energy of an object is the energy that it possesses due to its motion. The kinetic energy is
defined by Ej, = 0.5mv?, where m is the particle mass, v is the velocity magnitude (v = \/v,? + 1,2 + v, of the

particle.

It was reported that the rotational kinetic energy acted in the direction for the growth of a granule in the particle

granulation process, when granules with high speed collide to other granules, they would be broken into pieces, in
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Rotational kinetic
energy

()

order to avoid breaking granules, the rotational kinetic energy is important to understand the behavior. The
rotational kinetic energy is defined as E, = Z';’z"lélvéngl /No, Where I is the moment of inertia, Vg is the

angular velocity magnitude of particle 7, Ny is the total number of particles in the modeling; for a sphere, the

moment of inertia / =2/5mR?, where m is the particle mass, R is the particle radius, p is the solid density.

Translational kinetic
energy

(Ee, )

When the particle moves from one location to another, it will produce energy, this energy is named as translational
kinetic energy. The translational kinetic energy is defined by (E, = %mvtzmns, where m is the mass of particle,

Verans 18 the translational velocity magnitude of particle.

Potential energy

(Ep. D)

The potential energy of particles presents quantitatively the position, which is defined as E_p = mgh, Where m is
the particle mass, g is acceleration of gravity(g=9.81m/s?) and / is the distance between the center mass of the
particle and the defined ‘ground’ level (i.e. coordinate plan Z=0). Therefore, the value of particle potential energy
displays the state of particle, the larger the potential energy, the higher positions of the particle will be during the

motions.

Impact energy

(Es )

The impact energy is the energy required to break the material, the maximum kinetic energy of the drop weight

that at the time of impact into the sample “°!). Tt is calculated by E; = %mvizfn, Where m is the particle mass, f;, is

collision frequency, v; is the velocity magnitude (v; = /v, + v),;2 + v,;% of the particle i.

Total energy
(&, 1)

The total energy of a particle is the sum of the translational kinetic energy, rotational kinetic energy and potential

energy of a particle, i.e. E,= E, + E; +E,

Total force

F,N)

Total force is the sum of contact force (normal force and tangential force) non-contact force (van der Waal force

and electrostatic force) and gravity force

Adhesion force (Fus, J) | In DEM JKR model, the adhesion force is calculated by Fpuuout/aa = — znyR*.

5.5 Conclusion

In this chapter, firstly, the commercial DEM simulation software EDEM was introduced (Academic
license with 8 CPU, DEM solutions Ltd., Edinburgh, UK) to investigate the dry particle coating process
of host particles (e.g., y-Al,O3) and guest particles (Ti0,) in the “Picomix”. Secondly, the definition of all
of the parameters was involved in this study were summarized. Thirdly, described the dimension of the

high shear mixer (Picomix, Hosokawa Micron B.V) used for DEM modeling.

As an important part of EDEM simulation, the selection of material parameters is the first step at the
beginning of the simulation. Therefore, the parameters of y-Al,Os, S.S316L and TiO, were analyzed and
summarized by extensive literature. Then there are some parameters that were used in this simulation

study.

The host particles used in the experiments are at the micron level and the guest materials are at the
nanometer level. However, it is not realistic to use real particle sizes as in the experiment in the simulation

because it would consume a lot of computation time, even if the calculation time is the only 1s (see figure
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5.4, modeling 10000 y-Al,Os spherical particles with a diameter of 10 pum, modeling 1s, will take 1069 h).
Considering this reason, the size of the host and guest particles have been scaled up in this simulation.
Then the influence of particle size, filling ratio, young’s modulus as well as rotation speed of the rotor of
picomix on the particle behavior have been studied to understand the particle’s interactions during the dry

particle coating process.
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Chapter 6: Simulation Results and Discussions

During the experimental study of the dry coating in the picomix, it was found that y-Al,Os; and S.S316L
were coated with three types of nanopowder (TiO», SiO,, and Zeolite) respectively. The coating happened
because of the collision of particle to particle, and of particles with the wall of the vessel of picomix.
However, little has been reported in literature about particle collisions and particle motion in the picomix,
because intuitively obtaining the correlation between particles and geometry is very complex and
challenging. DEM modeling can be used to track particle motion, collision and to analyze contact force,
energy, and velocity, etc. 1% 1861 This numerical modeling work will allow us to understand the particle

behavior during the dry particle coating process.

The numerical DEM modeling results will be presented in this chapter. The numerical studies of dry
particle coating in the picomix were performed using one commercial DEM simulation software EDEM
2018.3.0 and EDEM 2020.3.1 (Academic license a CPU with 8 cores, DEM solutions Ltd., Edinburgh,
UK) with Hertz-Mindlin (no-slip) contact model and Hertz-Mindlin + JKR cohesive model. The Hertz-
Mindlin (no-slip) contact model was used to study the mixing of the host particles. The Hertz-Mindlin
with JKR cohesion model allows us to represent the cohesion between fine and host particles. Considering
the calculation time, the size of the host and the guest particles have been scaled up in this simulation.

This simulation work includes two main sections:

1.  Modelization of the particle in the picomix: study of the Mixing of y-Al,Os and S.S316L
respectively. Analysis of the effects of particle size, filling ratio, rotation speed, and young’s

modulus on particle behavior.

2. The modeling of the adhesion of host particles (y-AlO; particles) and guest particles
(TiO; particles) was conducted, and the influence of surface energy of host/guest particles was

investigated by the Hertz-Mindlin with JKR cohesion model.

6.1 Modeling the behavior of powders in the picomix: Mixing analysis of

v-AL:Os and S.S316L

As a result of the experimental work on dry coating and the preparation of supports, S.S316L was

considered to give a better coating than y-Al,Os under the same experimental conditions. In order to
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explain this phenomenon, a numerical study was considered to investigate the influence of intrinsic

material properties on the dry particle coating.

Table 6.1 The parameters have been used to study the particle behavior.

Parameters

Properties of particle

Properties of particles

Properties of

v-AL2O3 S.S316L picomix (steel)
Fixed parameters
Density (p, kg/m’) 3258 8102 7990 1384.385]

Sphere diameter (D, mm)

0.6,1,2

Poisson’s ratio (v) 0.25 1360, 363-365] 0.3 1369, 375377, 380] 0.25 1369]
Young’s Modulus (E, Pa) 1.7x1010 [357-359,361] 2.0x 10! [369,374,375] 1.9x 10! [369]
v-ALOs - y-ALO3 0.7 (366, 368]
. _ [369]
Coefficient of Restitution coefficient -ALO; - wall 0.8
(€) S.S316L - S.S316L 0.8 1366, 369
S.S316L - wall 0.8
v-ALOs - y-ALO; 0.1 361
Coefficient of Static friction v-ALO:; - wall 0.5 (3691
(41s) S.S316L - S.S316L 0.5 B3¢9
S.S316L - wall 0.5
v-Al203 - y-ALO3 0.01 [36%,373]
Coefficient of Rolling friction y-ALO;3 - wall 0.3 B3¢9
() S.S316L - S.S316L 0.01 [369,372,375]
S.S316L - wall 0.01
Modeling/simulation time (z, s) 1.0
Rayleigh time-step (47) 40% AT

Variated parameters

2867 (2 mm) — 22918 (1 mm) — 106103 (0.6 mm)

Number of particles (Diameter of particles)

Filling ratio 10-40% filling ratio of picomix volume (100 mL)

v-Al203: 1.7x107 to 1.7x10'°
S.S316L: 2.0x107 to 2.0x 10"
1500, 3500, 5000

Young’s modulus (E, Pa)

Rotation speed (2, rpm)

R

*AT =m (— \/E), where R is radius of particle; v is Poisson's ratio of particle ; p is the solid density of particle;
0.163v+0.877 | p

G is the shear modulus of particle. G can be calculated by G = 2

The objective of this study is to visualize and compare the possible effects on coating by mixing two types
of host particles (y-Al,O3 and S.S316L) separately. As described in Chapter 5, paragraph 5.2, the choice
of material parameter plays a crucial role in the study of simulation because some parameters have a

particularly large impact on calculation time. These parameters include density (p), young’s modulus (E),
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coefficient of restitution (e), coefficient of rolling friction (), coefficient of static friction (y;), diameters
of host and guest particles, but these parameters are uneasily measured precisely in experiments. Therefore,
before conducting numerical modeling, these values were obtained through an extensive literature analysis

(see Chapter 5, paragraph 5.3.1).

In the current study, the main parameters for simulation regarding particles are particle density, young’s
modulus, Poisson’s ratio, coefficient of restitution, coefficient of static friction, and coefficient of rolling
friction. The value of particle density was measured by using a Helium pycnometer (AccuPyc1330,
micromeritics Instrument Corp, see Chapter 2, paragraph 2.3.2). Except for this parameter, all other
parameters are from the analysis of the literature. The clearance between paddles to the wall of the vessel
is 1.3 = 0.3 mm. However, in this study, this clearance was extended to 3 mm (as shown in figure 5.5,
Chapter 5) because the largest particle size was 2 mm. Meanwhile, the distance between the rotor and the
bottom paddles should be 1 mm (see Chapter 2, figure 2.2) in order to avoid the particles getting stuck at
the bottom of the vessel and not being able to move. Hence, we had to increase the clearance between the
paddles and the wall of the vessel: the distance between the rotor and the bottom paddles is increased by

the same multiplying factor (1.3 times) as well.

This work was accomplished based on y-Al,Os and S.S316L particulate systems, and the setting of the
parameters is based on the analysis in Chapter 5 and table 5.4. Notably, in each simulation, only one
parameter is varied, the other parameters are fixed. This is the way to reach the study of the effect of a

parameter on particle motion. The values of the parameters used in this work are summarized in table 6.1.

6.1.1 Analysis of stability calculation

Rajesh et al. 2% proved that collision frequency is an important factor in the dry coating process, because
it presents the degree of particle interactions in the system. The larger the collision frequency, the more
efficient interactions will happen between the guest particle and the host particle. Their simulation study
showed that the collision frequency will reach a stable value after a certain time. In this study, collision
frequency is introduced to study the interactions between particles 1% 18 2201 Cymulative collision

numbers acting on a single particle per second is defined as the collision frequency (f,)

Neollision
fo = # (Eq. 6.1)
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Where N_,j1ision 18 the cumulative collision numbers, 75 is the simulation time period and N, is the total

simulated number. The simulation time (see figure6.1) is chosen based on the stability of the collision

frequency.
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Fig. 6.1. Average particle-particle collision frequency per particle in 20 s as a function of simulation/modeling
time at 3500 rpm, filling ratio at 20%, the diameter of y-Al,O3 is 0.6 mm, 1 mm, and 2 mm (other parameters see
table 6.1).

Figure 6.1 shows that the collision frequency reaches a steady state after 0.5 s even if the simulation time

is extended to 20 s. Therefore, the simulation time of the DEM modeling in this study was set to 1s.

6.1.2 The effect of young’s modulus/shear modulus

As described in Chapter 5, paragraph 5.2, it is difficult to complete a large number of simulations using
the same parameters as in the experiments, because it takes a lot of computational time to complete a
single simulation (see Chapter 5, figure 5.4). The calculation time of the simulation is related to four
parameters, radius of the particle, Poisson's ratio of the particle, the solid density of the particle, and

young’s modulus of the particle, of which young's modulus, mainly affects the calculation time.

Young’s modulus is a mechanical property that measures the stiffness of a solid material. In DEM

modeling, reducing the young’s modulus to increase the rayleigh time step and decrease the calculation

402, 4031 reported that the powder

cost is a common acceptable approach 2 2. However, some articles !
behaviour changes drastically with reducing the young’s modulus (particle stiffness).
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The purpose of this study is to investigate the effect of young's modulus on the behavior of particles. The
Hertz-Mindlin (no-slip) contact model was applied in this study. The radius of the particles was set at 1
mm, the rotation speed was fixed at 3500 rpm, the filling ratio was kept at 20%, modeling time was 1 s
(others parameters see table 6.1). Young’s modulus was changed from 2.0x107 to 2.0x10'" Pa for S.S316L,

for y-Al,Os, the range of variation of young's modulus is from 1.7x107 to 1.7x10'" Pa.

6.1.2.1 Images snapshots analysis

Image snapshots can be exported at a single time step or over a range of time steps in the modeling. This
allows us to directly observe the movement of particles and it is very useful in understanding particle
interactions. The particles are colored by the magnitude of particle velocity. The highest velocity particles
are colored in red. The blue color represents the minimum velocity of the particles. The particles below

the highest speed and above the minimum speed were marked in green.

Table 6.2 shows the snapshot of S.S316L and y-Al,Os particle motion at 1 s modeling time with the
increase of young’s modulus, the filling ratio was fixed at 20%, the rotation speed was 3500 rpm, the

diameter of two particles was 2 mm (others parameters see table 6.1).

As it can be seen in the table 6.2, when the modeling time is 1 s, most particles stay at the upper end of
the vessel with relatively high velocities. The influence of the variation of young’s modulus on the state
of particle motion is not obvious. However, with the same modeling conditions (rotation speed, filling
ratio, and particle size), the S.S316L particles move at a relatively high site compared to y-Al,Os particles,
as almost no S.S316L particles are seen at the bottom of the vessel but there are few y-Al,Os particles that
can be found on the bottom of the vessel. This phenomenon can be related to the property of the particles
themselves, as shown in Table 6.1. The density of S.S316L is larger than that of y-Al,Os, and the mass of
S.S316L is larger than that of y-Al,Oj3 in the case of same particle size.
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Table 6.2 The snapshot of S.S316L and y-Al,Os3 particle motion at 1 s modeling time with the increase of young’s
modulus, the filling ratio was fixed at 20%, the rotation speed was 3500 rpm, the diameter of two particles was 2
mm (others parameters see table 6.1).

S.S316L v-ALO3
Different young’s modulus (Pa) and snapshots of x and z views (at 1 s of modeling time)
Young’s Modulus: Young’s Modulus:
2.0x107Pa X 1.7%10" Pa X
s view v view
o72 Z &1 Z
- view view
Young’s Modulus: Young’s Modulus:
2.0x10%Pa X 1.7x10* Pa X
Velucﬂi[;:ﬂ) VieW Vrlutwli':(::ﬂ View
105 953
73 Z o Z
- view view
Young’s Modulus: Young’s Modulus:
2.0x10°Pa X 1.7x10° Pa X
Valocisy (mis) Weloeity (z0/s) b
view o view
Z - Z
w view view
Young’s Modulus: X Young’s Modulus: X
2.0x10"Pa . 1.7x10" Pa .
—— view i View
7 n 4
view view
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6.1.2.2 Analysis of particle contact force and overlap

Particle contact force is the force that acts between two solids that are physically touching each other 44,

Generally, contact between two particles occurs in the finite area due to the deformation of the particle,
the contact force acting on particles is divided into two types of components-normal and tangential. When
two particles collide, there is an area or range in common, called the overlap. The overlap consists of two
components: normal and tangential. Figure 6.2 presents the effect of young’s modulus on particle contact

force and overlap.

It can be seen that the average contact force rises with the increase of young's modulus (see figure 6.2a-
normal contact force and figure 6.2b-tangential contact force). As has been written in Chapter 1, paragraph
1.7.1.2, when two spherical particles are in elastic contact, the normal contact force between the two

1-v2

3 . 1-v2 ,
particles is F, ; j = gE*(R*)l/ZSn /2, Respectively, E (% =5 + E—j’) and R (R* = 1/(i ! ) are
R;

the equivalent young’s modulus and the equivalent radius. Here §,, is the normal overlap between the
contacting particle i and j; The tangential contact force Fy ;; = —K;&;, here &; is the tangential overlap

between the contacting particles i and j; K, the tangential spring constant. K; is determined by [20 1044031

K, =8G /res, (Eq.6.2)

The relation between shear modulus and young’s modulus is G = where G *is the equivalent shear

E
2(1+v)°
modulus. Therefore, when the Poissio’s ratio and the particles’ radius are fixed, the tangential spring
constant K; rises with the increase of the young’s modulus. The tangential contact force will surge with

the increase of the young’s modulus (see figure 6.2b).

As has been described in the beginning of this section, young's modulus is a mechanical property that
measures the stiffness of solid material, stiffness is the extent to which an object resists deformation in
response to an applied force. The higher young's modulus, the harder the particle, therefore the overlap

will become smaller and smaller (see figure 6.2¢ and 6.2d).
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Fig.6.2 The variation of average particle contacts force (a-normal contact force and b-tangential contact force)
and average overlap (c-normal overlap and d-tangential overlap) with the increasing of young’s modulus. Rotation
speed fixed at 3500 rpm, the filling ratio was set at 20%, the diameter of two particles is 2 mm, at 1 s modeling
time (others parameters see table 6.1).

Both the normal contact force and the tangential force are related to the overlap and young's modulus, but

since the value of the overlap is usually small, the normal/tangential contact force grows with the increase

of young's modulus (see figures 6.2a and 6.2b).

6.1.2.3 Particle velocity

The magnitude of particle velocity can reveal the particle motions in the Picomix. The higher the particle

velocity, the faster the particle movement. The average particle velocity in DEM modeling is given by:

_ N
Up = X2y Vicerans) /No (Eq. 6.3)

vi(trans.) = \/Uxi(trans.)z + vyi(trans.)z + Uzi(trans.)z (EQ- 6-4)
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Where Vj(trans,) is the translational velocity magnitude of particle i, N is the total number of particles in
the simulation. Respectively, Vyitrans) Vyi(trans) Vzi(trans) are the translational velocity magnitudes of

particle 7, j in X, Y and Z axis direction.

Figure 6.3 presents the average particle velocity of S.S316L and y-Al>O; as a function of young’s modulus

with 3500 rpm rotational speed, the diameter of particle 2 mm, filling ratio 20%, and modeling time 1 s.
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Fig.6.3 The variation of average particle velocity with the increase of young’s modulus. Rotational speed fixed
at 3500 rpm, filling ratio set at 20%, diameter of two particles is 2 mm, modeling time at 1 s (Other’s parameters

see table 6.1).

It can be seen from figure 6.3 that young's modulus does not seem to have any significant effect on the
average particle velocity. Under the same simulation conditions, the average velocity of S.S316L is larger
than that of y-Al,O3, which may be mainly related to the property of the particles themselves, as shown in
Table 6.1. The density of S.S316L is larger than that of y-Al,Os, and the mass of S.S316L is larger than
that of y-Al>Os3 in the case of the same particle size.

6.1.2.4 Kinetic energy

405]

The kinetic energy of a solid is the energy that it possesses due to its motion %), in a rotational system,

the kinetic energy splits into the sum of the translational kinetic energy and the rotational kinetic energy:
E.=E,+E. (Eq. 6.5)

Where E|, is the total kinetic energy, E, is the translational kinetic energy, E, is the rotational kinetic

energy.
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When the particle moves from one location to another, the energy produced during its movement is called
translational kinetic energy. The average translational kinetic energy in the DEM modeling is given by the

following equation:
ETt = Z?glémviz(trans.) /No (Eq 6. 6)

Where m is the mass of particle, Vjang, is the translational velocity magnitude of particle i, Ny is the

total number of particles in the modeling.

Energy associated with the rotational motion is not a new form of energy; rather, it is the energy associated
with rotational motion, the same as kinetic energy in translational motion. This value in the DEM modeling

can be obtained by the following equation:
E, = %02 =18y, /Ny (Eq. 6.7)

Where [ is the moment of inertia, v,gg. is the angular velocity magnitude of particle i, N is the total
number of particles in the modeling; for a sphere, the moment of inertia / =2/5mR’, where m is the particle

mass, R is the particle radius, p is the solid density. Angular velocity is defined as the speed at which an

object rotates, Vgng = Rw.

Figure 6.4 shows the trend of the particle kinetic energy of S.S316L and y-Al,O3 with the increase of

young's modulus.
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Fig.6.4 The variation of average kinetic energy (a-translational kinetic energy and b-rotational kinetic energy)
with the increasing of young’s modulus. Rotational speed fixed at 3500 rpm, the filling ratio was set at 20%, the
diameter of two particles is 2 mm, at 1 s modeling time (others parameters see table 6.1).

It is found that young's modulus does not seem to have any significant effect on the average kinetic energy

(see figure 6.4a- average particle translational kinetic energy and figure 6.4b- average particle rotational
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kinetic energy). According to equations 6.6 and 6.7, the kinetic energy of the particle is determined by the
velocity (translational and angular) and mass. In the above section, the average velocity was essentially
unchanged with increasing young's modulus (see figure 6.3). Therefore, the increase in young's modulus

has little effect on the kinetic energy of the particles.

6.1.2.5 Particle potential energy

Potential energy is a kind of energy stored in a physical system and is a physical quantity used to describe
the magnitude of an object's ability to do work in a conservative force field. In a physical sense, potential
energy represents the energy stored in an object at a given position and describes the magnitude of the
work capability. Under the right circumstances, potential energy can be converted into other energy such

as kinetic energy ! In the DEM modeling, the particle potential energy is given by the following

equation:
E, =mgh (Eq.6.8)

Where m is the particle mass, g is the acceleration of gravity (g = 9.81 m/s?) and 4 is the distance between
the center mass of the particle and the defined ‘ground’ level (i.e., coordinate plan h= 0). Therefore, the
magnitude of particle potential energy displays the state of a particle, the larger the potential energy, the

higher the positions of the particle will be during the motions.
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Fig.6.5 Average kinetic energy as a function of young’s modulus. Rotational speed fixed at 3500 rpm, the filling
ratio was set at 20%, the diameter of two particles is 2 mm, at 1 s modeling time (others parameters see table 6.1).

Figure 6.5 presents the variation of potential energy of S.S316L and y-Al,Os with the increase of young's

modulus. As it can be seen, the increase in young's modulus of the particles does not seem to have any

significant effect on the potential energy of the particles.
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6.1.3 The effect of particle size

As presented in Chapter 5, paragraph 5.1, it is not practical to use the same particle size during the
experiment. This would impose a large computational burden on the simulation. Therefore, we decided to
enlarge the size of the particles to reduce the calculation time and tried to do as many simulations as

possible to study particle behavior.

To learn the effect of particle size on particle behavior, the radius of the particles was varied from 0.3 to
1 mm. Filling ratio fixed at 20%, with 3500 rpm rotational speed at 1 s modeling time (others parameters
see table 6.1). The interval for data saving was set at 0.25 s to avoid excessive time or storage for this
feature. The results were analyzed and exported as data values, images, or videos for investigating the
particles’ motions and interactions. The Hertz-Mindlin (no-slip) contact model was applied in this study.
Two particles (y-Al,O3; and S.S316L) with different radius (0.3, 0.5, and 1 mm) were conducted to study

particle behavior.

In the previous section (see paragraph 6.1.2) we have found that the reduction of young's modulus has
essentially no effect on the energy of the particles and their velocities. In the study (this section), because
of the small size (radius is 0.3 mm) involved, 106103 particles will be used, and in order to reduce the

calculation time, the young's modulus of y-Al,O; and S.S316L are respectively 1.7x10® Pa and 2.0x108 Pa.

6.1.3.1 Image snapshots analysis

Table 6.3 shows the snapshots of S.S316L particles in picomix under 3500 rpm by DEM modeling, with
0.6-2.0 mm in particle diameter, 20% filling ratio, the particles are colored by the magnitude of particle
velocity, the highest velocity-colored particles are red, the blue color ones represent the minimum velocity

of the particles, the particles below the highest speed and above the minimum speed were marked as green.

As it can be seen in the initial state, in the 0-0.25 s of modeling time, the particles lift up along the wall of
the vessel up to the upper side of the picomix. As the modeling time increases from 0.25 s to 1 s, the
particles reach the top and become steady and move on the upper side of the picomix. There are a lot of
S.S316L with aradius of 0.3 mm that can be observed that stayed at the bottom of the vessel of the picomix.

By contrast, there are no 2 mm S.S316L particles that can be found at the bottom of the picomix’s vessel.
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Table 6.3 The snapshot of S.S316L particle motion in the Picomix at 3500 rpm, 1 s with different particle size at

fixed filling ratio 20% (others parameters see table 6.1).

Particle

Modeling

. . X-axis view Z-axis view 3D view
diameter time (s)
0s
0.6 mm
Welocity (mfs) 0-25 S
16.16
12.93
269 0 5 S
[t
323
0.75s
o.0o
1.0s
0s
1 mm

0.25 s
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Welocity (mfs)
1904
05s
1523
11.42
0.75 s
782
381
000 1.0 S
0s
2 mm
Velocity (m/s)
2106 0.25s
17.57
1318 0 5 s
379
439
0.75 s
000
1s

The magnitude of particle distribution revealed that the particles exhibited the highest velocity around the
middle paddle of the rotor, which were colored as red spheres. Green particles that represent the average

velocity (between the highest velocity in red and the minimum velocity in blue) can be found along the
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walls or in the center of Picomix. At the same modeling conditions, it was noted that particles with a
particle radius of 0.3 mm were also moving around the wall under the centrifugal force, but very few red

particles were captured, indicating that the small size particles were moving along the wall at a low speed.

6.1.3.2 Analysis of particle contact force and overlap

In the current study, the average normal force between two particles Fy;; is calculated by

3
Frij = %E *(R*)l/ 26, / 2, The average tangential force F ;; is calculated by F; ;; = —K;6;.

Figure 6.6 presents average normal contact force, tangential contact force, average normal overlap, and

average tangential overlap at 3500 rpm, 1 s modeling time with different particle diameters.
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Fig. 6.6 Average contact normal force (a), average contact tangential force (b), average contact normal overlap
(c), and average contact tangential overlap (d) as a function of particle diameters with filling ratio fixed at 20%,
with 3500 rpm rotational speed at 1 s modeling time (others parameters see table 6.1).

It was found that both average normal contact force and tangential contact force increased with the particle

diameter from 0.6 mm to 2 mm. Taking into account the same particle diameter (e.g., the particle diameter
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is Imm), S.S316L gives bigger force than y-Al,Os. This phenomenon can be explained by the intrinsic
material properties. As it can be seen, the contact normal force relates to equivalent young’s modulus
(calculated by Eq.1.10), equivalent particle radius (is calculated by Eq.1.11), and overlap (calculated by
Eq.1.8). For a 1 mm diameter, the equivalent particle radius will be the same (0.25 mm calculated by
Eq.1.11) for S.S316L and y-AlLO;. Based on some literature analysis!>>73%%361°'S S316L has a higher

young’s modulus and Poisson’s ratio than y-Al,Os.

Figures 6.6(c) and 6.6(d) show that the normal/tangential contact overlap increases with the particle

diameter, apparently, figure 6.6(d) gives the same trends as figure 6.6(b), because tangential force is given

by F;;; = —K6;. When the particle size of S.S316L and y-ALOs is the same, the contact overlap of

S.S316L is higher than y-Al,Os. This can be explained by Newton’s second law, which has been written
av;

in Eq.1.24 (mid—=ZFi ). Mass is calculated by solid density ( py_a1,0, = 3258 kg/m?,
t

Ps.s316.= 7990 kg/m?®) and volume. When particle diameter is the same, denser materials provide larger
mass (because in the DEM modeling, the volume is calculated without considering the porosity of

material).

6.1.3.3 Particle velocity and energy

The magnitude of particle velocity was calculated by equations 6.3 and 6.4, the translational kinetic energy,

rotational kinetic energy, and potential energy respectively were calculated by equations 6.6, 6.7, and 6.8.

Figure 6.7 presents the average particle velocity, the translational kinetic energy, the rotational kinetic
energy, and the potential energy of S.S316L and y-Al:Os as a function of particles diameter with

3500 rpm rotational speed, filling ratio 20%, and modeling time 1 s, other parameters can see table 6.1.

It was found that the average particle velocity increases with particle diameter (see figure 6.7a), the images
of the snapshot in table 6.2 have already proved that the velocity increases with an increase in particle size.
The average particle potential energy increases in correlation with the particle size (see figure 6.7b). Since
S.S316L has a higher solid density than y-Al,Os, at the same particle diameter, S.S316L will provide
higher potential energy. Meanwhile, the snapshot (see table 6.2) demonstrated that the particles with a

radius of 2 mm were moving around the wall of the vessel of the piocmix at a relatively high position.
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Fig. 6.7 Average particle velocity(a), average particle potential energy(b), average particle translational kinetic
energy(c), and average particle rotational kinetic energy(d) as a function of particle diameters with filling ratio
fixed at 20%, with 3500 rpm rotational speed at 1s modeling time (others parameters see table 6.1)

It illustrates that as the particles increase, the average particle translational kinetic energy (see figure 6.7¢),
and the average particle rotational kinetic energy (see figure 6.7d) will increase as well. According to
equations 6.6 and 6.7, the average translational kinetic energy is related to the velocity. The velocity rises

with the increase of particle size (see figure 6.7a). Therefore, the average translational kinetic energy

grows along with particle size.

6.1.4 The effect of rotational speed

1321 and Liu "% have studied the effect of rotational speed on dry particle coating. Through

In our team, Lul
numerical experimental studies, they proved that the rotational speed is an important parameter for dry

particle coating.

The purpose of this part of the study is to learn how the rotational speed influences the two different
particles (y-Al,O; and S.S316L) behavior in a simulation. The radius of the particles was set to 1 mm, the
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filling ratio fixed at 20%, the rotational speed was varied from 1500 rpm to 5000 rpm, modeling time was
at 1 s. Because only 2867 particles were used for the simulation when the particle diameter was 2 mm, the
young's modulus of y-AlLO; and S.S316L were respectively 1.7x10!° Pa and 2.0x10'! Pa. (others

parameters see table 6.1).

6.1.4.1 Images snapshot analysis

Table 6.4 shows the snapshots of particle motion in the picomix at 1 s with a different rotational speed at
a fixed filling ratio of 20%, the diameter of the two particles is 2 mm (others parameters see table 6.1).
The particle in the table on the left shows all particles colored by velocity. The particles with the highest
velocity were colored in red; those with the lowest particles were colored in blue. From the study of the
effect of particle size on particle motion in the previous section, we knew that in the initial of mixing, the
particles went up from the bottom to the top of the vessel of the picomix. 0.5 s into the simulation, the

motion of the particles was basically in a stable state.

The snapshot of S.S316L and y-Al,Os particle motion reveals that the particles exhibited the highest
velocity around the middle paddle. As the rotational speed increases, fewer and fewer particles can be seen
at the bottom. The fact is that when the rotational speed rises to 3500 rpm, there are no S.S316L particles
present at the bottom of the vessel. Nevertheless, there are several y-Al,Os particles that can be seen even
if the rotational speed is increased to 5000 rpm. The snapshot implies that the increase in rotational speed
has a significant effect on both particles, but it seems to have a greater effect on the S.S316L particles.
This may be related to the property of S.S316L itself. When the diameter of S.S316L and y-Al,O; and
filling ratio are the same, the density of the S.S316L particles is higher than that of the y-Al,Os particles.
Therefore, S.S316L has a bigger mass compared to that of y-Al,Os, it can transmit more energy at the

same rotational speed.
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Table 6.4 The snapshot of S.S316L and y-Al,Os3 particle motion at 1 s with different rotational speeds at fixed
filling ratio 20%, the diameter of two particles is 2 mm (others parameters see table 6.1).

S.S316L

v-ALO3

Different rotational speed/rpm and snapshot of x and z views (at 1s)

Rotational X Rotational X
speed : view speed : view
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Rotational Rotational
X X
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i Vlew 280 VleW
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Rotational Rotational
X X
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6.1.4.2 Particle force, velocity, and energy analysis

Figure 6.8 shows the variation of the average particle’s normal/tangential contacts force, the average
normal/tangential overlap, the average kinetic energy, the average potential energy, and the average
particle velocity with an increasing rotational speed, the filling ratio was fixed at 20%, the diameter of two

particles was 2 mm, at 1 s modeling time (others parameters see table 6.1).

It was found that the velocity (see figure 6.8h) of both particles increases with rise of rotational speed,
because more energy was provided by the picomix and transmitted to the particles. When y-Al,O; and
S.S316L have the same filling ratio and diameter, the denser S.S316L particles have a higher mass
compared to y-Al,O; particles. Therefore, the velocity and energy of S.S316L will always be higher
compared to y-Al,Os. The important thing is that the higher the rotational speed, the larger the gap between
S.S316L and y-Al,Os (figure 6.8h). Due to low speeds, both S.S316L and y-Al>O; particles are moving at
arelatively low level. But as the rotational speed increases, S.S316L particles with large masses will move

faster and faster. This will make the velocity gap between S.S316L and y-Al,O3 become wider and wider.

Since the average particle translational and rotational kinetic energy are related to the particle’s velocity,
both the average particle translational (see figure 6.8e) and rotational kinetic energy (see figure 6.8f)

increase in correlation with rotational speed.

The image snapshot analysis (see table 6.4) has demonstrated that as velocity increases, the particles move
at relatively high positions of the vessel. Since the magnitude of particle potential energy is related to the
magnitude of particle mass and the particle’s position in the picomix, thus the average particle potential

energy (see figure 6.8g) increases with velocity.

In DEM modeling, the normal overlap represents the normal deformation of a particle (&y,;;) between two

particles i and j at positions P; and P; with radius R; and R;. The overlap is defined as [*°¢):

Snij =R +R)— (P +P) (Eq. 6.9)
or, alternatively, at any time,

t
Onij = -/, Viij dt (Eq. 6.10)

t=tc;

Vy,ij 18 the normal relative velocity between particles i and /, t.; ; is the time at the onset of the collision

process.
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Fig.6.8 The variation of average particle contacts force (a-normal contact force and b-tangential contact force),
average overlap (c-normal overlap and d-tangential overlap), average kinetic energy (e-translational kinetic energy
and f-rotational kinetic energy), average potential energy (g), average particle velocity (h) with the growth of
rotational speed, the filling ratio was fixed at 20%, the diameter of two particles was 2 mm, at 1 s simulation time
(others parameters see table 6.1).
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The tangential overlap (6t,l- ] ) of the contact points up to the point at which the contact ends or the particle

begins to roll or slip. It can be calculated by 407!

t
8eij = Jicy,, Veisdt  (Bq. 6.11)

t:tc,i,

tci; 1s the time at the onset of the collision process, V; ;; is equal to the difference between the relative

velocity and the normal relative velocity: V; ;; = Vi; — V5.

According to equation 6.11, the tangential overlap rises with increasing velocity (see figure 6.8d),
therefore, the average contact tangential force shows a growing trend (see figure 6.8b). The normal overlap
can be calculated by equation 6.10, it shows an increasing trend with increasing rotational speed (see figure
6.8c). However, as it can be seen, the gap of the normal contact overlap between S.S316L and y-Al,Os3
becomes narrower and narrower, because the overlap consists of two components, normal and tangential
(the overlap between two particles i and j, 8;; = 6y, ;; + 6,7). The overlap of particles is increasing, but
due to the gap of tangential overlap between S.S316L and y-Al,Os, it gets wider and wider. Thus, it is

reasonable to conclude that the normal overlap gap between S.S316L and y-Al,O; becomes narrower.
3
According to the following equation F, = %E *(R*)l/ 26, / 2, the normal contact force (see figure 6.8a)

relates to the equivalent radius and the equivalent young’s modulus. When the diameters of S.S316L and
v-Al,O3 are the same, the equivalent radius will be the same, the magnitude of normal contact force will
be directly relying on the magnitude of equivalent young’s modulus and the normal overlap. Consequently,
the normal contact force grows with the rise of rotational speed, like the normal overlap, the gap of normal

contact force between S.S316L and y-Al,O3 narrows.

6.1.5 The effect of filling ratio

The effect of the filling ratio on particle motion has been reported by Sato ["*¢'and Liu ['*! in their modeling
studies. The effects of rotational speed and particle size have been investigated in the previous section.
This part aims at learning how the filling ratio influences the two different host particles
(y-Al,Os and S.S316L) behavior in the simulation. The radius of the particles was set at 1 mm, the
rotational speed was fixed at 3500 rpm, the filling ratio was 10%, 20%, 30%, and 40%, modeling time

was 1 s (others parameters see table 6.1).
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6.1.5.1 Images snapshot analysis

Table 6.5 shows the snapshot of S.S316L and y-Al,Os particle motion at 1s with the increase of filling

ratio. The radius of the particles was set at Imm, the rotational speed was fixed at 3500 rpm, the filling

ratio was 10%, 20%, 30%, and 40%, modeling time was 1s (others parameters see table 6.1).

Table 6.5 The snapshot of S.S316L and y-Al,Os particle motion at 1 s simulation time with the increase of filling
ratio at fixed rotation speed 3500 rpm, the diameter of two particles is 2 mm (others parameters see table 6.1).

S.S316L v-ALLO3
Different filling ratio/% and snapshot of x and z views (at 1s of simulation time)
Filling ratio: 10% X Filling ratio: 10% X
Vi -
view - view
" V4 V4
" view . view
Filling ratio: 20% X Filling ratio: 20% X
e view m- view
- zZ z
view view
Filling ratio: 30% X Filling ratio: 30% X
view view
z z
view . view
X X
Filling ratio: 40% Filling ratio: 40%
- view - view
B Z Z
view view
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When the particle filling ratio is 10%, the particle has a lot of free space to move, the movement of the
particles is mainly concentrated in the middle and upper middle of the vessel but as the filling rate increases,
more particles are involved in the vessel. Therefore, the particles can be seen in the whole vessel. At the
same filling ratio, e.g., at a filling ratio of 40%, more y-Al,O; particles are spread to the bottom of the
vessel compared to the S.S316L particles. This is the same reason, as has been explained before, related
to the property of the two particles themselves, the main influencing factor should be the density of the

particles.

6.1.5.2 Particle force, velocity, and kinetic analysis

Figure 6.9 shows the effect of the filling ratio on the motion of two types of host particles (y-AlO3; and
S.S316L). The effect was assessed by the average particle normal/tangential contact force, the average
particle normal/tangential overlap, the average particle translational/rotational kinetic energy, the average

particle potential energy, and the average particle velocity.

It was found that the average velocity (see figure 6.91) has a slightly increasing trend but remains in a
relatively stable state with the increase of the filling ratio from 10-40%. It indicated that the filling ratio
exhibits a very small influence on both particles. An increase in the filling ratio causes an increase in the
number of particles, which move in the middle part of the vessel at low filling ratios (see table 6.5, the
images of the snapshot of S.S316L and y-Al,Os). At low filling ratios (such as filling ratio 10%), all
particles move in the middle part of the vessel. More particles mean the space for movement becomes less
available and the picomix becomes more crowded. The particles appear at the bottom and the top of the

vessel. Therefore, the change in average velocity with increasing filling ratio is not very significant.

The average translational kinetic energy in DEM modeling is given by equation 6.6, and it relates to
velocity. Therefore, it is logical that the average translational kinetic energy (see figure 6.9¢) remains in a

relatively stable state as well.

Both the average contact normal force (see figure 6.9a) and the average normal overlap (see figure 6.9¢)
boost with the growth of the filling ratio, which due to the increase in filling ratio means that more particles
are involved in the movement. The more particles there are in the same space, the more chances for them
to run into each other. Thus, it is reasonable that the average contact normal force and the average normal

overlap tend to increase with the increase of the filling ratio.
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Fig.6.9 The variation of average particle contacts force (a-normal contact force and b-tangential contact force),
average overlap (c-normal overlap and d-tangential overlap), average kinetic energy (e-translational kinetic energy
and f-rotational kinetic energy), average potential energy (g), average particle velocity (h) with a rise of the filling

ratio. The rotational speed was fixed at 3500 rpm, the diameter of the two particles is 2 mm, at 1s modeling time
(others parameters see table 6.1).
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For the average contact tangential force (see figure 6.9b) and the average tangential overlap (see figure
6.9d), the increase in filling ratio does not seem to have an obvious effect on them. According to equation
6.11, it is clear that the tangential overlap refers to the particle velocity. However, the particle velocity is
not very sensitive to the increase of the filling ratio. That's why both the average contact tangential force

and the average tangential overlap are insensitive to the filling ratio as well.

Looking at the average particle rotational kinetic energy (see figure 6.9f), it presents a mild decrease
tendency with the increase of the filling ratio. As we claimed earlier, kinetic energy has two aspects-
translational kinetic energy and rotational kinetic energy. The velocity of the particles can be divided into
normal and tangential directions as well. But the particle velocity does not respond positively to change
in the filling ratio, thus theoretically there is no change in the average kinetic energy. When the average
particle translational kinetic energy increases slightly with a rise of the filling ratio, it is reasonable to
conclude that the average rotational kinetic energy has a slight tendency to decrease as the filling ratio

increases.

Accordingly, the particle potential energy is directly relying on the particle mass and the particle position.
As the filling ratio increases, the number of particles also increases significantly, the movement of the
particles becomes restricted (this phenomenon can be clearly seen in table 6.5), thus the average particle

potential energy has a tendency to decrease (see figure 6.9h).

6.1.6 Partial conclusion

In this section, the effect of particle size, rotational speed, filling ratio, and young’s modulus on the
particle’s motions and interactions in the Picomix have been investigated via DEM modeling. The choice
of particle parameters, except for the density of the particles, was obtained from previous literature
analyses. The effect of these values (particle size, rotational speed, filling ratio, and young’s modulus) on
particle behavior was evaluated in terms of contact forces, kinetic energy, velocity between particles, and
some snapshots have contributed to this evaluation as well. The degree of correlation between the variation

of parameters and the particle behaviors in the DEM modeling is summarized in table 6.6.

The studies demonstrate that particle size and rotational speed have a significant effect on contact forces
(normal/tangential contact force), overlap (normal/tangential overlap), velocity, and energy (potential,

translational/rotational kinetic energy).
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Table 6.6 The degree of correlation between the variation of parameters and particle behaviors in DEM
modeling of y-Al>O3 and S.S316L particles in the picomix.

Variation of parameters
) Evaluation of particle
Particles ) Particle radius Rotational speed Filling ratio Young’s modulus
behaviors
(0.3-1 mm) (1500-5000 rpm) (10 - 40%) (2.0x107 - 2.0x10'! Pa)
Particle velocity (m/s) 000 000 { ] ]
Particle normal
000 000 000 000
contact force (N)
Particle tangential
000 00 ( 00
contact force (N)
Particle normal
000 000 000 000
overlap (mm)
S.S316L Particle tangential
000 000 ([ 000
overlap (mm)
Particle translational
o 000 (J X J o {
kinetic energy (J)
Particle rotational
o 000 00 ( ] J ([
kinetic energy (J)
Particle potential
000 00 ( ] J ([ ]
energy (J)
Particle velocity (m/s) 000 00 ] ([
Particle normal
000 (J X J 00 (J X/
contact force (N)
Particle tangential
000 00  J 00
contact force (N)
Particle normal
000 00 000 00
overlap (mm)
v-ALO; Particle tangential
000 00  J 00
overlap (mm)
Particle translational
o 000 00  J o
kinetic energy (J)
Particle rotational
o ( J 1 ) 000 o0 (]
kinetic energy (J)
Particle potential
000 00 o0 (]
energy (J)

Notes: @ @ @ means a very big influence of the parameters on the a certain value of the particles;
@ @ 1cans 2 moderate influence of the parameters on the a certain value of the particles;

@ means a mild or no influence of the parameters on the a certain value of the particles.

Unlike particle size and rotational speed, the filling ratio and young's modulus only have an effect on some

of the values. E.g., the normal contact force and normal overlap reacted very dramatically with the growth
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of the filling ratio, but the particle’s velocity didn’t show an obvious change with a variation of the filling
ratio. Since the magnitude of young's modulus represents the magnitude of stiffness, the normal/tangential

contact forces and normal/tangential overlap are associated with stiffness and have a significant effect.

It is worth mentioning that a variation of all parameters (particle size, rotational speed, filling ratio, and
young’s modulus) has a greater effect on the S.S316L particles than on the y-Al,Oj; particles. This may be

mainly related to the property of the particles themselves, as shown in Table 6.1.

6.2 Modeling of the adhesion between particles: simulation of the coating

phenomenon

In the previous section on mixing, it was observed that when young's modulus is greater than
1.7-2x10® Pa and when the filling ratio is greater than 20%, there is no significant effect on the particle

motion. Nevertheless, particle size and rotational speed are two important parameters.

In this section, guest particles have been taken into account to get a better understanding of dry particle
coating. As it has been mentioned in Chapter 1, paragraph 1.7.1.3. JKR cohesion model allows us to
represent the cohesive nature of fine and host materials. In this study, Hertz-Mindlin with JKR (Johnson-
Kendall-Roberts) cohesion model (see Chapter 1, paragraph 1.7.1.3) has been applied to model the coating

between fine and host particles.

6.2.1 Modeling parameters

In the simulation of dry particle coating, it is very impractical to use a large number of host particles and
guest particles to complete the simulation because it will cost a massive amount of time. In DEM modeling,
the calculation time is based on the smallest radius of the particle. In Chapter 5, paragraph 5.2 (see figure
5.4), we have investigated the effect of young's modulus and particle size on calculation time. It was found
that both of them have a great influence on calculation time. In addition, according to equations 5.1 and
5.2, the number of particles and the modeling time also have a great influence on the calculation time.
Figure 6.10 shows the number of particles versus calculation time. The calculation of the number of guest
particles required to coat 1-7 host particles is based on equation 2.1 (see Chapter 2, paragraph 2.2.2.3) and
equations 5.1 and 5.2 (see Chapter 5, paragraph 5.2).
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As it can be seen on the graph, the radius of the host (y-Al,Os) and the guest (TiO;) are 0.5 mm and
0.02 mm, respectively. The guest particle of TiO, has the following properties: density
p = 3955 kg/m® v = 0.28; young’s modulus E = 1.50 x 10° Pa (the real young’s modulus

E =1.50x10!"! Pa 336-31]): modeling time t = 10 s. When the number of hosts (y-Al,Os) is 1, coat one layer

of one host (y-Al,O3) requires 2704 of guest (TiO») particles, a modeling simulation of 10 s will take 124
h (more than 5 days). If the number of hosts is 5, coat one layer of 5 hosts (y-Al,O3) needs 13520 of guest
(TiO») particles and will cost 743 h (30 days). The results of this evaluation suggest that it is not realistic
to use a large number of host particles to investigate dry coatings in the picomix. According to literature
reports 2222242252291 ' we found that only one or two host particles are generally used in a simulation to

save simulation time during a study of coatings.

1000
300 | Host particle radius=0.5 mm 7-host
Guest particle radius=0.02 mm
;ﬁa 6-host
)
5 600
E.
=
S 400
=
=
% 200
= 1-host
0 1 'l 'l
0 5000 10000 15000 20000

Number of guest particles

Fig.6.10 Calculation time with number of guest particles (Equations 5.1 and 5.2 were used to calculate the time
step, solid density p=3955 kg/m?; v=0.28; young’s modulus E=1.50x10° Pa; 9 =1.0 ps; Rayleigh time step: 20%;

modeling time t = 10 s).

Therefore, in this study, only one host particle was used to study the coating process (see table 6.7), the
calculation of the number of guest particles was calculated by equation 2.1 (see Chapter 2, paragraph
2.2.2.3). Because of the large amount of time required for simulation, only one type of coating behavior
of the host particle (y-Al,O3) and the guest particles (TiO,) was studied. In the previous analytical study
of nanoparticles, we found that among the three nanoparticles (SiOz2, TiO2, and Zeolite), the TEM images
(see Chapter 3, figure 3.3) of TiO, showed very clear particles. Thus, we assumed that its particle analysis
had few agglomerated particles and provided a relatively accurate particle size. Therefore, TiO; was
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chosen as the guest particle to study in the coating modeling. As for the choice of host, compared to

S.S316L, the young's modulus of y-Al>Ojs is smaller and less dense, which will save calculation time.

The size of the host and guest were scaled up in this simulation order to save on calculation time. Young's

357-359, 361

modulus of y-ALO; from literature is 1.7x10'°Pa 1. and young's modulus of TiO; reported in the

literature is 1.19 — 2.82x10!! Pa [3%6-311 Before the official simulation started, we tried to launch a

simulation of y-Al,O; and TiO on coating and found that the number of coated guest particles (TiO»)
increases with modeling time. That is to say, a modeling time of 1 s to study the coating is not enough. In

order to obtain good coating modeling, it is necessary to have a relatively long simulation time of more

than 1 s.
Table 6.7 The parameters have been used to study dry particle coating.
Properties of particles Properties of Picomix
Parameters
v-ALO3 TiO: (steel)
Density (p, kg/m?’) 3528 3955 7990
Sphere diameter (Dw, mm) 1 0.1/0.04
Number of particles 1 484/2704
Poisson’s ratio (v) 0.25 0.28 [389,390] 0.25
Shear Modulus (G, Pa) 6.80x107 5.859x107 7.60x10'°
Young’s Modulus (E, Pa) 1.7x108 1.5%108 1.90x10'"
v-ALOs — y-ALO3 0.7
Coefficient of v-AL2O3 — wall 0.8
Restitution v-ALOs — TiO2 0.6
(e) TiO2 — TiO2 0.8 392
TiO2 — wall 0.8
v-ALO3 — y-ALO3 0.1
Coefficient of v-Al2O3 — wall 0.5
Static friction v-ALO; — TiO2 0.1
(us) TiO2 — TiO2 0.3 [3%31
TiO2 — wall 0.3
v-ALO3 — y-ALO3 0.01
Coefficient of v-ALO3 — wall 0.3
Rolling friction v-ALOs — TiO2 0.01
(uy) TiO2 — TiO2 0.03 [394,39%3]
TiO2 — wall 0.01
Rotation speed (£2, rpm) 3500
Modeling time (¢, s) 10
Surface energy (J/m?) v-ALO3 — y-Al203:1.5 B39 TiO; — Ti02:0 and 0.9 B399 4001
Rayleigh time-step (47, s) 40% AT
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Table 6.7 summarizes the parameters that have been used in this study. As has been described in Chapter
1, paragraph 1.7.4.3, surface energy is one of the important parameters when the JKR cohesive modeling
is carrying out as it determines the adhesion between the two phases. In this study, the choice of surface

energy was taken from literature reports and can be seen in table 6.7.

6.2.2 Geometry of the used picomix

Putting a host particle and one coating layer of the guest particle in a 100 mL vessel for simulation will be
a burden to the grid cell. The fewer particles per grid cell, the more efficient the simulator. We tried to put
10 y-ALbO; particles with a 2 mm diameter and 27040 TiO; particles with a 0.08 mm diameter for 1 layer
coating, rotational speed was 3500 rpm, simulated 1 s, the surface energy of y-ALOs; -
7-AlLOs5:1.5 J/m? B%-398): Ti0, — Ti0s: 0.9 J/m? 3% 40 the interfacial energy between y-AlOs and TiO: is
0.076 J/m? (calculated based on equation 1.38, see Chapter 1, paragraph 1.7.4.3), other parameters see
table 6.7.

Fig.6.11 Snapshot of 10 host particles with a 2 mm diameter and 27040 guest particles with a 0.08 mm diameter
under 3500 rpm rotational speed at 1 s, y-AL O3 — y-AlO3:1.5 J/m?; TiO, — TiO,: 0.9 J/m?, the interfacial energy
between y-Al,O3 and TiO; is 0.076 J/m?.

We found that it was difficult to capture the coating phenomenon clearly (see figure 6.11). Since the
distance between the bottom of the vessel and the first paddle was too far, maybe the rotor could not
contact with all the TiO, particles when it rotated. This results in many TiO; particles staying at the bottom
of the picomix they cannot be in contact with the y-Al>Oj; particles, and therefore there was no good coating
for this simulation. Or perhaps because the speed of agitation was too low, the small particles went to the

bottom since they had too little energy to move to the top of the vessel.

195



Chapter 6: Simulation Results and Discussions

| |
\ |
I essel
% 479 _.‘
/ .'\_v I
£ | —— Rotor | g 48
- au ‘ |32
\ 39
~—3—1—7—»‘ ™ Paddles ’ | . |
N | T0.65) |
: lo.2s
8.0

Fig. 6.12 Dimension of the reduced geometry of the original picomix with different views (The unit of the

dimension is mm).

For these reasons, two approaches can be used to improve this phenomenon. One way is to increase the

agitation speed/rotation speed; the other way is to reduce the size of the picomix.

In this study, the dimension of the vessel was reduced by 10 times from figure 5.5 (see Chapter 5,

paragraph 5.3). The dimension of the reduced geometry of the original picomix is shown in Figure 6.12.

6.2.3 Analysis of the modeling by adhesion phenomenon between Al>0s and TiO: particles

In this section, the particle motion of the host particle (y-AlO3) and guest particle (TiO2) were simulated
in the reduced picomix (10 mL) via the JKR cohesion model (see Chapter 1, paragraph 1.7.1.3). The size
ratio of the host to guest is considered to be an important factor in the dry particle coating process. As
described in Chapter 3, paragraph 3.5, the results of three nanoanalytical techniques were used in
experimental studies and were named LD (laser diffraction/diffusion), TEM (transmission electronic
microscope), and DLS (dynamic light scattering). Since LD gave the largest size among these three
techniques because it always measures the agglomerates, TEM gave the smallest size. If we use the size
of TiO,™M, the size ratio of the host (y-AlbOs) and guest particle (TiO.'™) will be 2669
(Dmnost/ Dmguest = 2669). This means that if the size of the host (y-Al>Os) is 1 mm then the size of the

guest (Ti0>™M) has to be 3.72x 10 mm, coating a 1 mm host (y-Al,Os) will require around 7.2x 10" guest

of TiO,™M particles, which is obviously unrealistic to use such a large number of particles for the
simulation. Therefore, in this study, we respected the size ratio of the host particle (y-Al,O3) and guest

particle (TiO,"") that is 25 (Dpmpost/Dmguest = 25).
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This section can be divided into three parts depending on the size of the particles.

1. The diameter of y-Al,O3 was 2.5 mm (number of y-Al,Os is 1), the diameter of TiO» was set to 0.1
mm (requires 2704 TiO, for coating one 7y-AlLOs, calculated by equation 2.2), that is

Dmhost/Dmguest = 25.

2. The diameter of y-Al,O3 was 1.0 mm (number of y-Al>Os is 1), the diameter of TiO, was 0.1 mm
(requires 484 TiO, for coating one y-ALOs, calculated by equation 2.2), Dinpost/Dmguest = 10. (xthe

choice of this diameter will be detailed in paragraph 6.2.3.3)

3. The diameter of y-Al,O3 was 1.0 mm (number of y-Al,Os is 1), the diameter of TiO, was 0.04 mm
(requires 2704 TiO, for coating one y-ALOs, calculated by equation 2.2), that is Dpnpost/Dmguest = 25.

6.2.3.1 Analysis of the modeling: Host particle: Al;03-D,,~-2.5 mm and guest particle: TiOz-D,,-0.1 mm

In this modeling, the ratio of host to guest particle was respected (Dmpost/Dmguest = 25). Considering

the calculation time, the particle size of guest was assumed to be 0.1 mm and then the particle size of host

to be 2.5 mm.

The picomix shown in figure 6.12 was used in this section study, the diameter of y-Al,O; was 2.5 mm
(number of y-Al,O3 was 1), the diameter of TiO, was set to 0.1 mm (number of TiO, was 2704). The
rotational speed was 3500 rpm, the simulation time was 1 s, the surface energy of y-Al:Os, TiO;
respectively are 1.5 J/m? 393981 and 0.9 J/m? 3% 40 the interfacial energy between y-ALO; and TiO; is
0.076 J/m? (calculated based on equation 1.38, see Chapter 1, paragraph 1.7.4.3), other parameters can be
found in table 6.7. The snapshot of in y-Al>Os and TiO; particles in the picomix under these conditions is

shown in Figure 6.13.

It was found that as the modeling time went from 0.2 s to 1 s, more and more TiO; particles were coated
onto the surface of the y-Al,O; particle. Meanwhile, a large number of TiO, particles stuck together and
formed an agglomeration. Even TiO> particles coated on the surface of the y-Al,Os particle have a small
agglomeration phenomenon. Because the interfacial force between the TiO; particles is greater than the
gravity of the particles, it made the particles agglomerate together, that is, the surface energy between the

TiO, particles is quite large.
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Fig. 6.13 Snapshot of y-Al,O3 (2.5 mm in diameter, green in color) and TiO; (1.0 mm in diameter, red in color)
particles in picomix during simulation time of 0.2-1.0 s.
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In order to avoid the agglomeration of TiO, particles, we assumed that the surface energy of TiO; particles
is 0 to see if all TiO, particles may be able to be coated on the surface of the y-Al,Os particle. The rotational
speed was 3500 rpm, the simulation time was 2 s, the surface energy of the y-Al,Os, TiO2 respectively are
1.5 J/m? and 0 J/m?, the interfacial energy between y-Al,Os; and TiO; is 1.5 J/m? (calculated based on
equation 1.38, see Chapter 1, paragraph 1.7.4.3), other parameters can be found in the table 6.7. The initial
modeling time was set to 1 s, but it was found that not all TiO, particles were coated on the surface of the

v-AlbOs particle, therefore, the modeling time was extended to 2 s to see if all TiO; particles have adhered
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on the surface of y-ALO; particle. The snapshot of the y-Al,O3 and TiO; particles in the picomix under

these conditions is shown in figure 6.14.

Fig. 6.14 Snapshot of the y-Al,03 (2.5 mm in diameter, green in color) and TiO, (1.0 mm in diameter, red in
color) particles in Picomix during simulation time of 0.2-2.0 s.

0.2 0.4 0.6

Modeling time
®

2.0 Z-axis view at 0.2 s

Figure 6.14 revealed the fact that TiO; particles of the coating do increase with time, but some of the TiO;
particles were not fully coated on the surface of the y-Al,Os particle. It was observed that there are no TiO,
particles stuck to the surface of the y-Al,O3 particle near the rotor. On the last graph from a z — axis view
at 0.2 s in Figure 6.14 we can see that the y-Al,Os particle was probably too large and it was stuck in the
middle of the second and third of paddles and cannot move. Therefore, the y-Al,O; particle close to the

rotor did not have the opportunity to meet with TiO, particles, resulting in no coating formation.

As claimed in Chapter 2, paragraph 2.2.2.2, the function of the third paddle (top paddle) of the rotor is to
deagglomerate the agglomerated particles. The size of the third paddle (see figure 6.12) of the new reduced
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picomix is 6.52 mm and the width of the picomix is 8 mm, thus, there is 0.71 mm left on both sides, a
diameter of a particle of 2.5 mm will not move because of lack of space. Therefore, we decided to remove
the third paddle to allow the particle to move. In order to explore whether the y-Al,O3 particle was not
fully coated because the y-Al>O; particle was stuck, the third paddle of the rotor was removed in the next
study. Figure 6.15 presents a snapshot of the coating without the third paddle of the rotor, the rotation
speed was 3500 rpm, the simulation time was 2 s, the surface energy of the y-Al,Os, TiO respectively
were 1.5 J/m? and 0 J/m?, the interfacial energy between y-Al,Os and TiO, was 1.5 J/m?, other parameters

can be found in the table 6.7.

Fig. 6.15 Snapshot of y-Al,O3 (2.5 mm in diameter, green in color) and TiO; (1.0 mm in diameter, red in color)
particles in picomix (without third paddle of the rotor) during modeling time of 0.4-2.0 s.
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It can be seen that without the third paddle of the rotor, there are 2104 out of 2704 TiO; particles coated
on the surface of the y-Al,O; particle. But it is a little disappointing that the y-Al>Os particles near the rotor
was not completely coated; maybe because of the lack of modeling time, or probably because the y-Al,O3
particle was so close to the rotor that it did not have enough space to move. Therefore, in the next study,

the diameter of the y-Al,Os particle was reduced to 1 mm and the modeling time was extended to 10 s.

6.2.3.2 Analysis of the modeling: Host particle: Al;03-D,,-1.0 mm and guest particle: TiOz-D,-0.1 mm

In the previous part of the simulation study, we knew that even if the third paddle of the picomix was
removed, there were still no TiO; particles sticking to the y-Al,Os particle near the rotor part, and we
consider that it may be because the diameter of the host particles is too large. Therefore, in this study, the

diameter of the host was reduced to 1.0 mm.

The rotor without the third paddle of reduced picomix was used to study the dry particle coating with the

diameter of y-Al,Os set to 1.0 mm (number of y-Al,Os was 1) and the diameter of TiO, set to 0.1 mm
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(number of TiO, was 484). The rotational speed was 3500 rpm, the surface energy of y-Al,Os, TiO»

respectively was fixed at 1.5 J/m* and 0 J/m?.

6.2.3.2.1 Effect of interfacial energy

Figure 6.15 presents a y-Al,Os particle that was not completely covered by TiO,. One of the possible
reasons for that was that there was not enough interfacial energy between y-Al,O; and TiO,. However, no
reports on the interfacial energy between y-Al,Os; and TiO; have been found in the literature. In this study,
the interfacial energy between y-AlO; and TiO, was varied from 1.5 to 100 J/m? in order to investigate

the effect of interfacial energy on the coating.

The rotor without the third paddle of the reduced picomix (see figure 6.12) was used to study the dry
particle coating with the diameter of y-Al,O3 set to 1.0 mm (number of y-Al,O3; was 1), the diameter of
TiO; set to 0.1 mm (number of TiO, was 484). The rotational speed was 3500 rpm, the modeling time was
10 s, the surface energy of the y-Al,Os, TiO; respectively was fixed at 1.5 J/m? and 0 J/m?, the interfacial
energy between y-Al,O; and TiO, was varied from 1.5 to 100 J/m?, other parameters can be found in table
6.7. The snapshot of in y-Al,Os and TiO; particles in Picomix under these conditions is shown in Figure

6.16.

It was shown in the X-axis views and Z-axis views of figure 6.16 that as the interfacial energy of
v-Al,03-TiO; increases, more and more TiO; particles were coating onto the surface of the y-Al,Os particle.
However, it can be seen that after the interfacial energy of y-Al,03-TiO; reached 20 J/m?, the coating
seems to reach a stable state, as the change in the number of TiO, particles coatings starts to become less
pronounced. At the same time, some uncoated gaps of the y-Al,Os particle can be seen in the 3D views of

figure 6.16.

TiO, particles were coated onto the surface of the y-Al,O; particle. As soon as a guest particle contacts a
host particle, this guest particle would stick on the surface of the host particle because of its strong adhesion
force (van der Waals’ force). The number of TiO, particles coated onto the surface of the
v-Al, O3 particle and the fraction of coated number with the variation of interfacial energy of y-Al,Oz and
TiO; is shown in figure 6.17. The number of guest particles required to coat a host particle was calculated
by equation 2.1 (see Chapter 2, paragraph 2.2.2.3), it shows that 484 TiO, particles are required to coat a
v-AL,Os particle.
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Fig. 6.16 Snapshot of y-Al,O3 (1.0 mm in diameter, green in color) and TiO, (0.1 mm in diameter, red in color)
particles in the picomix under different interfacial energy of y-Al,O3; and TiO; at 10 s of modeling time.
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In order to know compare with the theoretical calculated number of coatings, the fraction of coated number
of (see equation 6.12) guest particles are proposed here. The coated number is the number of guests that
adhere to the surface of the host particle in the modeling. The calculated number of guests is the number

that has been used in the modeling. The results are presented in the figure 6.17.
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. coated number of guest particles
Fraction of coated number % = S guestp

X 100% (Eq.6.12)
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Fig.6.17 The relationship between the coated number of TiO, particles and the variation of interfacial energy of
v-Al>O3 and TiOx (the blue line is the baseline that represents 484 number of TiO; particles, 484 TiO; particles are
required to coat a y-Al,Os particle in theoretical calculation (see Chapter 2, equation 2.2)).

Figure 6.17 illustrates the interfacial energy of y-Al,O3-TiO> is 1.5 J/m? and 2 J/m?, the coated number of
TiO, particles are respectively, 315 and 336. This number represents only 65% and 69% of the total
number of TiO; particles coated. As the energy increases, more and more TiO; particles stick to the surface
of the y-ALLOjs particle, this phenomenon can also be observed in the snapshot in figure 6.16. When the
interfacial energy of y-Al,Os-TiO, reaches 20 J/m?, and the interfacial energy of y-AlL,Os-TiO, continues
to increase to 50 J/m? or 100 J/m?, the tendency of increasing TiO, particles sticking to the surface of the

v-AlOs particle is becoming lower.

To some extent, the fraction of the coated number exhibits that not all TiO; particles are adhered to the
surface of the y-Al>O; (see figure 6.18a). But theoretically, all TiO» particles should stick to the surface of
the y-Al>O; particle because the calculation was made according to one layer of guest particles to a host
particle (see figure 6.18 of ideal coating). This may be because the coating is random and not every TiO»
particle has the opportunity to coat on the surface of y-Al,O3 because the gaps of y-AlLO; surface are not

enough to accommodate a TiO» particle (see figure 6.18b).
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Fig.6.18 An explanation images of uncoated number of TiO; particles to y-Al,O; particle.

If this was the reason that not all TiO; particles stuck to the y-Al,Os surface, we hypothesized that when
the interfacial energy of y-ALLO3-TiO» is 20 J/m?, the rotational speed is 3500 rpm and the simulation time
is 10 s (other parameters see table 6.7), only 388 TiO, particles are in fact needed to coat one
v-AlLO3 particle. To verify whether all 388 TiO, particles would stick to the y-Al,Os surface, a new

simulation was launched, the results can be seen in figure 6.19.

z

Fig.6.19 Snapshot of y-Al>O;3 (1.0 mm in diameter, green in color) and TiO (0.1 mm in diameter, red in color)
particles in the picomix when the interfacial energy of y-Al,Os3 -TiO; is 20 J/m? at 10 s of modeling time.
In fact, when there were 388 TiO; particles, only 358 of them stuck to the y-Al>O; surface, which means
that there were still 30 particles that did not participate in the coating, and these were found around the

paddle near the bottom (see figure 6.19b).

Based on this, another simulation was done in which 358 TiO: particles were put with one y-Al,O; particle
under the following conditions: interfacial energy of y-Al,03-TiO- is 20 J/m?, rotational speed 3500 rpm,
and the modeling time 10 s (other parameters see table 6.7). We wanted to know if all 358 TiO; particles

would adhere to y-Al>O; surface. The results of the simulation are shown in figure 6.20.
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Fig.6.20 Snapshot of y-Al>,O3 (1.0 mm in diameter, green in color) and TiO (0.1 mm in diameter, red in color)
particles in picomix when the interfacial energy of y-ALO; -TiO; is 20 J/m? at 9.8-10 s of modeling time.
In this simulation where 358 TiO, particles were involved, only four (figure 6.20a, when the modeling
time at 9.8 s) or five (figure 6.20a, when the modeling time at 10 s) of TiO, particles did not coat to the
surface of the y-Al>O; particle. These four or five TiO; particles that did not stick to the surface of the
v-Al,Oj3 particle could be captured at the bottom of the rotor.

Two reasons were taken into account: firstly, these TiO, particles were stuck in the space between the first
paddle of the rotor and the bottom of the vessel, making them unable to move to the upper part of the
vessel to collide with y-Al,Os and form a coating; secondly, as previously considered and explained, there
was not enough space on the surface of y-Al>O3 to accommodate TiO; particles because their size was too

large.

Therefore, in the next section study, the diameter of the TiO, particles was set to 0.04 mm. The choice of

the diameter of TiO» particles also respected the same size ratio (Dppost/ Dmguest = 25) as the experiment.

6.2.3.3 Analysis of the modeling: Host particle: Al;03-D,-1.0 mm and guest particle: TiO:-D,-0.04 mm

After the study in the previous two sections and the analysis of its results, a decision was made to use a
reduced picomix (10 mL, see figure 6.12) without the third paddle to complete the simulation of the dry
particle coating. The goal of this study is to see if all of the guest particles with a smaller size would stick

to the host particles while maintaining the same size ratio (Dympost/Dmguest = 25) as the experiment.

Simulation conditions precisely as follows: the diameter of y-Al,O3; was 1.0 mm (number of y-Al,Os was
1), the diameter of TiO, was 0.04 mm (number of TiO, was 2704), the rotational speed was 3500 rpm, the
modeling time was 10 s, the surface energy of y-Al,O3 and TiO, respectively were fixed at 1.5 J/m? and 0

J/m?, the interfacial energy between y-Al,O3 and TiO, was varied from 1.5 to 100 J/m?, other parameters
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can be found in table 6.7. The snapshot of the y-AlO; and TiO; particles in the picomix under these

conditions in different views is shown in Figure 6.21.

Fig.6.21 Snapshot of y-A1,O3 (1.0 mm in diameter, green in color) and TiO> (0.04 mm in diameter, red in color)
particles in picomix under different interfacial energy of y-Al,O3 and TiO; at 10 s of modeling time.
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From the X-axis view (see figure 6.21), it can be seen that the surface coverage of the y-Al,Os particle
increased as the interfacial energy of y-ALO3-TiO: rose from 1.5 to 20 J/m?, which indicates that more
TiO, particles were bonded to the surface of the y-Al,Os particle as the interfacial energy of y-Al,O3-TiO»
rose. But it can be clearly seen that a part the y-Al,Os particle was uncovered when the interfacial energy
of y-AlLO;-TiO, was raised from 20 to 100 J/m?. Meanwhile, it’s become apparent that there were some
TiO, particles staying at the bottom of the vessel or next to the bottom of the rotor and moving at a very

slow speed.

From the Z-axis (see figure 6.21), it was obtained that the movement of the TiO; particles was around the
center of the rotor, but mainly near the edge of the vessel. The 3D view (see figure 6.21) revealed the fact
that the y-Al,Os particle near the rotor part did not have TiO, particles attached to it. This could be
explained by the fact that because some TiO; particles moved at a low speed at the bottom, but the
v-Al, O3 particle has been moving around the edge of the vessel at the top. This will result in no possibility
of collision between these TiO; particles moving at low speed at the bottom and the y-Al,Os particle, thus,

v-Al, O3 particle cannot be completely covered.

Why is the y-Al,Os particle near the rotor showing no coverage? It may be because the y-Al,O; particle is
in a steady state doing the rotational movement, and in the part near the rotor, TiO, particles are few. This
would lead to reasoning that the y-Al,Os particle near the rotor does not have more opportunities to contact

with TiO; particles.

The number of TiO; particles coated onto the surface of the y-Al,O; particle and the fraction of coated

number with the variation of interfacial energy of y-Al,O3 and TiO; is shown in figure 6.22.

Figure 6.22 indicates that at interfacial energy of y-Al,Os -TiO, 1.5 J/m?, with a total number of TiO,
particles of 2704, the number of TiO; particles adhered to y-Al,Os was only 1859, which means that only
69% of all TiO; particles achieved coating. However, the number of TiO; particles coated on the y-Al,O3
particle increased with the rise of the interfacial energy of y-Al,Os3 -TiO, and reached a maximum at
interfacial energy of y-Al,O3 -TiO, 20 J/m?. The number of TiO; particles adhering to the y-Al,O; particle
is 2442 at interfacial energy of y-Al,Os -TiO, 20 J/m?, and this coating accounted for 90% of the total
number of TiO; particles. Subsequently, the number of TiO; particles adhering to the y-Al>O; particle did
not rise with the increasing interfacial energy of y-Al,Oz -TiO.. The trend of the value of coated TiO,

particles was consistent with the results presented in figure 6.21.
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Fig.6.22 The relationship between the coated number of TiO; particles on the surface of the y-Al,Os particle and
the fraction of coated number of TiO; particles with the variation of interfacial energy of y-Al,O3 -TiO; (the blue
line is the baseline that represents 2704 number of TiO, particles, 2704 of TiO: particles are needed to coat one -
Al,Os particle by theoretical calculation)

In the JKR contact model, the adhesion force is calculated as the following equation dictates 1°'!:
3 *
Faanesion = EHVR (Eq. 6.13)

y is the surface energy between two particles, in this study, it refers to interfacial energy of y-Al,O3 -TiO».

Figure 6.23 presents the adhesion force between different size ratios with different interfacial energy of

’Y—A1203 —Ti02.
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Fig.6.23 Effect of the interfacial energy of y-Al,O3 -TiOs on adhesion force at different size ratios.
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As it can be seen (see equation 6.13), the magnitude of adhesion force depends on the surface energy and
the equivalent radius. Therefore, at the same interfacial energy of y-AlO; -TiO,, the adhesion force
between a diameter of 1.0 mm for the y-Al,O; particle and a diameter of 0.1 mm for the TiO> is higher
than the adhesion force when the diameter of y-Al,O3is 1.0 mm and the diameter of TiO; is 0.04 mm (see

figure 6.23).

The following values were applied for the simulation conditions: rotational speed 3500, simulation time
10 s, other parameters can be seen in table 6.7, the trends of particle velocity, potential energy, overlap,
contact force, and kinetic energy with the interfacial energy of y-Al,Os -TiO; and size ratio variations are

presented in figure 6.24.
As mentioned in Chapter 1, paragraph 1.7.1.3. The normal overlap between two particles can be calculated

2
by Eq.1.14 (§,, = % — (%) Y 2). For the normal overlap of TiO particles (figure 6.24a), at the same

diameter as the y-ALO; particle, when the size ratio Dposi/Dgyest = 25 (the diameter of
v-Al,O3 was 1.0 mm, the diameter of TiO, was 0.04 mm), the average normal overlap started to increase
with a rise of the interfacial energy of y-Al,O3-TiO,, and the average normal overlap reached a maximum
when the interfacial energy of y-Al,Os -TiO; reached 20 J/m?. After this, it started to decrease as the
interfacial energy of y-Al,Os -TiO- rose, which indicated that the interfacial energy of y-Al,O3 -TiO, 20
J/m? is the maximum interfacial energy required for the coating of y-Al,Os and TiO, when the diameter of
v-Al,O3 was 1.0 mm, the diameter of TiO, was 0.04 mm. Figure 6.22 has already proved this indication.
When the size ratio Dpyst/Dgyese = 25, the normal overlap kept increasing as the interfacial energy of y-
Al,Os -TiO; increased, but the tendency to rise became less apparent, this phenomenon matched perfectly

with the results shown in Figure 6.17.

In the JKR model, the calculation of the tangential overlap still uses the same as the Hertz-Mindlin model.
It relates to the diameter of the particles; large diameter particles provide a large tangential overlap (figure
6.24b). The trend of the tangential overlap determines the magnitude of the tangential contact force and
its trend so that the tangential force increases with a rise of the interfacial energy of y-Al,O3 -TiO: (figure

6.24d).
The normal contact force is related to the interfacial energy between two particles and is given as equation

3 *
1.15 (Fp;j = —4y/myE*az + % a3). As it can be seen the normal contact force (figure 6.24c) showed an

increasing trend with the increase of the interfacial energy of y-AlO; -TiO,. The effect of increasing
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interfacial energy of y-Al>Os3 -TiO; on the velocity, potential energy, and translational kinetic energy was

not very obvious.
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6.3 Conclusion

In this chapter, firstly, the effect of the particle size (the diameter 0.6 -1 mm), the rotation speeds (1500 -
5000 rpm), the filling ratio (10 - 40%), and the young’s modulus (2.0x107 - 2.0x10" Pa) on
particles’ motions of two host particle y-Al,O3 and S.S316L were simulated via Hertz-Mindlin (no-slip)
contact model by a commercial software EDEM. Secondly, the JKR cohesion model was applied to model
the dry particle coating of host particles (y-Al>O; particles) with different sizes (1.0 and 2.5 mm) and guest
particles (TiO, particles) with different sizes (0.04 and 0.1mm). The influence of interfacial energy of

host/guest particles on particle interaction was also investigated.
The conclusions obtained from the above study were summarized as follows:

1. It was found that in the initial state, that is 0-0.25 s of modeling time, the particles were lifted up
from the bottom to the roof of the picomix, this process ran along the wall of the vessel. As the simulation
time increases from 0.25 s to 1 s, the particles reached the top and became steady and began moving on

the top part of the picomix.

2. The simulation data showed that the contact force, the kinetic energy, the potential energy, and the
velocity of y-Al,O3 and S.S316L increased with an increase in the particle size. Under the same simulated
conditions, S.S316L always presents a higher value than y-Al,Os, this has to do with the property of the
material itself, since the density of S.S316L and the hardness of S.S316L are higher than that of y-Al>Os.

The rotation speed also showed a very significant impact on particle motion.

3. Numerous simulation data demonstrated that the filling ratio and young's modulus only have an effect
on some of the values. E.g., the normal contact force and normal overlap reacted very dramatically with a
growth of the filling ratio, but particle velocity didn’t show an obvious change in the filling ratio. Since
the magnitude of young's modulus represents the magnitude of stiffness, the normal/tangential contact

forces and normal/tangential overlap are associated with stiffness and have a significant effect.

4. When using the JKR model for simulation to investigate the coating process, the choice of surface
energy and the number of particles is very important. The simulation of the y-Al,Os particle with a diameter
of 2.5 mm and a surface energy of 1.5 J/m? and TiO> particles with the diameter of 1 mm and the surface
energy 0.9 J/m? indicated that a large number of TiO» particles stuck together and formed an agglomeration.

Even TiO; particles coated on the surface of the y-Al,O; particle have a small agglomeration phenomenon.
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5. Without having considered the surface energy of TiO, particles (was set as 0), there was a part of the
surface of y-Al,Os (the part near to the center of the rotor) that was not covered by TiO, particles. This
could be caused by two reasons: 1, the interfacial energy of y-Al,Os -TiO, was not enough; 2, the

v-ALLOs particle was stuck in the middle of the second paddle and the third paddle of the rotor.

6. Unlike mixing, a simulation time of 1 s for the coating process was not sufficient because the particles
coated to the surface of y-Al,Os increase as time increases. For example, in the beginning, the surface of
v-Al,Os started to get covered by TiO, within 1-5 s, but as time was extended, only a few particles may

have stuck to the surface of y-ALOs.

7. When the size ratio Dyypost/Dmguese = 10 (the diameter of y-Al,O; was 1.0 mm, the diameter of
TiO, was 0.1 mm), the contact force, overlap, kinetic energy, potential energy, and velocity all increased
to different degrees matching with the increase of the interfacial energy of y-Al,O3 -TiO,. When the size
ratio Dippost/ Dmguest = 25 (the diameter of y-ALOs was 1.0 mm, the diameter of TiO> was 0.04 mm),
the average normal overlap started to increase with a rise of the interfacial energy of y-Al,O3 -TiO», and
the overlap reached a maximum when the interfacial energy of y-AlLO; -TiO2 reached 20 J/m?. After that
it started to decrease as the interfacial energy of y-Al,Os3 -TiO; rose, which indicated that the interfacial
energy of y-Al,Os -TiO, 20 J/m? is the maximum interfacial energy required for the coating between
v-Al,O3 and TiO> when the diameter of y-Al,O; was 1.0 mm, the diameter of TiO, was 0.04 mm. The
number of coated TiO; particles on the y-Al,Os particle also proved that when the interfacial energy of
y-ALL O3 -TiO; is at 20 J/m?, then 90% of TiO; particles adhere to the y-Al,Os particle (2442 TiO, particles
adhered onto the y-Al>O; particle out of 2704).

8. The effect of increasing interfacial energy of y-Al>Os - TiO: on the velocity, potential energy, and

translational kinetic energy were not very obvious.

In summary, the use of two DEM modeling techniques (Hertz-Mindlin no-slip model and JKR model)
gave us very valuable information to better understand dry coating. The results of the modelization
demonstrated that it isn’t the highest level of the interfacial energy of y-Al,Os -TiO; that gives the best
coating of y-Al,O; and TiO,. The optimal value was found when the diameter of y-Al,Os was 1.0 mm, the
diameter of TiO, was 0.04 mm, the interfacial energy of y-AlOs -TiO, of 20 J/m?%. However, even though
the interfacial energy of y-Al,O5 -TiO, was at the optimum value of 20 J/m?, it is a bit unfortunate that we
did not get a completely coated y-Al,Oj; particle. Therefore, there is still room for more exploration and

improvement, and it’s possible to discover more details in future dry coating simulations.
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Conclusions

In this work, both experimental and modelization work has been done to investigate dry particle coating
and the interactions between particles during the coating process. The objective of the experimental part
was to prepare new supports of catalysts for a methanation reaction via a high shear mixer called
“Picomix”. As a result of this experimental work on dry coating and the preparation of supports and
catalysts, many questions have arisen about the phenomena of collision and the adhesion of the particles
in the picomix, as well as the variation of the different forces applied to the particle surfaces and the
particle velocities. Therefore, the modelization work aimed to reveal particle movement and help us to get

a better understanding of dry coating process.

In the experimental part, new supports TiO»/y-AlxO3, SiO,/y-Al,Os, Zeolite/y-AlOs, TiO»/S.S316L,
Si0,/S.S316L, and Zeolite/S.S316L were prepared via mechanical force (impacting/compression/shearing
force) in the picomix (Hosokawa Micro B.V) under the following conditions: 3500 rpm, 5 mins, filling
ratio 40% (40 mL out of 100 mL). However, these powders (Zeolite, SiO,, TiO,) were very cohesive and
formed agglomerates with uncontrollable sizes. The coating process requires the size of the primary
particles and not of the agglomerated particle size. Therefore, 5 techniques were included: LD (laser
diffraction), TEM (transmission electron microscope), DLS (dynamic light scattering), SAXS (small-
angle X-ray scattering), BET (specific surface area) to measure the nanosize. The other three (LD, TEM,
DLS) provided results which were used to accomplish the preparation of new supports. Since BET is only
valid for spherical, non-porous, monodisperse powders with a smooth surface. This is not the case for our
three powders TiO,, SiO,, and Zeolite. Thus, BET size was not applied in the experimental study. SAXS
theoretically gives very accurate measurements of nanopowder, since we do not have this instrument in
our group, the results got from other analyzing place were late and additional software was needed to

analyze the results of size distribution, it was not used to prepare new supports as well.

The new prepared supports were characterized by various methods to indicate the performance of the dry

coating.

In the numerical part, DEM modeling was used to explore particle interaction in the high shear mixer
“Picomix”. The numerical modeling of dry particle coating in the picomix was performed using one
commercial DEM simulation software EDEM 2018.3.0 and EDEM 2020.3.1 (Academic license with 8
CPU, DEM solutions Ltd., Edinburgh, UK) with the Hertz-Mindlin (no-slip) contact model and the Hertz
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Mindlin + JKR cohesive model. Three computers were used in this study, two of which are equipped with
a Intel(R) Core(TM) 17-4790 CPU@3.60Hz processor, and 8.0Go RAM; one is equipped with a Intel(R)
Xeon(R) CPU E5-1650 v2 @3.5GHz processor, and 32.0Go RAM. The Hertz-Mindlin (no-slip) contact

model was used to study the mixing of the two host particles (y-Al,Os and S.S316L) respectively. The
Hertz-Mindlin with JKR cohesion model was used to model the cohesion between guest (TiO, particles)

and host particles (y-Al,O; particles).

Firstly, the effects of particle size, filling ratio, rotational speed, young’s modulus were simulated on two

host particles y-Al,Oz and S.S316L, with the help of the Hertz-Mindlin (no-slip) contact model.

Secondly, the modeling of host particles (y-AlO; particles) and guest particles (TiO, particles) was
conducted, and the influence of surface energy of host/guest particles was investigated by the Hertz-

Mindlin with JKR cohesion model.
The results of the experimental study

1) It was found that among the five techniques for nanopowder analysis, the LD technique provided the
largest particle size for the same amount of nanopowder, because it measured the agglomerates. The DLS
gave a smaller size but the particles still form agglomerates. The TEM indicated the smallest diameter
because the technique allows us to see the particles and measure them by image processing. It was worth
noting that differences in the size of nanoparticles were determined by the use of different techniques.
This is not caused by measurement errors, but in fact by the specificity of each technique. TEM measures
the geometric size of the nanoparticles deposited on the surface; therefore, the advantage of TEM is that
it can directly observe the morphology and determine the size of the particle, which offers certain
intuitiveness and credibility. However, this method is the result of observation of local areas, so it has
certain contingency and statistical errors. The average size of nanoparticles can be obtained by measuring
and statistical analysis of particle size with a certain number of photos. Consequently, the difference
between nanoparticle sizes for the same particle due to the agglomerates was discussed earlier. Moreover,
it is important to be aware that each particle size characterization technique will measure a different
property of a particle and therefore will give a different value from another technique that measures an
alternative dimension. This leads to many approaches to data analysis which can affect the information
obtained regarding particle size. As a result, each technique is not wrong, they are all correct; it is simply

that a different property of nanoparticles is being measured.
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2) Particle size distribution indicated that the guest particles were attached to the host particles, because
the newly prepared supports provided almost the same peak as the host particles. No small peak was found
because the prepared particles were sieved before analyzing the size. The particle size of the new supports

seems to follow the order of Zeolite"?/S.S316L > Zeolite®%/S.S316L > Zeolite™/S.S316L, which was
a very good result, as it corresponds with the original size of the guest particles Zeolite'® > ZeolitePS >

Zeolite™M,

3) The surface morphologies of SEM images demonstrated that for TiO,'P, SiO,'P, and Zeolite™P particles,
whether the coating was with S.S316L or y-Al>Os, each host particle was covered by guest particles and
formed a thick coating layer. Many agglomerated guest particles (because of strong interparticle force)
can be directly observed on the surface of the host particles. When TiO,P"5, Si0,P5, and ZeoliteP'S, coated
with S.S316L or y-Al,O3, a smooth surface was found but a small number of debris (agglomerated guest
particles) can also be observed. As far as the images obtained by SEM are concerned, TEM size provided
the best coating because a smooth surface without any chips can be obtained. That is to say,
TiO,"™/S.S316L, Si0,"™/S.S316L Zeolite™/S.S316L, TiO,"™/y-Al,05, SiO,"™/y-AL,0s, and
Zeolite™/y-Al,O; presented the best coating.

4) The calculation of coating thickness again directly validated the results of SEM images and the analysis
of particle size distribution that TiO,™/S.S316L, SiO,™/S.S316L, Zeolite™/S.S316L, TiO,™M/y-
ALOs, SiO™M/y-ALO;, and  Zeolite™/y-AlLO; presented the best coating. Nonetheless, one or two
particles were taken into account in the evaluation of the coating thickness. These values lacked a certain

degree of reliability, and perhaps there was some error between them and the real coating thickness.

5) In the calculation of uncoated guest particles, it was found that not all guest particles adhered onto the
host particles, but the assessment of uncoated guest particles showed that there were much fewer little
uncoated guest particles for S.S316L (maximum mass fraction for an uncoated particle is
Zeolite*?/S.S316L 1.62%). However, in the coating with y-Al,Os3, the mass fraction of uncoated particles
was relatively high regardless of the type of particles with which they were coated, with the mass fraction
of uncoated zeolite being as high as 11.48% (Zeolite"P/y-Al,O3). This phenomenon can be explained by
the behavior of materials and their structure, it would be interesting to develop and analyze this part in the

work of the next PhD.
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The results of the modeling study

In the investigation of modelization, the value of particle density was measured using a Helium
pycnometer (AccuPyc1330, micromeritics Instrument Corp). Except for this parameter, all other

parameters were taken from the literature.

1) Snapshot of mixing host particles modeling revealed that at the beginning of the mixing process, the
particles rose from the bottom to the roof of the picomix, this process ran along the wall of the vessel.
With time, the particles reached the top and became steady and moved to the top of picomix. For the same
material used, under the same simulation conditions, particles with a small size still have some particles
moving at the bottom of the vessel even at a high rotation speed of 3500 rpm. Such as, the motion of
S.S316L particles in the picomix at 3500 rpm, 1 s with different particle sizes at a fixed filling ratio of
20%, the snapshot of the X views showed that at 0.5 s simulation time, there were no 2 mm S.S316L
particles observed on the bottom of the vessel, but there were several 0.6 mm S.S316L particles that can
be seen on the bottom of the vessel. For the different materials with the same simulation conditions, the
snapshot showed that S.S316L always moves at relatively higher position at the same time frame of
simulation time. Such as, when the rotational speed was fixed at 3500 rpm, the filling ratio was fixed at
20%, the diameter of the particles was set at 2 mm, the snapshot of the X views of S.S316L particles and
the y-Al>O; particles showed that at 0.5 s of simulation time, no S.S316L particles were observed on the

bottom of the vessel, but there were several y-Al,Os particles found on the bottom of the vessel.

2) Modeling data has demonstrated that particle size and rotational speed have a significant effect on both
the velocity, the contact forces (normal/tangential contact force), the overlap (normal/tangential overlap),
and the energy (potential, translational/rotational kinetic energy). The effect of the filling ratio and young's
modulus on particle behavior seemed to be partial. E.g., the normal contact force and normal overlap
reacted very dramatically to the growth of the filling ratio, but the particle velocity didn’t show an obvious
change with the variation of the filling ratio. Since the magnitude of young's modulus represents the
magnitude of stiffness, the normal/tangential contact forces and normal/tangential overlap associated with
stiffness and have a significant effect. It is worth mentioning that the variation of all parameters (particle
size, rotational speed, filling ratio, and young’s modulus) has a greater effect on the S.S316L particles
than on the y-Al,Os particles. This could be caused by the property of the material itself, such as the density
of S.S316L and the hardness of S.S316L, which are higher than that of y-AL,Os.
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3) The surface energy of the particle is a key parameter to estimate and above all it has a great impact on
the Hertz-Mindlin JKR cohesive model to investigate the coating process. The value of the surface energy
in this study was chosen from the literature. The goal was to speed up the calculation time and simulate
more parameters. There were two measures that were taken to actualize: firstly, the diameter of the host
particle y-Al>O3 and the guest particle TiO, were scaled up; secondly, a picomix that has been reduced in

dimension by ten times was used (original picomix: 100 mL in volume, reduced picomix:10 mL in volume).

4) The simulation of the y-ALO; particle with a diameter of 2.5 mm and a surface energy 1.5 J/m? and
TiO; particles with a diameter of 1 mm and a surface energy 0.9 J/m? presented a coating whose surface
was not completely covered with y-Al,Os particle. Meanwhile, a large number of TiO» particles bonded
together and formed numerous agglomerations. Even TiO; particles coated on the surface of the y-Al,Os
particle had a small agglomeration phenomenon. When the surface energy of TiO, particles was set as 0,
no agglomeration was observed anymore, but a part of the surface of y-Al,Os (the part near to the center

of the rotor) was not covered by TiO; particles.

5) Unlike mixing, the simulation time of 1 s for the coating process was not sufficient, because the particles
coated onto the surface of the y-Al,Os particle increase as the time increases. For example, in the beginning,
the surface of y-Al,Os quickly started to become covered with TiO, within 1 — 5 s, but as the time was

extended, only a few particles could stick to the surface of y-Al,Os.

6) When the size ratio Dpyst/Dgyese = 10 (the diameter of y-Al,O3 was 1.0 mm, the diameter of TiO» was
0.1 mm), the average normal/tangential contact force, the average normal/tangential overlap, the average
translational/rotational kinetic energy, the average potential energy, and the average velocity all increased
with the rise of the interfacial energy of y-ALO; -TiO,. When the size ratio Dpost/Dgyest = 25 (the
diameter of y-Al,O3 was 1.0 mm, the diameter of TiO, was 0.04 mm), the average normal overlap started
to increase with the rise of the interfacial energy of y-Al,O3 -TiO,, and the average normal overlap reached
a maximum when the interfacial energy of y-Al,Os -TiO: reached 20 J/m?. After that it started to decrease
as the interfacial energy of TiO, -y-Al,Os rose, which indicated that the interfacial energy of y-Al,O3-TiO»
20 J/m? is the maximum interfacial energy required for the coating between y-Al,Os and TiO» when the
diameter of y-Al,O; was 1.0 mm and the diameter of TiO, was 0.04 mm. The number of coated TiO»
particles onto the y-Al,Os particle also proved that when the interfacial energy of y-AlOs -TiO, 20 J/m?,
90% of TiO; particles adhering to y-Al,Os particle (2442 TiO; particles adhered onto the y-Al,Os particle
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out of 2704). The effect of increasing interfacial energy of y-Al,Os -TiO; on the velocity, the potential

energy, and the translational kinetic energy was not very obvious.

7) Using two DEM modeling (Hertz-Mindlin no-slip model and JKR model) definitely provided very
valuable information for us to better understand the dry coating process. The results of the modeling
demonstrated that the higher the interfacial energy of y-Al,Os3 -TiO,, did not lead to a better coating of y-
ALOs and TiO,. For example, when the diameter of y-Al,O3; was 1.0 mm, the diameter of TiO, was 0.04
mm, then the interfacial energy of y-ALO; -TiO, of 20 J/m? was the optimal value. However, even though
the interfacial energy of y-Al,Os -TiO, was at the optimal value of 20 J/m?, it was a bit disappointing that
no completely coated y-Al,O; particles were obtained. Therefore, there is still a lot of room and

possibilities to explore and discover more details in the simulation of the dry coating.

In a way, the data from the simulations were correlated with the results of the experiments. Under the same
experimental conditions, the same guest particles, the coating of y-Al,O3; was not as good as that of
S.S316L. In the simulation study, it was found that that the variation of all parameters (particle size,
rotational speed, filling ratio, and young’s modulus) has a greater effect on the S.S316L particles than on
the y-Al,Os particles. This could be caused by the property of the material itself, such as the density of the
S.S316L and the hardness of S.S316L, which are higher than that of y-Al,Os. Or it could be, because the
material of the picomix is steel, which means S.S316L particles and the picomix are equally attractive to

particles.

Perspectives

This work investigated the preparation of new supports of catalysts for methanation via a dry coating
method in a high shear mixer “Picomix”. DEM modeling of dry coating in a picomix was applied to
explore the interactions and collisions between particles. The results of these two studies have laid a lot of

foundation for future experimental and simulation studies on the dry coating method.

1) The newly prepared supports can be directly added promoters during the preparation of catalysts.
Ni/NiO could be a very good option, because of the high efficiency in CH4 production and low cost of
CO; methanation, Ni catalysts are the most widely investigated material. Carry out the methanation

reaction in a micro reactor to validate the studied supports.
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2) A transparent picomix can be used to track particle motions and establish the connections between

experimental and DEM modelization.

3) In DEM modeling, more parameters (density, coefficient of restitution) can be considered to vary to
change its effect on the dry coating. More importantly, the coating modeling of S.S316L with TiO; particle
should be launched to check if it will have a higher coated number of TiO; particles compare with y-Al,Os.

4) The coating of two host particles or more than two host particles with guest particles can be launched

to check the stability of the coating.

5) Consider making the size of the guest particles smaller in order to avoid the gap above the host particle

which is too small to accommodate them (see figure 5.17).

6) The surface energy of the guest particles can be considered to simulate the agglomeration phenomenon,

because agglomeration is an unavoidable phenomenon in the dry particle coating process.
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Appendix
1. Nanosize analysis: BET

As described in Chapter 2, the literature show that from the measurement of the BET specific surface one
can estimate a particle size but this under conditions that the particle is not porous, spherical, smooth and
has a monomodal size distribution. If a powder is not porous, spherical, and smooth, the following equation

can be used to calculate the size of particle.

surface of sphere 6

" volume of spherexdensity of particles - S*p

Where D is the diameter of particle and p is the density of materials. This equation was carried out to
estimate the diameter of particle in this study and the results show as following table (the surface area and

density can be found in Chapter 3).

Samples Diameter (nm)
Zeolite 5.81
TiO» 6.87
Si0, 58.09

However, as has been presented in Chapter 3, the isotherms indicated that zeolite and SiO» are porous,
which means the diameter of these powders obtained by above equation can deviate with the real size.
And for TiO,, the isotherm demonstrated it is non-porous but the size calculated by this equation has a big
difference with the size that has been measured by other devices. Therefore, the BET diameter was not

used to prepare the new supports.

2. Nanosize analysis: SAXS

SAXS results was processed in IGORPRO. The below figures represent the size distribution of each
powder. The x-axis gives us the radius (in A) of the particles. The results seem to correspond to the TEM

images.
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However, the large size distribution of the powders and the formation of agglomerates give us SAXS

results that are not very accurate.

TiO; : Radius= 132A =13.2nm

Size distribution TiO,
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Volume distribution
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Title: New process of dry particle coating and numerical modelisation: preparation of clean solid
catalysis for methanation

The objective of this thesis is to propose a new methodology — dry particle coating technique to prepare catalyst supports for the methanation reaction. Dry particle
coating is considered as an environmentally friendly and low-cost technique. However, it is crucial to understand the mechanism of the dry coating process, the factors
affect the coating performance, the evaluation of the coating quality, the large-scale production as well as the exploration of new application fields.

In this work, the method of preparing new catalyst supports is to coat y-Al>O3 and 316L steel (S.S316L) particles with TiO2, SiOz, and Zeolite nanoparticles. However,
these powders (TiO2, SiO2, and Zeolite) are highly cohesive and form agglomerates of uncontrollable sizes, the nanoscale of the powders poses a major problem in
the accuracy of size measurements. The coating process requires analysis of the nanoparticles. Four analytical techniques were applied and compared. The basic
principle of the dry particle coating process is the mixing of particles under mechanical force (impact/compression/shear force). Host particle: y-Al>O3 and S.S316L
have an average diameter of about 67 um and 98.3 pm will be used as host particles to prepare new carriers. The guest particles: TiO2, SiO2 and Zeolite with nanosize
will be used to coat the surface of y-Al2O3 and S.S316L to prepare the new substrates (such as TiO2/S.S316L, SiO2/S.S316L, Zeolite/S.S316L and TiO2/y-AL2O3,
Si02/y-ALOs, Zeolite/y-ALO3,). The coating of particles in dry process is due to mechanical/shear forces and it depends on collisions, particle movements, interactions
between particles and the impact of operating conditions (the rotation speed and coating time) in the mixer. A numerical modeling DEM (Discrete Element Method)
has been implemented to answer and explain the phenomena and the coating process.

The results of the analysis of the nanoparticles showed that the technique of diffraction/laser scattering (LD) highlights a larger size of particle of the nanopowder
(overestimation) on the other hand the dynamic diffusion of the light (DLS) shows a smaller size. Transmission electron microscopy (TEM) indicates the smaller
diameter of the nanopowder. The coating results highlight a good coating by SiO2, TiO2, and Zeolite nanoparticles on the surface of y-Al,O3 and S.S316L under 3500
rpm and 5 min. However, for the same guest particles with different host particles, the S.S316L coating shows excellent coating. Numerical modeling reveals that the
main factors affecting the simulation are: rotational speed and particle size. Simulation of the coating indicates that the interfacial energy between the host and the
guest is the main parameter affecting the coating.

Keywords: Dry particle coating, High-shearing force, Picomix, Nanopowder, DEM modeling.

Titre: Nouveau procédé d'enrobage de particules en voie séche et modélisation numérique:
préparation de catalyseur solide propre pour la méthanisation

L'objectif de ce travail de these est de proposer une nouvelle méthodologie pour préparer des supports de catalyseurs pour la réaction de méthanation. En particulier,
I’application d’une technique d’enrobage de particules en voie séche. L'enrobage a sec des particules est considéré comme une technique respectueuse de
'environnement et peu colteuse. Cependant, il est crucial de comprendre le mécanisme du processus d'enrobage a sec, les facteurs qui affectent la performance de
l'enrobage, I'évaluation de la qualité de I'enrobage, la production a grande échelle ainsi que I'exploration de nouveaux champs d'application.

Dans ce travail, la méthode de préparation de nouveaux supports de catalyseurs consiste a enrober des particules de y-Al2O; et d’acier 316L avec des nanoparticules
de TiOy, SiOy, et Zeolite. Cependant, ces poudres (TiOz, SiO», et Zeolite) sont tres cohésives et forment des agglomérats de tailles incontrolables, 1'échelle nanométrique
des poudres pose un probléme majeur dans la précision des mesures de la taille. Le processus de revétement nécessite une analyse des nanoparticules. Cinq techniques
d’analyses ont été appliquées et comparées. Le principe de base du processus d'enrobage des particules en voie seche consiste a mélanger des particules hotes et
invitées sous l'effet des forces mécaniques (impact/compression/force de cisaillement). Particules hotes : y-AlOs et ’acier 316L ont un diamétre moyen d'environ 67
um et 98.3 pm seront utilisées comme particules hotes pour préparer de nouveaux supports. Les particules invitées : TiO2, SiO2 et Zeolite de taille nanométrique seront
utilisées pour revétir la surface de y-Al2Os et d’acier 316L pour préparer les nouveaux supports (tels que TiO2/y-ALOs, SiO2/y-Al203, zéolite/y-ALO3, TiO2/S316L,
Si02/S.S316L, zéolite/S316L). L'enrobage des particules en voie séche est dii aux forces mécaniques/cisaillements et il dépend des paramétres comme les mouvements
des particules forces de collisions, interactions entre les particules et I'impact des conditions opératoires (la vitesse de rotation et le temps d'enrobage) dans le mélangeur.
Ainsi, on a mis en place un programme de modélisation numérique par DEM (Discrete Element Method) qui semble indispensable pour permettre de répondre et
d'expliquer les phénomenes et le mode d'enrobage.

Les résultats de 'analyse des nanoparticules ont montré que la technique de diffraction/diffusion laser (LD) met en évidence une plus grande taille de particules de
nanopoudres (surestimation) par contre la diffusion dynamique de la lumiére (DLS) montre une taille plus petite. La microscopie électronique a transmission (TEM)
indique le plus petit diamétre des nanaopoudres. Les résultats de l'enrobage met en évidence un bon enrobage par nanoparticules SiO», TiO», et Zeolite sur la surface
des solides y-AlOs et acier 316L sous 3500 rpm et 5 min. Cependant, pour les mémes particules invitées avec différentes particules hotes, le revétement de I’acier
316L montre un enrobage excellent. La modélisation numérique révéle que les principaux facteurs affectant la simulation sont : la vitesse de rotation et la taille des
particules. La simulation de I’enrobage, indique que I'énergie interfaciale entre 1'hote et l'invité s'est avérée étre le principal paramétre affectant le revétement.

Mots clefs : Enrobage en voie séche, support de catalyseurs, forces de cisaillement, Picomix, nanopoudre, modélisation DEM.
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