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ABSTRACT

AN IN-DEPTH STUDY OF NUCLEATION AND GROWTH
PROCESSES DURING STOBER SILICA SYNTHESIS

Silica nanoparticles (SNPs) which can be synthesized with high surface area,
controllable morphology and desired particle size have gained significant interests in
high-end applications such as catalysis, chemical sensors, cosmetics and drug delivery
applications. The sol-gel technique is the most commonly applied method for
manufacturing these particles owing to its simplicity and suitability for allowing surface
modifications to the final product. Though monodisperse amorphous SNPs have been
studied extensively, how their formation proceeds through nucleation and growth is still
a topic of debate. Over the years, a number of mathematical models have been suggested
for the nucleation and growth of SNPs; some suggesting that silica growth occurred
through monomer addition while some arguing that aggregation of nuclei/subparticles
were the dominant mechanism. Nevertheless, a clear understanding of the nucleation and
growth sub-processes is extremely important in control on the size and shape of SNPs for
those industrial applications which demand specific morphology and surface properties.

The need for a simple, robust and generalized model, both conceptually and
mathematically, to understand formation and growth of Stober silica particles has been
the main driving force for this thesis. In this study, silica synthesis was carried out under
a wide variety of experimental conditions while determining the size distributions of the
formed particles kinetically during different stages of the synthesis in-situ through SEM
analysis using an image analysis software. The outcome of the extensive synthesis work
was to obtain a clear understanding of how the formation and growth of the silica particles
proceed during synthesis. This conceptual understanding of the nucleation and growth
processes was then translated into a mathematical model to predict the size of the particles

as a function of synthesis time.
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OZET

STOBER SILIKA SENTEZI SIRASINDAKI CEKIRDEKLENME VE
BUYUME PROSESLERININ DERINLEMESINE INCELENMESI

Yiiksek yiizey alanlari, ayarlanabilir morfolojileri ve istenilen boyutlarda
iiretilebilmeleri nedeniyle, silika nanotaneler katalizorler, sensorler, kozmetik tiriinler ve
ilag tasiyicilar gibi pek ¢ok yiiksek teknoloji uygulamalarinda dikkate deger bir ilgi
gormektedir. Soljel teknigi, bu tanelerin iiretiminde, kolay uygulanabilirligi ve sonug
irtintin niteliklerinin modifikasyonuna olanak vermesi nedeniyle en yaygin kullanilan
yontemdir. Her ne kadar amorf silika taneler siklikla ¢alisilsa da, tanelerin olusumlarinin
cekirdeklenme ve biiylime prosesleri ile nasil ilerledigi sentezin kontrolii ve
tekrarlanabilirligi agisindan hala bir tartisma konusudur. Yillar boyunca, sol-jel silika
tanelerin ¢ekirdeklenme ve biiyiime prosesleri icin bir takim matematiksel modeller
Onerilmis; kimi silika biiyiimesinin monomer ilavesi ile oldugunu 6ne siirmiis kimisi de
cekirdek/alt parcaciklarin agregasyonun dominant mekanizma oldugunu tartismistir.
Yine de, ¢ekirdeklenme ve biiylime alt proseslerinin agik bir sekilde anlasilmasi, spesifik
morfoloji ve ylizey Ozellikleri gerektiren endiistriyel uygulamalar i¢in silika tanelerin
boyut ve morfoloji kontrolii agisidan son derece dnemlidir.

Stober silika tanelerin olusum ve biiylime mekanizmalarinin anlagilmasi igin
konsept ve matematik olarak, basit, saglam ve genel bir modele olan gereksinim bu tezin
temel itici giliciidiir. Bu c¢alismada, silika sentezi genis deneysel kosullari altinda
uygulanmis, olusan tanelerin boyut dagilimlart kinetik olarak sentezin farkli
basamaklarinda, bir goriintii analiz programi kullanilarak SEM analizlerinden elde
edilmistir. Yogun sentez ¢alismalarinin neticesi silika tanelerin sentez esnasinda olusum
ve bliylime proseslerinin net bir sekilde anlagilirliginin saglanmasidir. Cekirdeklenme ve
biiyiime proseslerinin konsept olarak anlasilmasi ayrica sentez zamanina kars1 tanelerin

boyutunun tahmin edilebilmesine olanak saglayan bir matematiksel modele aktarilmistir.



Dedicated wholeheartedly to my beloved family who have been my source of inspiration

and provide moral, spiritual and emotional support...

vi



TABLE OF CONTENTS

LIST OF FIGURES ...ttt ettt enneenees X
LIST OF TABLES ...ttt ettt et st XV
LIST OF ABBREVIATIONS ...ttt ettt XVi
CHAPTER 1. INTRODUCTION ......ooiiiiiiiiiiiiniteieiteteteeteste ettt 1
CHAPTER 2. SOL-GEL SYNTHESIS OF SILICA (STOBER METHOD)................... 3
2.1. Description of Stober Method ..........cccooieiiiieiiiiiiieeceeee e, 3

2.2, State Of the ATt .o.eiiieiee e 8

2.2.1. Factors Affecting Characteristic of Silica Particles ...................... 10

2.2.1.1. Effect of Process Parameters...........ccoceevervienienienienicenennenn 10

2.2.1.1.1. PTECUISOTS ..ottt 10

2.2.1.1.2. SOIVENLS et 11

220030 PH e 13

2.2.1.1.4. TeMPETALULC.......eeerureeeirieeiieeeiieeeiieesieeeireesieeesieeenes 16

2.2.1.2. Presence of EleCtrolytes .......ccccoecveeeiiieenciieeiiie e 17

2.2.1.3. Presence of Seed Particles..........coocueiiieniiniiiniiniciieceee, 18

2.2.2. Growth Mechanism of SNPS.........ccocoviiiiniiiiiiniceec 21

2.2.2.1. Monomer Addition Model............coceeverviinieniniininienicee 21

2.2.2.2. Aggregation Growth Model ...........cccceeviiiiniiiiniiiiiieeie, 23

2.2.2.3. Mixed Growth Mechanism.........ccccccoveeniiniiinicniiiinicnceee, 25

CHAPTER 3. EXPERIMENTAL METHODOLOGY ....c.coooieiiniiiiiniinieeienieieeieneene 28
3.1 MAterIalS ...eeeeieiiiecee e 28

3.2 MEthOd .o e 28

3.2.1. Synthesis of SNPs using Stober Method .........cccoevieiiiiiiencenen. 29

3.2.2. Electrolyte Addition..........cceeviieeiiiieiiieeeiee e 30



3.2.3. Seed Addition (Seeded Growth) ........ccccccviveiiieniiieniieeieeeeees 31

3.2.3.1. Effect of NH3 Concentrations in Growth Solution ............. 31
3.2.3.2. Effect of Seed/TEOS Amounts and TEOS Addition Rates 32
3.2.3.3. Effect of Electrolytes in Growth Solution...............c.c........ 34
3.3. Characterization StUAIES........cc.eeruiriiieiiieiierieeeeeeee e 34

NUCLEATION AND GROWTH ....ccoooiiiiiiiiiiniiiiccieeeeeeeeeen 36
4.1. Characterization of Stober Silica SNPS .........ccoociiiiiiiniiiiieee 36
4.1.1. Effect of Process Parameters on Size of SNPs .........cccccooininen. 43
4.1.1.1. H2O AMOUNL......oiiiiiiiiiiiiiceicceceeeeeee e 43
4.1.1.2. NH3 Concentration ...........ccceeeervervuenieneeueneeneneeneenneennes 45
4.1.1.3. TEOS Concentration ........c..cceceeeueeneenieenieenieenieeneeenieenene 47
4.1.1.4. Mode of TEOS Addition .........ccccevvverieneeienienienieseeieeen 48
4.1.1.5. Agitation INtensity........ccceeviieiiiiniiiiieiieeieeee e 53

4.1.2. Electrolyte Addition.........ccccuveeiiiieiiieeiee e 57

CHAPTER 5.USING SEED PARTICLES TO DISTINGUISH NUCLEATION AND

GROWTH ..ottt 62

5.1. NH3 Concentrations on Growth Solution...........cccceeveeniiniienienieenen. 62

5.2. Effect of Seed Amounts and TEOS Feeding Rates............cccccveeueenneee. 66

5.3. Seed Addition in the Presence of Electrolytes ...........ccceceevieriieeennnen. 77

CHAPTER 6. DEVELOPMENT OF A MODEL FOR PARTICLE GROWTH........... 80
6.1. Concept of the Model.........ooovviiiiiiieiieceeeee e 80

6.2. Rate of Collision and Aggregation under Diffusion .........c..cccccecuenee. 84

6.3. Hydrolysis of TEOS with No Condensation and No Aggregation ...... 89

6.4. Hydrolysis of TEOS with Condensation to Form Oligomers and
No Aggregation of OlIZOMETS .......cceeeviuieeriieeniieeiee e 95
6.5. Hydrolysis of TEOS with Condensation to Form Oligomers and
Aggregation of Oligomers to Form Final Particles ..............cccc..c..... 100

viil



CHAPTER 7. SUMMARY AND CONCLUSIONS

REFERENCES ...ttt ettt sttt ettt
APPENDICES
APPENDIX A: Electrostatic INteractions.............ccoceerieeniienieiiieniieieesieeiee e
APPENDIX B: Hydrolysis of TEOS with No Condensation and No Aggregation ....
APPENDIX C: Hydrolysis of TEOS with Condensation to Form Oligomers

and No Aggregation of OliOMETS ........ccceeevvieeiiieeniiieeniie e
APPENDIX D: Hydrolysis of TEOS with Condensation to Form Oligomers and

Aggregation of Oligomers to Form Final Particles ............cccccenee.

X



Figure
Figure 2.1.

Figure 2.2.
Figure 2.3.
Figure 2.4.

Figure 2.5.

Figure 2.6.
Figure 2.7.

Figure 2.8.
Figure 3.1.
Figure 3.2.
Figure 3.3.

Figure 4.1.

Figure 4.2.
Figure 4.3.

Figure 4.4.
Figure 4.5.

Figure 4.6.

Figure 4.7.

LIST OF FIGURES

Page
Silica network production through the hydrolysis and condensation
reactions Of TEOS ..ot 6
Polymerization pathway of silicates according to Iler ..........cccoeevevviirennnens 6

Formation of cyclic species during hydrolysis and condensation reactions. 7
Schematic representation of the nucleation and growth process of ............... 9
Schematic illustrations of the formation of silica structures under

different values Of PH ......ccoviiriiiiie e 14
Hydrolysis and condensation rates with respect to pH.........cccceeeveevieennenn. 15

Schematic graph of the formation and consumption of

intermediate ([Si(OC2Hs)4-(OH),] for seed growth. ..........ccoeoiiiinnnnnn. 20
Schematic of proposed model by LaMer ..........ccoccveviiiiiienieeiieieeieeee, 22
Flowsheet for the electrolyte addition to the silica synthesis medium. ....... 30

Flowsheet of the procedure for seeding experiments in chancing

INH3 SOIULION. .ttt e 32
Flowsheet of the procedure for seeding experiments using different

amount of seed particles with different TEOS addition rate. ...................... 33
a) A representative SEM image of the SNPs after 24 hours of synthesis;

b) number frequency size distribution obtained from the SEM image. ..... 37
Zeta potential distribution of SNPs synthesized by Stober method. ........... 37
TGA (top) and DrTGA (bottom) curves belong to the SNPs obtained

from Classical Stober method. ........c.ccoiiiiiiiiiii, 38
FTIR spectrum of SNPs obtained from Classical Stober method................ 39

IR spectra with respect to time of silica particles obtained from

Classical Stober method. .........cccooiiiiiiiiiiiiiieeeen 40
Conductivity and pH monitoring of the Stober reaction for 0.250 M

TEOS CONCENIATION. ....eiiieniiiiieiieieeiieieeee ettt 42
Conductivity and pH monitoring of the Stober reaction for 0.125 M

TEOS CONCENIAtION. ....oiiiiiiiiiiieiieeie ettt 42

X



Figure Page
Figure 4.8. SEM images of silica particles synthesized with different H,O

AMOUNES (M) 1ot e st e e e ara e e e e etaeeeeenans 44
Figure 4.9. Effect of H>O amounts (M) on final size of SNPs .........ccccoecieiiiiiiiiiiennns 44
Figure 4.10. SEM images of the silica particles with different NH3 concentrations. ..... 45
Figure 4.11. Final mean sizes of silica particles with different NH3 concentrations...... 46
Figure 4.12. Representative SEM images of silica particles with different

TEOS CONCENIATIONS. ..vveuveeiieriieieiiieniieie ettt ettt ettt sie e saeens 47
Figure 4.13. Final mean sizes of silica particles with time for different

TEOS CONCENLIALIONS. ....eeiiiiiiiiiiiiiieiie ettt 48
Figure 4.14. Comparison of pulse vs continuous TEOS addition rate on final size

of SNPs as a function of time .......c..cccevviiriiiiiiinieicceeee e 49

Figure 4.15. SEM images of continuous TEOS addition (in 1 h) as a function

OF TN .ttt ettt et st 49
Figure 4.169. SEM images of the SNPs after 24 hours of synthesis for different
TEOS addition rates for 0.125 M and 0.250 M TEOS ..........cccoooiiinnene 50

Figure 4.17. Number frequency distributions of the SNPs obtained from the
SEM images in Figure 4.16 for different TEOS addition rates for
a) 0.125 M and b) 0.250 M TEOS c¢) Number of particles for all TEOS
AAAITION TALES. ..eiiitieiieiiieie ettt st 51

Figure 4.18. Size distribution of silica particles synthesized without agitation

APPLYINIZ .ottt ettt ettt et e e eeee 53
Figure 4.19. SEM images of the size distribution of silica particles with different

AGIAION MOAES. ..eeevvieeiiieeiiieeiieecieeeetee et e e rtee et eeaaeeeareesseeesaseeennneeenns 54
Figure 4.20. Size distribution of silica particles with different agitation modes. ........... 55

Figure 4.21. Peclet numbers calculated for possible sizes of the diffusing species

in the cell for the two mixing speed (0.250 M TEOS Pulse addition)........ 56
Figure 4.22. Effect of the presence of electrolyte on the potential energy of

interaction, a) No electrolyte, b) 0.04 mol/L electrolyte concentration

(Note that valence of electrolyte was taken as 2)........ccccceeeeevieniieiieennnne 58

xi



Figure Page

Figure 4.23. Effect of electrolyte concentration on the potential energy of
interaction,  a) 10 mol/L, b) 0.04 mol/L (Note that valence of
electrolyte was taken as 2). .....coccueeciieiieeiiieiecieee e 58
Figure 4.24. SEM images of silica particles in the presence of ionic compounds at
0.04 M CONCENLTALIONS. ..eevviiuiieiieaiiieiieeeeeite et et et ettt e e e e 59
Figure 4.25. SEM images of silica particles in the presence of ionic compounds at
10* M and 0.04 M concentrations (after 24 h of production). ................... 60
Figure 4.26. SEM images of silica particles synthesized with Mode B in the
presence of ionic compounds at 10* M concentration (after 24 h of
PTOAUCTION) ..ttt ettt ettt ettt et e st e et e st e enbeesateenbeesneeenseas 61
Figure 5.1. SEM images and size distributions for seed particles obtained by
Stober method after; a) 4 min, SP1 and b) 24 h, SP2 .......ccoeviviviinieee. 63
Figure 5.2. SEM images of GP particles in 1.09 M NH3......c.ccoooevviiinieniiiiieieciees 64
Figure 5.3. SEM images of GP particles in the absence of NH3 (0 M) in growth
SOTULION ..ttt ettt et ettt et st e bt e et enaeeeateas 65
Figure 5.4. a) A representative SEM image of the seeds after 24 h of synthesis;
b) number frequency size distribution obtained from the SEM image.
d-2s and d+2, represent the nominal lower and upper size bounds of the
distribution which contain 95.4% of the population...........ccccceeveeienennen. 67
Figure 5.5. SEM images of the SNPs after 24 hours of synthesis in the
presence of selected seed amounts for 0.125 M and 0.250 M total
TEOS amounts for pulse addition Case..........cccueeevuveeriieeeriiieeriie e 68
Figure 5.6. Sizes of the SNPs after 24 hours of synthesis carried out in the
presence of different amounts of seeds for the case of 0.125 and
0.250 M total TEOS additions for 0.02 mL/min, 0.10 mL/min and pulse
TEOS additions. .......ooiuiiiiieiieiie ettt 69
Figure 5.7. Amount of TEOS condensed on seed SNPs and the number of
secondary SNPs formed for (a) 0.125 M and (b) for 0.250 M pulse TEOS
addition in the presence of different seed amounts. The dashed line

represents the total TEOS in the system. .......ccccooevviieiiieiiiiiecieeceeeee, 71

Xil



Figure Page
Figure 5.8. Amount of TEOS condensed on seed SNPs and the number of secondary

SNPs formed for (a) 0.125 M and (b) for 0.250 M pulse TEOS addition in

the presence of different seed amounts .The dashed line represents the

total TEOS 1n the SYSteM ......coociiieiiiieiiieeciie e 72
Figure 5.9. Representative SEM images of the SNPs sampled at different synthesis

times in the presence of different amount of seeds for continuous TEOS

addition case (0.1 mL/min) (the scale is the same in all photos)................. 74
Figure 5.10. SEM images of seeded growth method agitation conditions vs

SOIULE SIZE ...ttt ettt ettt et 75
Figure 5.11. SEM images of the size distribution of silica particles with

different modalities obtained from seeding studies ............cccceevverieenennne. 76

Figure 5.12. SEM images of the silica particles with seed particles in the presence of

4x102 M NaCl in growth SOIUtON. .......ccoeveveveveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeenes 77
Figure 5.13. SEM images of the silica particles with seed particles in the presence of

4x102 M CaCly in growth SOIUHION ........cvvvieereeieceeeeeeeeeeeee e 78
Figure 5.14. SEM images of the silica particles with seed particles in the presence of

4x1072 M AICI3 in growth SOIUtION .......c.vveeeeeeeeeececeeeeeeeeeee e, 78
Figure 6.1. Schematics of the idea under the particle growth process.........ccceeeevveenenn. 82

Figure 6.2. Aggregation of two particles apart from each other with a
ISTANCE T. 1ttt st ettt 85

Figure 6.3. Diffusion of particle 1 towards particle 2.........ccccvveeviieeniiieiiiieeieecie e, 87
2
Figure 6.4. Approximation of % (fi(R2)) and (2 + %) (f2(R2)) for different
1082 1

TAAIL Lottt et 89
Figure 6.5. Changes in the number of monomers as a function of time............c........... 94
Figure 6.6. Condensation of monomers to form oligomers.........cccccoeeverveneenieneennennne. 96

Figure 6.7. Change in the number of monomeric species with considering
condensation N0 OlIZOMETS. ......cccuvieeiiieiiieeciee ettt 98
Figure 6.8. Change in the oligomer radius as a function of time when oligomers

do not interact With €aCh Other. .....cooviiiieeeeeeee et 99

Xiii



Figure Page
Figure 6.9. Change in the mass of monomers and oligomers with respect to time. ...... 99

Figure 6.10. Change in the mass of monomers, oligomers and aggregated particles

WIEH HIITIC. ettt et 102
Figure 6.11. Change in the final particle radius with time ..........ccccoeevveeriieeiieenneeenne. 103
Figure 6.12. Comparison of experimental data with the model...............c.coccveeennennne. 103
Figure 6.13. TEM images of SNPs after 2 mins of the synthesis ..........cccccoceeverenncene 104
Figure 6.314. Zeta potential of particles as a function of 8ize. ........cccceevieriieiiennnnne. 105

Figure B.1. Numerical solution of the model belongs to hydrolysis of TEOS

with no condensation and no aggregation...........cceecveeeeveeecnveeeiieeesereeeenneenn 124
Figure B.2. Analytical solution of the model belongs to hydrolysis of TEOS

with no condensation and no aggregation............cceecveevieriienienieesieeneene 125
Figure B.3. — dnoa(t)/Moa(t) VS tIME ....ccuvieeiiieeiiieeiieeciee ettt e 125
Figure D.1. Change in the number of monomers divided by total TEOS number

AS A TUNCHION OF TIIMIC ...ttt e e e e e e e e eeeeeeaaeaeeeaaes 128

Xiv



LIST OF TABLES

Table Page
Table 2.1. Solvating power of several SOIVENtS ..........cccvveeeiiiieiiiiieciieecieeeiee e 12
Table 2.2. Summary of the suggested models for silica particle formation ................... 26
Table 3.1. Experimental parameters for preparation of SNPS ........ccccoceviiiiiiiniinennns 29
Table 4.1. Calculated diffusion coefficients and Pe numbers..........cc.cccoceiiiiiniinn, 56
Table 5.1. Critical seed surface areas for chancing TEOS addition rates and
CONCENEIATIONS ...ttt ettt ettt ettt ettt be et sbe e beeaaesbeenbeeaees 71

XV



AlCI3
BET
CaClz
CMC
CTAB
DLS
DLVO
EDL
EtOH
FTIR
KBr
NaCl
MW
NH4OH
NP
PSD
SDS
SEM
SNPs
TEM
TEOS
TGA
TX-100

LIST OF ABBREVIATIONS

Aluminum chloride
Brunauer—-Emmett—Teller
Calcium chloride

Critical micelle concentration

Hexadecyl trimethyl ammonium bromide

Dynamic light scattering
Derjaguin-Landau-Verwey-Overbeek
Electrical double layer

Ethanol

Fourier transform infrared spectroscopy
Potassium bromide

Sodium chloride

Molecular weight

Ammonium hydroxide

Nanoparticle

Particle size distribution

Sodium dodecyl sulphate

Scanning electron microscopy

Silica nanoparticles

Transmission electron microscopy
Tetraethyl orthosilicate
Thermogravimetric analysis

Triton X-100

Xvi



CHAPTER 1

INTRODUCTION

Silicon oxides or known as silicates (silica) are by far the most abundant
constituent of the Earth’s crust which have general chemical formula of SiOx. It has been
used widely for manufacturing of glass, ceramics and silicones as well as the in the
construction of buildings and roadways as a basis for concrete, mortar and sandstone
owing to its availability and ease of recovery for years. Colloidal silica has been
investigated extensively in nano and microparticle research because of its superior
properties such as relatively large surface area, low toxicity, and optical transparency,
relative chemical and thermal and high colloidal stability in many conditions. Considering
these large number of usage areas, it is not a surprising that colloidal silica production
has gained a serious research interest (Hyde et al., 2016).

Although naturally formed silica mineral(s) are abundant in nature, their use
requires comminution processes which are expensive and detrimental to health. Also, the
size, shape and impurity control is near impossible when the particles are manufactured
by crushing and grinding processes. Therefore, silica particles with special and specific
morphologies (spherical, solid, hollow, mesoporous, etc.) are generally produced via
synthetic (chemical) pathways. Sol-gel method is mostly used synthetic method to
synthesize solid silica particles with well-defined and uniform morphologies as well as
preferable purity and homogeneity on a molecular level. It includes the transformation of
the precursor species into the final product through the simultaneous hydrolysis and
condensation reactions. Reactant concentrations, solvent type, pH, temperature and
reactant feeding rates are some of the parameters that have to be studied to control the
morphology and size distribution. Use of seed particles, addition of electrolytes and/or
surfactants will also influence the rates of hydrolysis and condensation reaction, hence,
the particle size distribution and morphology.

Though fine-tuning of the properties of manufactured nanoparticles is highly
desired, the amount of work for providing a basis for systematic relationship between the

reaction conditions of hydrolysis, condensation and particle growth is limited and the
1



available results are confounding. Commonly-held paradigm is that hydrolysis and
condensation reactions provides the precursor species (silanol monomers, dimers, trimers,
oligomers, etc.) and supersaturation allows for the formation of primary particles (also
known as nuclei). These primary particles will then grow to a final size by direct monomer
addition to the particle surface or aggregation of these primary particles to the nuclei.
Although suggested mechanisms exist in the literature for enabling one to make an
informed decision, the need for generalized robust models still exists to predict and
simulate synthesis reactions (Norazmi et al., 2018; Schubert and Hiising, 2012; Rahman
et al., 2007; Kim et al., 2002; Brinker, 1988).

In this study, silica particles were synthesized using Stober method under well-
controlled conditions using a standard cell. Hydrolysis and condensation reaction kinetics
of TEOS were investigated for different synthesis conditions to understand and
distinguish the sub-processes of synthesis: hydrolysis, nuclei formation and particle
growth to provide a better conceptual understanding of the Stober process. The conceptual
model developed was then expressed in mathematical form for predicting the time-
dependent particle growth. The advantage of the model is that it distinguishes the
hydrolysis and condensation rates in predicting how particles achieve their final size
(through hydrolysis, nucleation and growth). The role of different synthesis modes and
processing parameters onto the formation process were also presented and their influence

on the structural and morphological properties was discussed.



CHAPTER 2

SOL-GEL SYNTHESIS OF SILICA (STOBER
METHOD)

This chapter starts with the description of Stober method which is most common
and easy method to synthesize SNPs. Following that state of the art will be given
including detailed information about parameters affecting characteristics and growth

mechanism of SNPs.

2.1. Description of Stober Method

Use of nano-sized silica particles has been gaining momentum as an high added-
value material in applications including chemical sensors (Krutovertsev et al., 2013;
Bonacchi et al., 2011; Yang et al., 2011; Roca and Haes, 2008; Tao et al., 2004), drug
delivery (Buyukserin et al., 2014; Hakeem et al., 2014; Ma et al., 2013; He and Shi, 2011;
He et al., 2011; Liu et al., 2011; Jin et al., 2009), energy storage media (Chieruzzi et al.,
2015; Zhang et al., 2015; Membreno et al., 2014; Zhao et al., 2012) and catalysis
(Pahlevanneshan et al., 2016; Zare et al., 2016; Sun et al., 2016; Dam et al., 2016; Habibi
and Vakili, 2015; Nogueira et al., 2014) owing to their low density, good thermal and
mechanical stability, chemical inertia and controllable morphologies. Their unique
properties are linked to their size and different from bulk materials (Membrano et al.,
2014; Thanh et al., 2014; Gorji et al., 2012). The majority share of commercially produced
specialty silicas are provided from the colloidal silica that its economic advantages
predicted to keep growing in the future market (Hyde et al., 2016). The universal specialty
silica market size was valued at 5.61 billion USD in 2018 and is expected to grow at a

CAGR (compound annual growth rate) of 9.4% over the forecast period (Specialty Silica



Market Size, Share & Trends Analysis Report, Accessed Date:19 March, 2019,
https://www.grandviewresearch.com/industry-analysis/specialty-silica-market/toc).

It is possible to obtain SNPs with distinctive morphologies as solid, porous and
hollow. In recent years, hollow silica nanoparticles (HSNs) have been receiving increased
attention because of their low density, large specific surface area, high storage capacity,
good thermal and chemical stability (Chen et al., 2013). Amorphous silica has been
synthesized by various methods including the sol-gel technique (Greasley et al., 2016),
soft-template process (Zhang et al., 2007), hydrothermal reaction (Abdelaal et al., 2014),
chemical vapor deposition (Leach et al., 2002) and flame synthesis (Yue et al., 2013).
Among these methods, sol-gel method has numerous benefits including moderate
temperature synthesis and control of reaction pathways on a molecular level during the
transformation of the precursor species to the final product. Moderate temperature
synthesis is succeeded through solution-mediated formation of strong covalent bonds
between elements; otherwise extremely high temperatures (~1000°C) are required to
create network formation. It can be shape products in bulk, powder, fiber or thin-film
form with high purity and homogeneity, so it can be used to obtain products of different
sizes, shapes and eventually applications (Bergna et al., 2003). For alkoxides, the process
involves simultaneous hydrolysis and condensation reactions (Owens et al., 2016; Dubey
etal., 2015; Cho et al., 2009; Tabatabaei et al., 2006). Due to the large number of reaction
parameters that have to be rigorously controlled (hydrolysis and condensation rate of the
metal oxide precursors, pH, temperature, method of mixing etc.), sol-gel chemistry is also
a quite complex process in order to provide reproducibility of the synthesis procedure
(Toygun et al., 2013).

Of particular interest, the Stober process, which allows production of spherical,
monodisperse silica particles with final mean particle sizes ranging between 0.05 and 2
um, is one of the most extensively studied sol-gel synthesis route (Stober et al., 1968).
The method is based on reacting a silica source (mainly tetraethyl orthosilicate, TEOS)
with a water-solvent mixture in the presence of a base catalyst (ammonia, NH4OH) and
alcohol as the solvent. According to Stober’s study, 1968, the changing in the reactant
mixture color from transparent to opaque was observed within the first 1-5 min after
alkoxide supplementation, evidencing silica formation, nonetheless, a total reaction time
of 120 min was selected as base for experiments. The reactions that underlying Stober

method are described as follows (Green et al., 2003-a):



lonization of ammonia: NHz + H2O <> NH4" + OH (2.1)

Hydrolysis: Si(OR)4 + yH20 < (OH)ySi(OR)4-x + xROH (2.2)

Alcohol condensation: Si(OR)4 + (OH)Si(OR)3; <> (OR)3Si—O-Si(OR); + ROH  (2.3)

Water condensation:  (OR)3Si(OH)+(HO)Si(OR)3<>(OR)3Si—O-Si(OR);+H,O  (2.4)

Where R is CoHs for TEOS.

It has been brilliantly known that TEOS hydrolyzes to form hydrolyzed monomers
which then condense to form the first nanostructures. The hydrolysis and condensation
reactions provide initial particles called nuclei and the formation period of this nuclei
known as “induction period” and this is the less controllable stage of the synthesis. The
hydrolysis of alkoxysilanes substantiates by nucleophilic mechanism, such that under
basic conditions, water dissociates to produce nucleophilic hydroxyl anions (OH") in a
rapid first step (Equation 2.1). Then the hydroxyl anion attacks the silicon atom on TEOS
molecules during the reaction, the ethoxy group of TEOS reacts with the water molecule
to form the intermediate [Si(OC2Hs)4-x(OH)x] with hydroxyl group substituting ethoxy
groups (Equation 2.2). Ammonia works as a basic catalyst in this reaction. Since the
TEOS—water system exhibits an immiscibility condition, a homogenizing medium, as
alcohol, is frequently used in the synthesis. Following the hydrolysis reaction, the
condensation reaction occurs instantaneously where the hydroxyl group of intermediate
[Si(OC2Hs)sx (OH)x] reacts with either the ethoxy group of other TEOS molecules
“alcohol condensation (alcoxolation)” (Equation 2.3) or the hydroxyl group of another
hydrolysis intermediate “water condensation (oxolation)” (Equation 2.4) to form Si-O-Si
bridges which lead to the silica network formation. Alcoxolation should be favored
condensation reaction between partially hydrolyzed titanate precursors. On the other
hand, for silicates oxolation rather than alcoxolation is favored reaction between partially
hydrolyzed monomers according to the Si-NMR results (Brinker, 1990). Figure 2.1
illustrates the steps involved in the development of a silica network from TEOS through
simultaneous hydrolysis and condensation reactions and typical condensation pathways
involved in the evolution of monomer, dimer, trimer, and tetramer for the pH is smaller

than 7 and pH is bigger than 7 in the absence and presence of salts are illustrated in Figure

2.2 (Iler, 1980).
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Figure 2.1. Silica network production through the hydrolysis and condensation reactions
of TEOS.

MONOMER
DIMER
TRIMER
TETRAMER

CYCLIC

pH < 7 OR pH 7-10 PARTICLE
WITH SALTS
PRESENT A/

pH 7-10 WITH
\ SALTS ABSENT

B

N\

100mm

THREE-DIMEMNSIOMNAL

GEL NETWORKS S0Ls

Figure 2.2. Polymerization pathway of silicates according to Iler (Source: Iler, 1980).
Reactive monomers (the hydrolyzed form of alkoxide) such as dimers, trimers,

linear and cyclic species (silica rings and cages) can be developed in the array during the
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reactions. Dimers, trimers, linear and cyclic species are shown in Figure 2.3. Rings with
2-fold to 6-fold can grow up, however in general, only the structures with at least 4 silicon
tetrahedra liable to be stable. The rings behave as a nucleation center and three
dimensional particles can finally obtained by the addition of monomers and other species.
Condensation of reactive species can occur within the same molecule or more likely
intermolecular resulted in forming a closed loop which refers intramolecular cyclization.
Although the chain silica structures are more stable than cyclic one and very likely to
form at the very initial stages of reactions, structures with 3 or 4 tetrahedra created the

cyclic structures and initial particles of 1-2 nm are formed (Innocenzi, 2016).
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Figure 2.3. Formation of cyclic species during hydrolysis and condensation reactions.



2.2. State of the Art

It is well accepted in the literature that intermediate silica species (hydrolyzed
monomers) built up and condense to form the initial colloidal structures (nuclei) during
an induction period. The respective concentrations of TEOS, ammonia, water and alcohol
control the reaction rate which governs the induction period; hence the balance between
the hydrolysis of TEOS to hydrolyzed monomers and condensation of the hydrolyzed
species to the first nanostructures (Green et al., 2003-b). Also, the feed rate of silica
source, mixing conditions, temperature and other reaction conditions have been reported
as important parameters on the rate of hydrolysis and condensation reactions since final
particle size depends on the ionic strength of the reaction medium (Carcduet et al., 2014;
Zainal et al., 2013; Rahman and Padavettan, 2012; Yoo and Stein, 2011; Teng et al., 2010;
Zhang et al., 2007; Zhang et al., 2003; Giesche, 1994). Since Stober’s study, a large
number of researches have been conducted to elucidate the mechanism of hydrolysis,
condensation and subsequental growth of these particles (Park et al., 2006). Nevertheless,
there seems to be a lack of agreement in terms of how these parameters have effect on the
hydrolysis and condensation reactions (Zeng et al., 2015; Carcouet et al., 2014, Zainal et
al., 2013; Li et al., 2012; Singh et al., 2011; Ibrahim et al., 2010; Branda et al., 2007; Tsai
et al., 2005; Liu et al., 2004; Buining et al., 1996; Giesche, 1994).

It is demonstrated that the hydrolysis of TEOS is slower than the following
condensation reaction rate for base-catalyzed silica synthesis in general. The conductivity
results strongly suggests that hydrolysis of TEOS is faster at the early stage of reaction
process and the anionic silanol monomers is accumulating in the reaction solution.
Following this, condensation of the anionic silanol monomers takes place forming the
siloxane networks. The hydrolysis-dominant initial reaction stage is specified as the
induction period (Ti). After this period, the condensation of anionic silanol monomers
starts to happen dominant and depletes more anionic silanol monomers than those freshly
formed by hydrolysis of the remaining TEOS molecules. Here, as an important and
reasonable hypothesis, condensation of the silanol monomers with TEOS (Equation 2.3)
is not taken into account since the same amount of TEOS was consumed when the

hydrolysis and condensation of TEOS reached equilibrium (Han et al., 2017).



According to the study conducted by Han et al., 2017, regardless of the ammonia
concentration, only about 15% of the TEOS molecules in the reaction medium are spent
during Ti, while the most of the TEOS molecules (about 85%) are consumed later. Owing
to the consumption of TEOS during Ti, it is concluded that hydrolysis of one ethoxyl
group of TEOS molecules to form monovalent anionic silanol monomers, Si(OEt)3(O )1,
is the rate-limiting step for TEOS hydrolysis. This means that hydrolysis can be facilitated
when the more ethoxy groups are eliminated from TEOS molecule. It is also imparted
that the anionic silanol monomers obtained thereafter tend to react with each other (see
Equation 2.2) rather than to combine with TEOS molecules (see Equation 2.3).
Otherwise, the latter might make the fraction of TEOS consumed in Ti dependent on the
ammonia concentration, as the silanol monomers obtained at higher ammonia
concentration have more ethoxyl groups displaced by hydroxyl groups and become more
active. Their results also explain that the entire of the Stober process can be handled
considering two following steps as shown in Figure 2.4. The first is specified as the
induction period, where nucleation and growth of silica particles is specified mainly by
TEOS hydrolysis (pathway I) where the conductivity of the reaction medium reaches the
maximum. The second stage is the responsible from the size enlargement (growth) of
silica particles obtained at the first stage where particle grows occur due to addition of
newly formed silanol monomers through condensation (pathway II). With regard to the
underlying growth mechanism, pathway I is evocative of the growth by aggregation
model, while pathway II is evocative of the growth by the monomer addition model.

These models are going to explain in next sections.
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Figure 2.94. Schematic representation of the nucleation and growth process of SNPs
(Han et al., 2017).



2.2.1. Factors Affecting Characteristic of SNPs

This part can be come up including effect of process parameters on final
characteristic of SNPs (size, shape, morphology, etc.) and other factors such as addition

of electrolytes and seed particles.

2.2.1.1. Effect of Process Parameters

The parameters discussed here are precursors (source of silica), solvents, pH and
synthesis temperature. These parameters are related to requirements of the Stober

synthesis itself, and hence they are named as “process parameters”.

2.2.1.1.1. Precursors

The most popular precursors for sol-gel silica synthesis are silicon alkoxides
(alkoxisilanes). They are recognized by the strong covalent Si-O bonding, hydrophobicity
and immiscibility with water. The reactivity of alkoxides related to the steric hindrance
of organic groups and hence largest alkoxide organic groups increase the boiling point
and the reactivity of silicon alkoxide decreases with the increase of the size of the alkoxy
as,

Si(OMe)4 > Si(OEt)4> Si(O"Bu)4 > Si(OHex)4

Tetraethylorthosilicate (TEOS), Si(OEt)s, is the first alkoxide of the series and
commonly used one, followed by tetramethyl orthosilicate (TMOS), Si(OMe)4, which is
however insecure to work and hydrolyzes more than four times faster than TEOS because
of the retarding effect of the bulkier ethoxide group (Innocenzi, 2016; Lim et al., 2012).

According to the findings of Finnie et al., 2007, TMOS is preferred for drug encapsulation

because of enhanced hydrolysis rates under both acidic and basic conditions. Stober, 1968
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noted that by increasing the alkyl-chain length of the alkoxysilane, the condensation
reaction rate got slower and the final silica mean size was decreased. Lim et al., 2012
emphasized that when silica sources with long alkoxy groups were used, large particles
were obtained due to the steric effects that decrease the rate of hydrolysis.

Additionally, when TEOS is the case, Jiang et al., 2019 pointed that size of the
SNPs increased with increasing concentration of TEOS. Ibrahim et al., 2010 observed
that when TEOS concentration was increased, nucleation period become shorter (faster)
and growth rate was increased, resulting in larger silica particles which is consistent with

the observations reported by Li et al., 2012; Wang et al., 2010b; Kim et al., 2004.

2.2.1.1.2. Solvents

Alcohol does not play the negligible role as solvent, it has an active part in the
process. If the alkoxysilane is chosen as TEOS, the best solvent choice should be ethanol.
For any specific reason such as different boiling point, if another alcohol is chosen, the
possibility of alcohol exchange reactions will change the kinetics of the reactions which
demonstrates that alcohol has an important part in the synthesis. On the other hand,
alcohol is needed to homogenize the solution because water and alkoxysilanes are
immiscible (Innocenzi, 2016).

The selection of alcohol type is also important from the point of solubility of
intermediates since the solvents may change the electrostatic and hydrogen bonding
interactions and stability. lonization degree of silanol groups which depended on
dielectric constant of solvent might control the zeta potential of silica particles. Solvating
power of solvents could be balanced by polarity, degree of hydrogen bond and viscosity
and the values of these for some of the alcohols are given in Table 2.1. Solvent polarity
is generally denoted by the dielectric constant, €. The size of SNPs increases and PSD
becomes narrower with increasing MW and decreasing dielectric constant of the alcohol.
Hydrogen bonding ability, 6, and miscibility increase as the alcohol MW decreases. The
solvent that have low polarity, low hydrogen bonding ability and high viscosity could
increase the size of SNPs (Malay et al., 2013; Lim et al., 2012; Mine et al., 2005).
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Table 2.1. Solvating power of several solvents

Solvent € 0 (at25°C)  p,cP (at 25°C)
Water 80.1 47.8 0.89
Methanol 32.7 29.6 0.54
Ethanol 24.5 26.5 1.07
n-propanol 20.1 24.5 1.95
n-butanol 17.7 23.1 2.54

According to the Stober’s study, 1968, when methanol as a short chained alcohol
with faster reacting capability was used, particle size distributions become widen
compared to the longer chain length alcohol, such as butanol. Matsoukas and Gulari, 1988
also reported that reactions rates are faster in methanol that resulted in a smallest particle
size. Since the ethanol viscosity is twice than methanol, particles grow to a bigger size in
ethanol. Harris et al., 1990, studied hydrolysis rate in aqueous solution of alcohols
including methanol, ethanol, 1- propanol, 2-propanol and 1-butanol and concluded that
the hydrolysis rate was affected by water-alcohol hydrogen bonding and that was strongly
depended on steric effects of the alcohols. Mine et al., 2005, concluded that the average
sizes of resultant particles in the reaction systems containing different alcohols were in
the order of 1-butanol > I-propanol > ethanol and the interparticle repulsion in the
reactions was the strongest for ethanol and the weakest for 1-butanol. Park et al., 2006
emphasized that long chain alcohols are expected to have less polarity and viscosity
compared to short chain alcohols and expected to overcome the van der Waals attraction
between particles that the results are in accordance with the others. Dabbaghian et al.,
2010 emphasized that the size of SNPs increases dramatically by increasing ethanol
content because increased amount of hydrolyzed TEOS increases the probability of
collision and then decreases gradually as a result of enlarging reaction medium that is
resulting higher spacing between reacting agent and decreasing rate of condensation.
Similarly Lim et al., 2012 said that when long alkxyl chain alcohols were used, the size
of SNPs was increased. It was included that different sizes for methanol (4 nm) and
ethanol (8 nm) were result of the supersaturation ratio of the hydrolyzed silica sources
which was higher in methanol. In short, smaller seeds in huge number were generated in

fast reaction condition in methanol and could induce smaller SNPs.
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2.2.1.1.3. pH

Water is not adequate alone to initiate the hydrolysis and condensation reactions
so a catalyst is required. This is an important selection because the final particle structure
is mainly based on the choice of the catalyst and hence pH. Therefore the choice should
be between an acidic or basic conditions for sol-gel reactions (Innocenzi 2016). To say
why the selection of the catalyst is so important, one need to understand the mechanism
involved in the hydrolysis and condensation reactions.

The silicon alkoxides fall into a transition states during hydrolysis and
condensation reactions and the electronic density of the silicon atom decreases (silicon
electrophilicity increases) with the progress of the process in the following order. For acid
catalyzed systems, increasing electronic density increases hydrolysis reaction rate in the

order as:
=Si-OR > =Si-OH > =Si-0-Si=

Whereas, vice versa is obtained for base catalyzed systems (silicon

electrophilicity decreases):
=Si-O-Si= > =Si-OH > =Si-OR

It is known that, in acidic conditions, because of the higher reactivity of the
electrophilic silicon atom with the growth of Si-O-Si bonds, more chain like structures
are come to the forefront because of the reactions at central silicon atom. Additionally,
produced silica has little or no surface charge and thus flocculation/connectivity between
silica particles are facilitated. Differently from this, in basic conditions, branched and
more connected silica structures are obtained because reaction proceed at terminal silicon
atom. Basic conditions stabilize the suspension allowing the production of individual
particles with a highly negative surface charge. The reactivity of hydrolyzed or partially
hydrolyzed species is higher than the monomeric alkoxide for basic conditions, the
opposite for what we have observed for acid catalyst (Hyde et al., 2016; Innocenzi, 2016;
Lim et al., 2012).

Figure 2.5 shows the schematic representation of the formation of silica gels and

particles under different values of pH.
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Figure 2.5. Schematic illustrations of the formation of silica structures under different
values of pH.

It was also known that, in acid catalyzed systems, the hydrolysis rate of TEOS
was relatively fast but the condensation rate was relatively slow because of the aforesaid
reasons, and the changes in the hydrolysis and condensation reaction rates with respect to
pH is shown in Figure 2.6. When pH value is lower than around 5, dominant reaction is
the hydrolysis reaction and its rate starts to decrease with the increasing pH and reaches
a minimum around 7. After this point, the hydrolysis rate facilitates a bit quickly when
pH is increased. On the other hand, the condensation rate ensues a similar trend and is
lowered with the increases of pH up to the value of around 5. After this point, the
condensation rate rapidly escalate to around 10, then slows down again. Also knowing
that Point of Zero Charge (PZC) of silica is about 2.1 and surface is negatively charged
above this pH and positively charged below this pH (Innocenzi, 2016); growth above
about pH 7 is different than below pH 7 by at least two factors:

- When pH >7, particle surfaces are considerably charged and thanks to
electrostatic interactions, particle aggregation is improbable; whereas around the
isoelectric point (pH~2) there is no electrostatic particle repulsion, so the growth and

aggregation processes are related to each other and may be indistinguishable.
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- Silica solubility and size dependence of solubility are greater when pH is higher
than 7, so growth of initial particles progresses by Ostwald ripening, that is smaller and
more soluble particles dissolve and reprecipitate on larger and less soluble particles.
Growth stops when the variation in solubility between the largest and smallest particles
becomes negligible. Above pH 7, growth continues by Ostwald ripening until the particles
reach 5-10 nm in diameter, however at lower pH growth stops when the size of particles
achieve after a size of only 2—4 nm. Because of improved silica solubility at higher
temperatures, growth continues to larger sizes, especially above pH 7 (Iler, 1980). There
have been numerous studies to understand and predict how these sub-processes act at
various stages of the particle formation and growth processes leading to particles of
specific size, shape and morphology (Lin et al., 2015; Carcduet et al., 2014; Sato-Berru
et al., 2013; Rahman and Padavettan, 2012; Ibrahim et al., 2010; Brinker and Scherer
1990). According to scattering experiments, primary particles of about 2 nm in diameter
produced at the initial stages of formation, but no agreement has been reached on the steps

that lead to enlargement the particles (Carcouet et al., 2014).
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Figure 2.6. Hydrolysis and condensation rates with respect to pH.

Beganskiene et al., 2004 reported that with increasing concentration of ammonia,
water dissociated faster producing higher amount of OH™ ions and increase the rate of

hydrolysis. Matsoukas and Gulari, 1988 emphasized factor that inhibit hydrolysis and
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nucleation produces bigger particles. With increasing ammonia concentration, it was
observed that rate of hydrolysis was increased. Ammonia as a basic catalyst promotes
hydrolysis reaction but also promotes the polymerization rate to an ever higher degree
that results in the formation of larger particles. Dabaggahian et al., 2010 showed that the
particle size initially increases and then decreases by increasing ammonia amount. When
ammonia concentration is low, its effect on hydrolysis predominant, by keeping in mind
that higher hydrolysis rate results in larger particles, but when its concentration exceeds
a certain amount, condensation rate is more influenced results in sudden condensation
and thus smaller particles will be obtained. On the other hand, Li et al., 2012 reported that
when ammonia concentration was increased, the diameter of silica particles decreased
slightly. Han et al., 2017 stated that the hydrolysis rate increased from 2.4x107 to
21.6x107 min! and condensation rate increased from 16.2x107 to 86.4x107* min! by
increasing ammonia amount from 0.25 to 1.17 M. It was concluded that with an
agreement with literature, the hydrolysis of TEOS was more slowly than the following

condensation.

2.2.1.1.4. Temperature

Temperature is one of the other main parameter that have to be controlled during
synthesis. According to the researchers, increasing temperature creates smaller particles
compared to the lower temperature synthesis. It may be because of two reasons. Firstly,
increasing temperature increases equilibrium solubility (Cs) of an intermediate product
obtained by the hydrolysis of TEOS, Si(OH)4. Consequently, time for growing particles
is shorten by the increase of equilibrium solubility, which decreases particle size because
the growth of particles proceed until the reaction stops due to equilibrium solubility.
Consequently, the growth period is shorter compared to the low temperature synthesis.
Secondly, if reaction temperature rises, nucleation rate increases. High nucleation rate
prohibits nuclei from growing into larger particles, and small particles are obtained at
high reaction temperature (Dabbaghian et al., 2010; Kim and Kim, 2002). Bogush et al.,
1988 conducted the Stober method to explore the effect of temperature among the range

of 9—-55°C and reported a distinct decrease in mean particle size with increased
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monodispersity when temperature was increased. Fouilloux et al., 2012 reported that
increasing temperature increases solubility and reduces the critical supersaturation at

which the nucleation takes place resulting in fewer and bigger nuclei.

2.2.1.2. Presence of Electrolytes

The potential of electrolyte additives are highly efficient for controlling particle
growth, however has not yet gained significant concern in the synthesis of SNPs. The
concentrations of electrolytes can also effect the morphology of the SNPs. Supposedly
the surface potential of the SNPs and the ionic strength of the reaction medium could be
reduced by the addition of electrolytes which probably influences the growth of silica
particles (Giesche, 1994). Bogush and Zukoski, 1991a reported that addition of NaCl to
Stober solutions increased particle sizes, verifying aggregative growth model. They
summarized that final particle size can be modified through changes in ionic strength of
the solution while keeping the particle growth rates and rates of loss of TEOS as constant.
According to the study of Nagao et al., 2000b particle size is increased by the addition of
electrolytes (KCl and LiCl) due to an increase in ionic strength and decrease in surface
potential. In their study, the concentration dependence of mean diameter for KCI was
superior than for LiCl. The effect of electrolytes was also examined in seed growth
experiments and the results showed that the presence of KCl depressed the formation of
secondary particles (Nagao et al., 2000a). Kim et al., 2004 have fabricated monodispersed
SNPs with a mean diameter about 35 nm to hundreds of nm depending on the TEOS,
water, and ammonia concentrations in the absence of additives. They have reported if a
small amount of mono-valent electrolyte additives such as Nal was introduced to the
system, the size of SNPs decreased up to 17.5 nm due to an enhanced particle surface
electric charge, thereby inhibiting particle growth. A further increase in the electrolyte
concentration (above the optimal concentration) significantly increased the particle size,
because of the particle charge neutralization, thereby promoting particle growth. Rahman
et al., 2006 stated that ammonium salts were reduced the particle size of SNPs due to
hindered growth arise from electrostatic repulsion. It was also found that the effectiveness

in reducing silica particles sizes can be related to the size of anions as Br™and I" had the
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highest effect while Cl" had the least. Accordingly, in this study, addition of ions with
different valances at specific concentration were investigated in silica production by sol-
gel. Nakabayashi et al., 2010 reported that the addition of 3 mol/m® potassium ion (alkali
metal ion) to the reaction system containing 5 kmol/m* water effectively increased the
silica particle sizes to 6.6 um.

In principle, it is possible to adjust the properties of SNPs in the desired manner
by controlling one of the above listed parameters which essentially requires the

understanding of the formation processes.

2.2.1.3. Presence of Seed Particles

In order to control the growth process, some researchers also used seed growth
method which uses smaller particles as seeds for the production of bigger particles which
have different size distributions by the multi-step hydrolysis and condensation of TEOS
(Huang and Pemberton, 2010; Buining et al., 1996; Chen et al., 1996-a; 1996-b;). Large
particles (>1um) can also be obtained by condensing all TEOS in the system directly on
the seeds which is highly attractive as spacers of liquid crystal display (LCD) polarized
films and dental fillers (Chang et al., 2005). It is observed that seed addition has a more
direct effect on the final size distribution compared to the chemical composition of the
reacting solution and the operational conditions. Clearly, the surface nucleation sites
provided by the seeds suppress the formation of fresh nuclei in solution, which would
otherwise grow into new (secondary) SNPs and lead to broad or multimodal size
distributions. The amount of secondary SNPs generated could be controlled by adjusting
the size and amount of the seeds, which suggests that critical seed surface area may be
the key for obtaining a desired size distribution. It was also shown that controlled addition
of TEOS into the reaction system at a rate slower than the hydrolysis and condensation
rates in the reactor was also able to generate monodisperse size distributions of varying
sizes at a given seed concentration (Han et al., 2017; Jarzebski et al., 2015; Chou et al.,
2008; Chang et al., 2005; Chen et al., 1996a).

Matsoukas and Gulari, 1988; 1989; 1991 stated that, if an enough number of stable

particles are produced in the initial stage of the synthesis, further particle formation would
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depressed which is resulted with a monosized particles. Otherwise, secondary particles
would appear because of the exceeded supersaturation. A similar argument was proposed
by Chen and his co-workers, 1996 that they prepared large monodisperse silica particles
using seed particles. They also recommended that secondary particle formation is a
function of the generation rate of supersaturation by the reaction and the consumption
rate by particle growth. Their results indicated that under a given set of reaction
conditions, the larger the total surface area of the seed particles, the fewer the newly
formed particles during growth of the seed particles. They argued that the early stages of
growth of silica particles are controlled by diffusion of electrically charged condensed
species onto the surface of the silica seeds against the electrostatic repulsion. They argued
that this was demontrated by the dramatically decreased number of newly formed
particles by the addition of an electrolyte to the seed-growth system which decreased the
energy barrier and promoted aggregation between the condensed species and the seed
particles on the expense of new particle formation. According to the study done by Chang
et al., 2005 summarized that production of monodispersed particles would be possible
under certain conditions, on the other hand it could hardly be say that the particles would
exceed a certain size due to the challenge of control on the formation and growth of
particles. In another words, monodispersed and small particles will be formed if enormus
number of stable silica particles formed under initial high supersaturation meaning that
secondary particle formation will inibited. Conversely, multidispersity will occur if small
number of particles are formed under low initial supersaturation. Wang et al., 2010a who
grew and fixated spherical or anisotropic SNPs by TEOS addition through controlled self-
assembly of 22 nm spherical silica seeds on various substrates. They reported that the
growth and fixation of the seeds were controlled by the suppression of the electrostatic
interaction through the adjustment of the dielectric constant and ionic strength of the
reaction media.

Interestingly, the study performed by Chang et al., 2005 remarked that turbulent
fluid motion advocates the growth of particles due to the lowering hydrodynamic barrier
againist the transport of materials required for growth. Hence, it is not suprising that
secondary particle formation inhibited and seed particle growth promoted by agitation.
At a mild agitation regime, a tiny secondary particles (smaller than 100 nm) with large
population were formed, which were gradually reduced as agitation speed increased. This

population eventually disappeared at an agitation speed of 1500 rpm.
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In another point of view, Chou and Chen, 2008 related secondary nucleation with
the distance between seed particles. When this distance exceeded a critical value,
secondary nucleation would be emerged. When the distance between seed particles was
below this ctical value simple gwoth was observed. Higher generation rate corresponded
to shorter distance. In other words, the reaction intermediates would have only a certain
limited time of diffusion to find a seed surface for precipitate. Otherwise, these species
will aggregate to form new nuclei which destroy monodispersity. It is a competition
between the diffusing time for growth against the time for secondary nucleation. The
schematic related to this discussion is given in Figure 2.7. Their results also indicated that
when the seed size is large, more specific seed surface area (i.e. higher seed concentration)
is needed to inhibit the production of new particles. Zhao et al., 2012 expressed that the
evolution of secondary particles, which created multimodal distribution of particle size,

was also overcomed by varying the TEOS concentration and reaction temperature.

Deposition on
existing particles

~—— First order
Reaction

intermediates

TEOS
hydrolysis
reaction

New nucleation

Figure 2.7. Schematic graph of the formation and consumption of intermediate
([Si(OC2H5)4-(OH),] for seed growth.
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2.2.2. Growth Mechanism of SNPs

The controversy in the literature comes into prominence when considering the
question of how the initial colloidal structures formed by the hydrolysis and condensation
processes grow to form the final particles. According to the literature surveys, the
mechanism is validated by two extremes: “monomer addition” and “controlled
aggregation” model. Researches have indicated that both models are helpful to
demonstrate particle formation and growth for various conditions. All of the proposed
particle formation models be in similarity that the reaction starts with the generation of
nuclei (initial particles) and maintains increasing in size with time. However, the
important distinctness between the models are related to the definition of nuclei and the
growth mechanism. Here these differences are put forward in detail and summarized in

Table 2.2.

2.2.2.1. Monomer Addition Model

The spearheading model of particle growth through monomer addition was
provided by LaMer and Dinegar, 1950 and the model was built on the formation of
monodispersed sulfur hydrosols. They were suggested monomer addition model, that
nucleation is limited to the early stages of the reaction (all of the particles are formed at
this period) after that nucleation does not occur and the growth is based on the solution
transfer from the bulk to the already formed particles and deposition on the particle
surface without additional nucleation. Conventionally, nucleation is identified as
homogeneous, which is, as soon as supersaturation is obtained the precipitable material
concentration decreases in the solution in a quick outburst. Particle growth takes place by
the condensation of monomers on the surface of the freshly formed nuclei or already
formed particles. In their model solid cyclooctasulfur (S*) rings were denoted as nuclei.
The number of nuclei determined the number of final particles, which means each particle
formed individually and grew only via the addition of monomers proportional to the

amount of total diffusible sulfur, which was a function of time solely, with negligible
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aggregation. Through applying of the Fick’s first law of diffusion they expressed the
molecular concentration profile of sulfur precursor as a function of time only. The

schematic representation of proposed model by LaMer is shown in Figure 2.8.

Cerit

C(o) |.

Concentration of solute

Time

Figure 2.8. Schematic of proposed model by LaMer (Thanh et al., 2014).

According to the proposed model by LaMer; the nucleation and growth

mechanism can be divided into three sections (Thanh et al., 2014):

D A speedy rise in the concentrations of free monomers in the solution,

1) Reduce in the concentration of free monomers as a result of “burst nucleation”,
where further nucleation is improbable,

IIT)  Succeeding nucleation, growth continues on existing nuclei by diffusion of
monomers through the solution.

Matsoukas and Gulari, 1988 also recommended a monomer addition model for
silica formation and growth similar to the model proposed by LaMer and Dinegar. In their
model (1989) when two hydrolyzed TEOS molecules were combined, nuclei formation
occurred. The narrow particle size distribution of silica particles signified that nucleation
was likely restricted at the initial stages of the reaction. They assumed hydrolysis is the
rate limiting step through the reactions and hence the change in mass of particles with
time was proportional to the hydrolysis constant. Also, three irreversible chemical

reactions were dealed in their model that all of them were first order rate equations (1988).
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First reaction was the hydrolysis of alkoxy groups with hydroxyl groups. The second
reaction was a nucleation reaction in which polymerization of two hydrolyzed reaction to
form nucleus or dimer. The third reaction was the growth reaction where a hydrolyzed

(1353

monomers (denoted as “i”’-mer), thus

3L
1

monomer was added to an oligomer of
producing “i+1”-mer. By solving these three rate equations, it was found that hydrolysis
was the rate limiting step and the progress of particle mass was independent of whether
the reaction was diffusion or reaction limited. On the other hand, final mean size of
particles was related to the growth kernel and hence which of the mechanism was limiting.

Bailey and Mecartney, 1992 conducted Si NMR to elucidate reaction mechanism
and their results showed that the dominant species in the solution were TEOS monomer
and its first and second hydrolyzed intermediates (one or two hydrolyzed groups).
According to their results, silica atoms appeared in a random expanded polymeric ring,
denoted as low density or microgel particle. These particles were assumed to grow by the
monomer addition pathway, while simultaneously intramolecular condensation bonds
formed within the gel resulting densification. The densifying particles grew till the
precipitation occurred. The colloidally stable particles continued to grow by monomer
addition while aggregation was inhibited due to existing double layer repulsion. This
model which was later broadened further by others (Lee et al., 1997; 1998) discounted
aggregation and proposed that the narrow size distributions observed develop by a “single
burst” of nucleation followed by diffusion limited growth.

In the study of Jiang et al., 2019, it was indicated that the smooth surface of
particles are because of the monomer addition model. They found that while Si(OH)4
behaved as the nucleus of nanoparticles and the size of particles increased via the addition

hydrolyzed monomer (Si(OH)4).

2.2.2.2. Aggregation Growth Model

In contrast to above works, this models depend on aggregation mechanism that
consider binary collision of fine particles (primary particles or subparticles). Bogush and
Zukoski, 1991-a, 1991-b proposed a model that did not obey the criteria of the classic

nucleation and growth model. According to their model, the initial primary particles are
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very small in size (<10 nm), unstable and they tend to aggregate. The larger and stable
aggregates then spread in the solution, collecting freshly formed primary particles and
smaller aggregates. They argued that uniform particle size was achieved because of the
size-dependent aggregation rate; with the help of the aggregation rate for large/large pairs
was slower than the small/small or small/large pairs, aggregation process ended up with
a narrow final size distribution (Bergna et al., 2003; Green et al., 2003-a). Assuming a
solely aggregative mechanism, Bogush and Zukoski, 1991 carried out the Smoluchowski
equation to characterize the growth of SNPs. The development of the particle number
density function according to time was considered to be equal to the net summation of an
aggregative birth, an aggregative death and a nucleation terms. The kernels for both birth
and death terms were assumed to be a function of van der Waals, electrostatic and
solvation interactions to include particle—particle interactions in their model. By
comparing the model and experimental data, they said that particle diameter and size
distribution could be predicted correctly using aggregation mechanism. The model
proposed by Bogush and Zukoski is still one of the most common model to investigate
particle formation and growth.

If the final SNPs characteristics are influenced by some of the experimental
parameters including ionic strength, pH and solvent properties (the dielectric constant and
viscosity), aggregation is feasibly the dominant growth mechanism (Hyde et al., 2016).
The same view is supported by Lee et al., 1998 who argue that the observed particle size
development during Stober synthesis can be satisfactorily presented by aggregation of the
nucleated silica structures and that the respective rates of nucleation and aggregation
controls the final particle size. The work by Okudera and Hozumi, 2003 demonstrated
that the silica films were formed by aggregations of primary particles and then grew by
the adhesion of primary particles forming continuously in the solution; supporting
simultaneously both the continuous nuclei formation and the growth by aggregation.
Branda et al., 2007 also argued in favor of aggregation and state that dominant
aggregation mechanism could be between the freshly generated nuclei and large
aggregates and pointed out to the importance of mixing conditions. Also, Zeng et al., 2015
showed that their results which were obtained in a range of ammonia concentrations were

very consistent with prediction of aggregation model.
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2.2.2.3. Mixed Growth Mechanism

This growth mechanisms takes into account that particle growth is a result of the
combination of both aggregation (generally at the early stages of growth) and monomer
addition (at the later stages of growth) processes. These models are more complicated
than the monomer addition only or aggregative growth models.

Harris et al., 1990 declared that nucleation continued through the most of the
synthesis and new particles were still forming during the reaction by looking at the
concentration of silicic acid that is more than three times larger than its equilibrium
concentration. The unstable nuclei (size of 1-5 nm) were proposed to whether aggregate
with each other very quickly to form larger, more stable particles or deposit on to the
surface of existing particles during the first half of the reaction period. However, during
the other half of the reaction, particles grew by the dominant monomer addition
mechanism. This changes on the growth mechanism between aggregation to monomer
addition occurred when particle diameter reached nearly 135 nm with constant particle
number density. Similarly, Harris, 1990 and Van Blaaderen et al., 1992 stated that two of
the mechanisms were responsible for growth and they suggested that controlled
aggregation occurred for much of the reaction, followed by monomer addition for
smoothing of the particle surface. Giesche, 1994 reported that the critical size of primary
nuclei that were formed at the very first reaction stages was about 1 to 2 nm and they
aggregated to form larger particles through a surface reaction limited condensation. The
number and size of the particles could be determined from the colloidal stability and
aggregation rate of the primary nuclei. Later on the reaction, the growth mechanism
changed to monomeric or dimeric addition of silicic acid to already existed particle
surfaces. A relatively recent work by Wang et al., 2010b also recommended a
combination of monomer addition and aggregation models for the formation mechanism
of silica particles.

As can be seen from the above discussions, particle formation through nucleation
and growth processes are complicated phenomena. Mathematical modelling of the system
is helpful to be able to achieve a general framework of how nuclei are formed and grow
to final particles. It is obvious that, about the modeling the formation of silica particles

through nucleation and growth, numerous studies exist in literature. However, the models
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show a change related to the synthesis conditions and so are the matter of future work as
different silica production procedures are employed. As a conclusion, there is a need to
understand how the initial colloidal structures are able to grow to create the final
monodisperse Stober particles. In this study, we aim to investigate several sub-processes
in the synthesis of silica particles for the purpose of provide a better understanding how
various sub-processes (nucleation through hydrolysis/condensation and particle growth)
develop and interact during Stober synthesis. Understanding these processes in detail does
not only have significant scientific relevance, but will also carry important consequences
in controlling and manipulating product particle size, shape and morphology for the

industrial applications mentioned above.

The differences in the particle growth models suggested in literature and in the

definition of nuclei are summarized and showed in detail in Table 2.2.

Table 2.2. Summary of the suggested models

for silica particle formation

(Hyde et al., 2016)
Nuclei definition/ Particle growth Growth limiting
Authors suggested model for .
. . mechanism phenomenon
nuclei formation
LaMer and Sulfur rings/ Monomer addition Monomer
Dinegar, 1950  monomer addition diffusion

Matsoukas and
Gulari, 1988,
1989

Harris et al.,
1990

Bogush and
Zukoski,
1991a, 1991b

Bailey and
Mecartney,
1992

Dimer of hydrolyzed
silica species/
monomer addition

Stable
particle/aggregation of
unstable subparticles

Densification/
monomer addition

Densification/
monomer addition

Monomer addition

Aggregation at early
stages and monomer
addition at final stages

Aggregation

Monomer addition

Surface reaction

Monomer
diffusion

Primary particle
production

Monomer
diffusion

(cont. on next page)
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Van Blaaderen
etal., 1992

Giesche,
1994

Nagao et al.,
2000

Nozawa et al.,
2005

Zhao et al.,
2012

Table 2.2. (continued)

Stable
particles/aggregation of
small silica moieties

Nanosized subunits/
aggregation

Nanosized subunits/no
mechanism proposed

Seed particle/ no
mechanism proposed

Stable particles/Monomer
addition

Monomer addition

Aggregation at early
stages and monomer
addition at final stages

Aggregation

Monomer addition

Monomer addition

Surface reaction

Surface reaction

Reaction limited

at early stage and
diffusion limited

at final stage

Surface reaction
limited at early
stages and
diffusion limited
at later stages

Monomer
diffusion
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CHAPTER 3

EXPERIMENTAL METHODOLOGY

This chapter gives information about the experimental methodology of the silica
nanoparticle synthesis. For this, used materials in the synthesis are given and methods of

synthesis is expressed in detail.

3.1. Materials

Tetraethyl orthosilicate (TEOS) (Merck, 98%) as silica source, ethanol (Tekkim,
96%) as solvent and ammonium hydroxide (NH4OH) (Sigma-Aldrich, 26%) as basic
catalyst were used in the synthesis of SNPs. Ultrapure water (18.2 MQ) was used in all
the experiments. Sodium chloride (NaCl) (Sigma-Aldrich), Calcium chloride (CaCly)
(Sigma-Aldrich) and Aluminum chloride (AICl3) (Fluka) were used as ionic compounds.

All chemicals were used as received.

3.2. Methods

SNPs were synthesized using base-catalyzed classical Stober method that includes
hydrolysis and condensation of tetraethyl orthosilicate in alcoholic medium in the
presence of base catalyst (ammonia) and the experimental details are given in the
following sections. Besides this, addition of some of the external parameters including
addition of seed particles which were also produced through Stober method and

electrolytes to the classical Stober method were also conducted.
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3.2.1. Synthesis of SNPs using Stober Method

Stober method that includes base-catalyzed hydrolysis and condensation of TEOS
gives particles with spherical morphology and monosized distribution. In the classical
Stober method, the solution of ammonium hydroxide (1.09 M) and water (11.67 M) were
mixed with ethanol (12.14 M) under mild stirring. By the pulse addition of TEOS (0.25
M) to the prepared solution silica synthesis was started. The experimental parameters
studied for preparation of silica particles are tabulated in Table 3.1. All the experiments
were conducted at room temperature (~20°C) and the reactions were allowed to continue
for 24 h for completion. Then, particles were separated from the solution using
centrifugation and collected final particles were washed with water and ethanol to remove
unreacted reagents. Finally particles were dried at room temperature for further

characterization studies.

Table 3.1. Experimental parameters for preparation of SNPs

Parameters Value
*TEOS. mol/L 0.05, 0.1, 0.18, 0.25 ,0.35,
’ 0.5,0.75
°NH3, mol/L 0.27,0.55, 1.09, 2,18, 3,27
‘H20, mol/L 5.67,11.67,17.67
TEOS addition rate, mL/min 0.02, 0.04, 0.1, pulse

Stirring rate, rpm 0, 250, 810
Reaction time, h 24

2 While keeping EtOH/NH3/H»O ratios constant
® While keeping EtOH/H,O/TEOS ratios constant
¢ While keeping EtOH/NH3/TEOS ratios constant.

Solid silica particles having different mean sizes can also be obtained by the
addition of seed particles of known characteristics, electrolytes and surfactants to the

Classical Stober recipe that are described above in detail.
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3.2.2. Electrolyte Addition

Solid silica particles using Classical Stober recipe were also produced in the
presence of electrolytes to understand the mechanism of silica growth. For this purpose,
mono, di, multi-valent aqueous solution of electrolytes, NaCl, CaCl, and AlCl3;, were
initially loaded in the reactor while keeping the concentrations of TEOS (0.25 M), NH3
(1.09 M) and ethanol (12.14 M) constant. The flowsheet of the study is given in Figure
3.1. For the first synthesis condition (named as Mode A), ethanol, ammonium hydroxide
and electrolyte solution were loaded in the reactor initially and TEOS was added to this
solution as a pulse. In the second condition (named as Mode B), TEOS, ethanol and
electrolyte solution were loaded in the reactor and ammonium hydroxide was added to
this solution. The reactions were allowed to continue for 24 hours. The concentration of
electrolytes was varied between 4x10? and 1x10* M at fixed TEOS and EtOH
concentrations to depress the surface charge of silica particles. The concentration values

given above should be considered according to the final mixture volume in the reactor.

Mode A Mode B
| EtOH+NH; + TEOS+EtOH+ ]
Electrolytes in water Electrolytes in water

Reactants mixture
TEOS NH;,4

h 4

Mixing for24 h

I

Drying

Washing
/Drying

Y

SEM Analysis

Figure 3.1. Flowsheet for the electrolyte addition to the silica synthesis medium.
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3.2.3. Seed Addition (Seeded Growth)

The synthesis of silica nanoparticles was performed in the presence of seed
particles with known characteristics to obtain silica nanoparticles with different
modalities under control. In the seeded growth experiments, a pre-determined amount of
monodispersed silica particles were seeded into the growth solution containing
ammonium, water and ethanol solution before the TEOS was added to the reactor and
allowed to grow. The study includes first the synthesis of seed particles and then growth
of these seed particles. These studies with seed particles were performed to investigate
the effects of the followings:

1) NH3 concentrations,

11) Seed amounts,

1) TEOS amounts and addition rates,

v) Addition of electrolytes on final size and distribution of SNPs were

investigated.

3.2.3.1. Effect of NH3; Concentrations in Growth Solution

For the demonstration of the effect of NH3 in silica growth solution, classical
Stober method was performed and a little amount of silica solution (18.5 mL), that is
equal to the amount of TEOS in the classical Stober solution for total volume of 330 mL,
was withdrawn after 4 mins of production and replaced in two other fresh Stober solutions
(containing water and ethanol with the same amount of the Stober solution in the presence
and absence of NH3), one with standard NH3 concentration (1.09 M) and the other one
with the absence of NHj3 and the solution was mixed for 24 hours (GP1). After that,
additional TEOS at different amounts (0, 1.85 and 18.5 mL which correspond to 0, 0.025,
0.25 M, respectively) were introduced to the system as pulse and stirred another 2 hours
and new particles were generated (GP2, GP3). Then representative samples were taken

from the suspensions and sizes of particles were determined by Scanning Electron

31



Microscopy (SEM) coupled with an image analysis software (ImageJ). The flowsheet of

the experimental procedure for this seeding experiment is given in the Figure 3.2.

. Silica Synthesis
4 min 24h

—| EtOH+H,O+NH; + [
TEOS

4min |18.5 mL

Seeding to a New Soln

24h

EtOH+H,O+NH;

24h |
Inset TEOS Addition

OM, 0.025M. 0.25M

2h |
— SEM Analysis *

Figure 3.2. Flowsheet of the procedure for seeding experiments in chancing NH3 solution.

3.2.3.2. Effect of Seed/ TEOS Amounts and TEOS Addition Rates

Stober procedure (EtOH: 12.14 M, NH3:1.09 M, H>0:11.67 M, TEOS: 025 M in
330 mL total solution volume) which described in Section 3.2.1 was applied. TEOS was
added to the solution at once (pulse addition) during seed preparation. The reaction lasted
for 24 hours for complete conversion of TEOS into seed SNPs. The seeds formed were
collected by centrifuging (Eppendorf Centrifuge 5804, Hamburg), washed and diluted
with deionized water to stop residual reactions and stored as a stock solution of 15 g/L
solid concentration assuming complete conversion of TEOS into silica. Known aliquots
from the seed stock solution which correspond to seed amounts of 25, 50, 75, 100, 150,
200 and 300 mg (equivalent to seed surface areas of 0.137, 0.273, 0.410, 0.547, 0.820,

1.094 and 1.641 m? which are calculated using mean diameters and number of seed
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particles) were transferred into TEOS free Stober solutions containing EtOH/H>O/NH3.
After proper dispersion of the seeds, 0.125 M and 0.250 M TEOS was added with an
addition rate of 0.1 mL/min, 0.04 mL/min, 0.02 mL/min and as a pulse (direct addition)
such that to initiate synthesis which lasted for 24 hours. Representative samples were
taken from the suspensions and size of particles were determined by SEM coupled by an
image analysis software. The flowsheet of the procedure for seeding experiments is given

in the Figure 3.3.

Silica Synthesis
241 y

EtOH+H,O+NH; +
TEOS

24h |

Seed solution

Centrifuging, washing
and dispersing in water

24 h !
Growth solution

r

0.125 M, 0.250 M TEOS
(Pulse.0.1,0.04,0.02 mL/min

24h |

— SEM Analysis

Figure 3.3. Flowsheet of the procedure for seeding experiments using different amount
of seed particles with different TEOS addition rate.

Seeded growth studies were also tested with the whole system used as seed
particles directly after washing the particles or unwashed particles. For this, Stober
synthesis were conducted (EtOH: 12.14 M, NH3:1.09 M, H»0:11.67 M, TEOS: 0.25 M)
for 24 h to ensure that all TEOS was consumed in the system. In one of the condition,
final particles were separated from unreacted reagents by washing 3 times with water.
Then the particles were redispersed in fresh TEOS-free Stober solution (NH3/H>.O/EtOH),

in other words growth solution, so as to use as seed solution. In another condition, the
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final particles were not washed and whole system was used as seeds as it is. Then
additional TEOS (same amount as the Stober solution) was added both of these systems
and stirred for another 4 h. SEM images were used to characterize the systems by counting

100 particles diameters.

3.2.3.3. Effect of Electrolytes in Growth Solution

The seed preparation procedure was same as Section 3.2.3.2. A proper amount of
seed particles were taken from this solution and putted into a TEOS free Stober solution
(growth solution). Electrolytes (NaCl, CaCl> and AlCl3) that have different valences at
4x10"2M concentration were included in the growth solution and TEOS was added to this
solution as a pulse.

Classical Stober method was conducted that explained detailed in Section 3.2.1
and particles were separated from the solution by centrifugation and redispersed in water
again. A proper amount of seed particles were taken from this solution and putted into a
TEOS free Stober solution (growth solution). Electrolytes (NaCl, CaCl, and AICI3) that
have different valences at 4x102 M concentration were included in the growth solution

and TEOS was added to this solution as a pulse.

3.3.Characterization Studies

The in-situ size and morphology of the particles were measured by SEM Scanning
Electron Microscopy (SEM) (Quanta 250 FEG) at preset time intervals. A drop of
colloidal suspension from the reaction solution was placed on an aluminum foil and dried
in air; the sample was then coated by gold (Au) film before analysis. Mean particle
diameters were estimated at different magnifications by measuring and counting ~100
particles from SEM images using image analysis software of Image]. Transmission
Electron Microscopy (TEM) (Jeol 2100F HRTEM) was used to determine the interior

structure of particles. Brunauer—-Emmett—Teller (BET) analysis was used to obtain the
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surface area of particles. The zeta ({) potentials were determined by Malvern Zetasizer
NanoZS. The chemical structures of the samples were determined using Fourier
Transform Infrared Spectroscopy (FTIR) (Shimadzu FTIR-8400S) in the wavenumber
range of 4000-400 cm™!. The pellets for samples were prepared for the analysis. First,
certain amount of silica particle was mixed with potassium bromide (KBr) (3 mg sample
in 150 mg KBr-silica sample). Then, the samples were grounded in a mortar and pressing.
Thermogravimetric analysis (TGA) (Setaram Scientific&Industrial Equipment) was

conducted to study the amount of weight change of samples up to 1000° C.

35



CHAPTER 4

EFFECT OF PROCESS PARAMETERS AND
ELECTROLYTES ON NUCLEATION AND GROWTH

Since there is a need to understand how the initial colloidal structures grow to
create the final monodisperse Stober particles, we aimed to investigate several sub-
processes that may happen during the synthesis of silica particles for accomplishing
desired morphology.

In the Stober synthesis, the hydrolysis and condensation reactions provide initial
particles (nuclei) and the final particle size, size distribution and morphology are in a
good agreement with initial particles and controlled by the relative contribution from

nucleation and growth mechanisms. The overall reaction is like (Ibrahim et al., 2010);

Si(OC2Hs)4 + 2 HoO — Si0,+ 4 C,HsOH (4.1)

As one of the pioneering work in this field, Bogush and Zukoski, 1988
summarized that primary parameters influence the size and distribution of SNPs. These
are: concentrations of TEOS, ammonia, water, alcohol and reaction temperature. Hence,
systematical experimental foundings on the concept of the nucleation and growth through
the hydrolysis and condensation reactions will hopefully help to clear up the idea behind

the formation of monodisperse silica particles synthesized by Stober method.

4.1. Characterization of Stober Silica SNPs

In a typical synthesis, Classical Stober method (0.25 M TEOS, 1.09 M NHs;,
12.14 M EtOH and 11.67 M H»O) resulted in perfectly spherical and monodisperse solid

silica particles and the size and size distributions of these particles after 24 h of the
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synthesis are given in Figure 4.1. It can be seen that, particles have mean sized of 500 nm
with a monosized distribution. Particles have surface area of 9.5 m?/g. The zeta potential

of these particles distribution graph is shown in Figure 4.2.
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Figure 4.1. a) A representative SEM image of the SNPs after 24 hours of synthesis; b)
number frequency size distribution obtained from the SEM image.

4et5

3e+5

2e+5

Total Counts

let5

: J\

-200 -100 0 100 200

Apparent Zeta Potential (mV)

Figure 4.2. Zeta potential distribution of SNPs synthesized by Stober method.
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Silica nanoparticles were washed with water and then distributed in water again
for zeta potential measurements at a pH value of around 7. Particles have a zeta potential
value of -50 mV which is consistent with literature (Samuel et al., 2010).

The typical TGA curve and FTIR spectra of the SNPs are given Figure 4.3 and
Figure 4.4, respectively.
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Figure 4.3. TGA (top) and DrTGA (bottom) curves belong to the SNPs obtained from
Classical Stober method.

As can be seen from Figure 4.3, the first observed weight loss below 150° C was
due to the evaporation of physically adsorbed water. The second loss between 200° C and
400° C appears to be comprised of strongly held (probably hydrogen bonded) water and

ammonia. The third and last loss came from the condensation of the silanol groups into
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siloxane bonds with the elimination of water. As a result, TGA curve shows a three-step
decrease, the weight loss was determined in two regions: 0-150° C , 200-400° C and 800-
1000° C: the former corresponds to desorption of physically adsorbed water, strongly held
water and the latter to silanol condensation. This result is similar with the other

researchers (Somasundaran, 2004, Shin et al., 2008).
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Figure 4.4. FTIR spectrum of SNPs obtained from Classical Stober method.

From the FTIR spectrum shown in Figure 4.4, the absorption bands between 800
and 1200 cm™! have been described as a superimposition of several SiO» peaks, Si-OH
bonding and peaks due to residual organic groups. Silica particles show absorption bands
originated from asymmetric vibration of Si—O (1090 cm™!), asymmetric vibration of Si—
OH (960 cm™ '), and symmetric vibration of Si—O (815 cm™'). Water shows a common
absorption peak between 3300 cm™' and 3500 cm™! due to O-H stretching in hydrogen

bonded water. Also this band can be controlled from the 1635 cm™! band due to scissor
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bending vibration of molecular water. The lack of peaks at 2980 cm™' (CH3) and 2930
cm™!' (CHy) identify that TEOS was consumed during the synthesis in the silica particles.

FTIR studies were also conducted with time through the synthesis of silica
particles for 24 h to monitor the peaks increasing/decreasing with time and the results are
given in Figure 4.5. Asymmetric vibration of Si—O (1086 cm™') and symmetric vibration
of Si—O (815 cm™") appeared at the beginning of the reaction (4 min) and increased as
time proceed. On the other hand, asymmetric vibration of Si-OH (960 cm ') appeared at
4 min of the reaction and decreased as time increased. This result means that first particles
were formed within 4 min that was also known from the color change of solution from

transparent to opaque at 4 min of the reaction.
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Figure 4.5. IR spectra with respect to time of silica particles obtained from Classical
Stober method.

The progress of the reaction was also monitored by measuring the pH and
conductivity of the solution for two different TEOS concentrations (0.250 M and 0.125
M) while keeping the other reactants concentrations constant (EtOH: 12.14 M, NH3: 1.09
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M, H>0:11.67 M) and the results are displayed in Figure 4.6 and Figure 4.7 for 0.250 M
and 0.125 M TEOS concentrations, respectively. The initial pH measured before the
addition of TEOS as 12.21 and after the directly addition of TEOS it rapidly dropped to
11.43 due to its conversion into silicic acid and decreased during 4 min and then remained
stable. After 30 min, the pH suddenly increased and over the course of 15 min reached
pH of 11.46 after which it slowly decreased and stabilized at pH ~ 10.21 at the end of the
reaction. The behavior of this pH change was similar with the other researchers (Carcouét
et al., 2014).

We also monitored the reaction kinetics of classical Stober synthesis through
conductivity profiles of the system for 0.250 M and 0.125 M TEOS, which is simple and
effective. Under basic conditions, the hydrolyzed monomers as shown in Eq. 4.2 to Eq.
4.4 will be ionized to form monomeric ionic species which will then react with hydrolyzed

monomers to form siloxane bonds, as illustrated below:

lonization of ammonia:

NH3 + H20 <> NH;" + OH (4.2)

lonization of hydrolyzed monomers:

=Si-OH + OH™ — =Si-O" + H20 (4.3)

Consumption of ionic monomeric species:

=Si-O" + HO-Si= — =Si-0-Si= + OH" (4.4)

Since the system contains ionic species which will be produced and consumed
during the silica synthesis as shown in Eq 4.2 to 4.4, conductivity measurement can clear
up the reaction kinetics. The increasing part of the graphs in Figure 4.6 and Figure 4.7
(during first 4 min) shows the net formation of the ionic monomeric species through Eq
4.3, while the decreasing part shows the net consumption of these species, indicating the
silica growth (Eq 4.4). Increasing TEOS concentrations (shown in Figure 4.6) increased
the conductivity value which implies increasing in the hydrolysis and condensation
reaction rates with increasing TEOS concentration while trend of change in the pH and
conductivity is same compared to the case of low TEOS concentration (0.125 M) (shown

in Figure 4.7).
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Figure 4.6. Conductivity and pH monitoring of the Stober reaction for 0.250 M TEOS
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Figure 4.7. Conductivity and pH monitoring of the Stober reaction for 0.125 M TEOS

concentration.
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4.1.1. Effect of Process Parameters on Size of SNPs

In the Stober synthesis, concentrations of water, ammonium hydroxide, TEOS
were changed and additionally different mode of TEOS addition and agitation intensity

were studied and the results are given in following sections.

4.1.1.1. H O Amount

It has been expressed that water is a key element in the sol-gel synthesis and one
of the major parameter to be controlled in the process. Amount of water will affect the
kinetics of the hydrolysis and condensation reactions. By taking into account the structure
of silicon tetravalent alkoxide Si(OR)s4, four molecules of water are necessary for a
complete hydrolysis, while a ratio of 2 is enough for conversion of Si(OR)4 into an oxide,
stoichiometrically. Figure 4.8 shows the SEM images of silica particles synthesized using
different HoO amounts while keeping other reactant concentrations constant (EtOH/NH3:
11.14, EtOH /TEOS:48.6) as a function of time. Final mean sizes were calculated from
SEM images by counting almost 100 particles diameters and shown in Figure 4.9. As can
be seen from Figure 4.8, particles show spherical morphology for all water concentrations
and particle sizes increase with increasing time. For water concentrations of 5.67 and
11.67 M, final mean sizes were close to each other, however further increase in the water
amount decreased particle size. This effect can be clearly seen in Figure 4.9.

It is expected that if the amount of water available in the solution is increased, rate
of hydrolysis and condensation should increase. It is true but, on the other hand, if water
amount is increased while keeping the amount of solvent as constant, the silicate
concentration are going to be reduced. This dilution effect will change the hydrolysis and
condensation reactions rate with an increase of the gel time also. Within the range studied,
it can be said that the dilution effect is more effective. Also, when water amount is
increased, dilution effect caused the number of final particles growing by collecting the
surrounding monomers or oligomers should increase. In another words, distance between

these particles is increased and each particles grow on their own and creates large number

43



of final particles. The increase in the number of growing particles decreased the mean

size of the particles due to the less amount of residual TEOS.
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Figure 4.8. SEM images of silica particles synthesized with different H,O amounts (M).
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Figure 4.9. Effect of HO amounts (M) on final size of SNPs.
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4.1.1.2. NH; Concentration

Ammonia is used as a catalyst to synthesize spherical silica particles by Stober
process. Hydrolysis and condensation reaction rates and colloidal stability of particles
depend on the solution pH and hence ammonia concentration, such that concentration of
ionic species in solution vary with ammonia concentration. An increase in pH causes an
increase in the hydrolysis rate while a decrease in pH causes an increase in NH4"
concentration which change in ionic strength and colloidal stability (Zeng et al., 2015).
In the absence of ammonia, the silica flocculated in irregular shape and spherical particles
could not be observed. Thus, ammonia apparently has a major influence on the
morphology of particles (Stober et al., 1968). In this study, we changed the concentrations
of NH3 while keeping other reagents concentrations constant (EtOH/TEOS: 48.6) and the

representative SEM images for three different ammonia concentrations are given in

Figure 4.10. The scale is same in all SEM images in Figure 4.10.

0.27M 1.09 M 2.18M

Figure 4.10. SEM images of the silica particles with different NH3 concentrations.

The particles reached their equilibrium size nearly after 2h. The size distributions
are self-preserving, so mean sizes can be used. Silica particles show spherical morphology
for all NH3 concentrations.

Figure 4.11 shows the size distribution of silica particles synthesized with

different NH3 concentrations.
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Figure 4.11. Final mean sizes of silica particles with different NH3 concentrations.

From previous studies, it is known that hydrolysis reaction was the controlling
step because of its lower reaction rate than condensation. Alkoxy groups (OC2Hs) of
TEOS were substituted by hydroxyl groups (OH) in hydrolysis reaction which then
condensed with each other to form final particles. So, hydroxyl concentration played a
critical role to control hydrolyzed species and ammonia can tune the concentration of
hydroxyl in reaction system. With increase of ammonia concentration, hydroxyl
concentration was increased (according to equation 4.2) and larger number of hydroxyl
groups substituted alkoxy groups of TEOS. Hence, the hydrolysis of TEOS was
accelerated. It is seen that the size of particles goes through a maximum as ammonia
concentration is raised because of the large number of particles developed at the early
stages of the reaction and then tends to decrease. Keeping in mind that increased rate of
hydrolysis reaction produces larger particles, the concentration of ammonia can be
assumed to be directly proportional to the final particle size in lower levels of ammonia.
Nevertheless, when its concentration exceeds a critical amount, kinetics of condensation
reaction is more influenced, resulting to the sudden condensation of the particles and thus
the formation of smaller particles. Similar results were reported by Dabbaghian et al.,

2010.
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4.1.1.3. TEOS Concentration

TEOS is the source of the monomers that forms the primary particles in the sol-
gel system which will grow further to form the final particles. Hence it is important to
take the TEOS concentration into account. Figure 4.12 and Figure 4.13 show the
representative SEM images and final mean size of silica particles for different TEOS
concentrations, respectively. The concentration of other reactants was kept constant for

these experiments (EtOH/NH3: 11.14, EtOH /H20:1.04).

0.25M 0.50 M

Figure 4.12. Representative SEM images of silica particles with different TEOS
concentrations.

The particles reached their equilibrium size nearly after 2h, and the size
distributions are self- preserving, so after 24 h, final mean sizes were shown in Figure
4.13.

It can be seen that there is an initial stage where mean size increases much faster
with TEOS concentration (up to ~0.25 M, the Stober concentration), after this point mean
size linearly increases with TEOS concentration at a much lower rate. With the increasing
TEOS concentration, both hydrolysis and condensation reactions will become faster,
correspondingly the intermediate (Si(OC2Hs)4-x(OH)x) will be increased due to the high
hydrolysis rate and when it reaches supersaturation, the consumption rate of intermediate
through condensation reaction is also relatively fast, which probably shortens the
nucleation period. So, the total number of nuclei will be less in numbers and the residual

TEOS will lead to a larger size of particles.
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Figure 4.13. Final mean sizes of silica particles with time for different TEOS
concentrations.

4.1.1.4. Mode of TEOS Addition

TEOS addition rate will be a factor that influences the nucleation and growth
processes. In this study, the same amount of TEOS (0.25 M) was introduced to the
mixture (cell) at different feed rates, the direct-quick addition (pulse) and the long time
addition (in 1 h) by syringe pump when the system included 12.14 M EtOH, 11.67 M
H>O, 1.09 M NHs, and the final particle size with respect to time results are shown in
Figure 4.14.

It was observed that the pulse addition created smaller particles with narrow size
distribution after 1 hour whereas, the long time or drop wise addition of TEOS created
larger particles with wide size distribution. This is most probably due to the number of
nucleation sites created. Which is expected to be more in the case of direct addition and
the residual TEOS will be less to hydrolyze and condense around these nuclei (growth)
and the size of particles will be smaller. This result is parallel to the study of Nozawa et

al., 2005, showed that the particle size decreased with an increase in the rate of addition
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of the TEOS. The deviation from monosized distribution for the case of long time addition

of TEOS was also shown in SEM images given in Figure 4.15 for 0.1 mL/min TEOS

addition rate.
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Figure 4.14. Comparison of pulse vs continuous TEOS addition rate on final size of SNPs
as a function of time.
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Figure 4.15. SEM images of continuous TEOS addition (in 1 h) as a function of time.
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Additionally, for continuous addition, different TEOS feeding rates (0.02, 0.04,
0.1 mL/min and direct addition) were also studied for 0.125 M and 0.250 M TEOS
concentrations and the SEM pictures are displayed in Figure 4.16.

0.125 M TEOS 0.250 M TEOS

,8'

ETD

Figure 4.16. SEM images of the SNPs after 24 hours of synthesis for different TEOS
addition rates for 0.125 M and 0.250 M TEOS.
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The number distributions of the same particles are presented in Figure 4.17-a and
Figure 4.17-b as normal distribution graphs. Number of particles were also given in

Figure 4.17-c.
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Figure 4.17. Number frequency distributions of the SNPs obtained from the SEM images
in Figure 4.16 for different TEOS addition rates for a) 0.125 M and b) 0.250
M TEOS c¢) Number of particles for all TEOS addition rates.

Both the SEM photographs and the distributions show that the particles have very
narrow size distributions and smaller mean sizes for pulse addition case for both TEOS
amounts, suggesting simultaneous (burst) formation of a larger number of nuclei early in
the of the synthesis. The SNPs develop progressively wider distributions and larger mean
sizes as the TEOS addition rate is decreased, indicating continuous creation of a smaller
number of nuclei for extended durations during synthesis.

The numbers of SNPs formed for 0.125 and 0.250 M TEOS addition for different
addition rates (calculated from mean sizes in Figure 4.17-a and Figure 4.17-b) are
presented in Figure 4.17-c. The graph displays that the number of SNPs is nearly the same
for 0.125 and 0.250 M TEOS amounts for all addition rates. This behavior can be

explained providing the concept of model developed in this study and the model is
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expressed in detail in Chapter 5. As summary, hydrolysis of TEOS into hydrolyzed
monomers, condensation of hydrolyzed monomers into oligomers or oligomers into early
nuclei is expected to take place homogeneously in the whole synthesis volume. However,
forming a final particle through condensation or aggregation of these species can be
assumed to occur in isolated micro volumes, which can be likened to batch micro reactors,
each of which generating a single final particle. This can also be viewed as if a random
nucleus within each micro volume acts as a “collector” nucleus onto which all the
monomers, oligomers or early nuclei diffuse and coalesce, eventually forming a final
particle. Then, the number of these micro volumes will be equal to the number of final
particles. The results given in Figure 4.17-c imply that the number of micro volumes
should be the same for TEOS concentrations of 0.125 and 0.250 M for all TEOS addition
rates. For the synthesis volume employed, the size of these micro volumes is same for
0.125 and 0.250 M TEOS amounts and comes out to be around 8.1 pm?® for the pulse
addition case. The larger final mean particle size of 485 nm observed for the 0.250 M
TEOS amount can be explained conveniently due to having more TEOS species within
the micro volumes to be devoured by the “collector” nuclei compared to the 0.125 M
TEOS case which yields a smaller final mean particle size of 390 nm.

The results in Figure 4.17-c display that decreasing the addition rate of TEOS
causes a decrease in the number of the final SNPs formed while leading to a broader size
distribution. The increase in the breadth of the distribution can be explained as follows:
An extremely small TEOS amount in solution during the first moments of gradual
addition creates a respectively smaller number of collector nuclei separated by large
distances. As more TEOS is gradually added to the system, new generations of collector
nuclei can form and fill these voids among the earlier generations which are steadily
growing. Once reaching a critical number, TEOS added to the system is now devoured
by these different generations of collector nuclei of different sizes rather than forming
new ones, causing the wider size distributions observed. The decrease in the number of
collector nuclei, hence, the number of final SNPs, can be explained by the fact that a
smaller critical number of collector nuclei is sufficient to collect the slowly added TEOS,
which leads to increased micro volumes of 10.6 and 13.6 pm?® for 0.1 and 0.02 mL/min
addition rates, respectively. The volumes correspond to cells with a unit length of 2.0, 2.2

and 2.4 um, respectively.
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4.1.1.5. Agitation Intensity

It is important to ensure efficient and optimum operation of stirred vessel to get
particles with monosized distribution. There is also a need to create process conditions
that are optimum at the lab-scale. The mixing characteristic will influence the product
quality and efficiency of the process to a great degree (Pordal and Matice, 2003). Hence,
it is checked that whether the agitation mode (with agitation/without agitation) and speed
could play a role for the synthesis of silica particles while fixing reagents concentrations
constant (EtOH: 12.14 M, H»O: 11.67 M, NHs: 1.09 M, TEOS: 0.25 M). Figure 4.18

shows the size distribution after 2 h of silica synthesis where agitation were not applied.
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Figure 4.18. Size distribution of silica particles synthesized without agitation applying.

When EtOH, NH3 and water were put into a beaker and by the direct addition of
TEOS to this solution without applying any agitation, the phase separation was observed
within a few minutes and transition between transparent to opaque phase was occurred
relatively later than the case of agitation was applied. This could be because of the non-
homogenous distribution of TEOS throughout the system. It causes particles to have

wider size distribution, and deviation from monosized distribution was observed as shown
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in Figure 4.19-a. Hence, to see the effect of agitation mode, TEOS distributed to the
system firstly by agitation (only first 1 min) then the agitation stopped (Figure 4.19-b).
Also, effect of agitation speed on final size of silica particles were tested with lower
(Figure 4.19-c) and higher speed (Figure 4.19-d) (250 and 810 rpm, respectively) were

clarified and the results are shown in Figure 4.20.
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Figure 4.19. SEM images of the size distribution of silica particles with different agitation
modes.

When the system was not agitated, nucleation may occur non-homogeneously
during the process, hence particles were grown at different rates. This means that, when
TEOS contacts with water/ethanol/ammonia media, because of the phase separation,
nucleation occurred only in the contact volume during its diffusion to another phase.
Because of the nucleation occurred in different times, final particle size distribution
become widen. However, in case of stirring was applied, different stirring rates have no

significant impact on the average size of silica particles as shown in Figure 4.20.
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Figure 4.20. Size distribution of silica particles with different agitation modes.

The reproducibility of the result is not surprising since the associated
hydrodynamic Peclet number, Pe, which compares the effect of shear (known as the
convective effect, when Pe number is bigger than 1) with the effect of diffusion of the
particles in a reactor (when Pe number is smaller than 1), is much smaller than unity in
both cases. Pe number can be calculated from the equation shown below (Hiemenz,

1986);

Nr?
Pe = — 4.5
e D (4.5)

where Q, r, and D,, are the angular velocity associated to the stirring, the particle
radius, and the molecular diffusion coefficient of the solute within the mixture,

respectively. Diffusion coefficient can be calculated using Einstein-Stokes equation as:

_ kT (4.6)
61N,

where kg is the Boltzmann constant (1.38x1072 J/K) and r, is the solute radius.
Using the ethanol (as it is the major part of the solvent phase) viscosity #=1.2x 102 Pa.s

(at T'=20 °C), molecular diffusion coefficients were calculated starting from the typical
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solute size range from 2 A to 200 nm. For the angular velocities of 4.16 Hz (250 rpm/60)
and 13.50 Hz (810 rpm/60) with a final particle size of 450 nm, Peclet numbers were
calculated for every solute size and angular velocities and the results are given in Table
4.1 and Figure 4.21. For mild agitation condition, Pe numbers are smaller than 1 in all
sizes. At high agitation up to ~100 nm, the distribution of particles is only slightly altered
by the flow and the growth is totally dominated by diffusional relaxation of particles. This
result is consistent with the study of Nozawa et al., 2005. Liang et al., 2016 also

demonstrated that stirring rates has no significant impact on the average size of silica

particles.
Table 4.1. Calculated diffusion coefficients and Pe numbers
r.*10°, solute size, m  Dm*10'°, m%/s Pe (Q=4.16 Hz)  Pe (Q=13.5 Hz)
0.2 8.94 0.0002 0.0008
2 0.89 0.0024 0.0076
20 0.089 0.0236 0.0764
200 0.0089 0.2355 0.7643
400 0.0044 0.4710 1.5285
10 T 1 1
1 _________________

S

3

g 0.1

Z.

D

- 0.01

(D]

o

0.001 ® 250mm
O 810 rpm
0.0001 1 : :

0.1 1 10 100 1000
Size of Diffusing Species, nm

Figure 4.21. Peclet numbers calculated for possible sizes of the diffusing species in the
cell for the two mixing speed (0.250 M TEOS Pulse addition).
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4.1.2. Electrolyte Addition

To better comprehend the mechanism of particle formation through nucleation
and growth, ionic compounds, which have different valences (z) as NaCl (z=1), CaCl,
(z=2) and AICI; (z=3), were added to the system. The electrolytes were fed into the
reaction mixture together with the water with or without the NHj3 solution (Mode A and
Mode B explained in Section 3.2.2). The reagents concentrations were as fixed at
12.14 M EtOH, 1.09 M NH3 and 0.25 M TEOS, while electrolyte concentrations were
changed between 10* M and 4x1072 M. Figure 4.22 shows the potential energy curves in
the absence or presence of electrolytes (electrolyte valance of 2 and electrolyte
concentration of 4x102 M) and Figure 4.23 shows the effect of electrolyte concentration
on the potential energy of interaction. The curves of van der Waals (vdW), electrostatic
(el) and total interaction energy for two spherical silica particles (average size of 500 nm)
in ethanol medium can be seen as a function of the separation distance between the
particles. The potential energy associated with repulsion is defined as positive, while the
attraction is negative and the useful relations are given in Appendix A.

It should be noted that, particles are under the influence of repulsive forces in the
absence of electrolytes, however when 4x1072 M electrolytes were presence in the system,
vdW attraction dominates the particles. To compare electrolyte concentration on the
potential energy of interaction, From Figure 4.23, it can be seen that at 10* M electrolyte
concentration particles were under the electrostatic repulsion. Figure 4.24 and Figure 4.25
show the SEM images of silica particles synthesized in the presence of 4x102 M
electrolytes related to Mode A (Electrolyte solution/NH3/EtOH fed to the reactor initially,
then TEOS added) and 10* M and 0.04 M electrolyte concentrations comparison,
respectively.

Particle aggregation was enhanced in the presence of electrolytes at 4x102 M
concentrations because of the depression of particle charge due to according to the DLVO
theory explained above. The system has certain amount of cations (Al**, Ca*", Na"),
which is believed to give attraction effect and covers the surface of silica particles that
can inhibit particle growth. The primary particles were not stable and started to associate
immediately; aggregates with lower particle size compared to no-electrolyte case

resulted, demonstrating the importance of the surface charge of the primary particles.
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Figure 4.22. Effect of the presence of electrolyte on the potential energy of
a) No electrolyte, b) 0.04 mol/L electrolyte concentration

interaction,
(Note that valence of electrolyte was taken as 2).
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Figure 4.23. Effect of electrolyte concentration on the potential energy of
a) 10* mol/L, b) 0.04 mol/L (Note that valence of
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electrolyte was taken as 2).
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Figure 4.24. SEM images of silica particles in the presence of ionic compounds at 0.04 M
concentrations.
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" 4x102 M NaCl

4x102 M CaCl 4x102M AICL;

Figure 4.25. SEM images of silica particles in the presence of ionic compounds at 10"* M
and 0.04 M concentrations (after 24 h of production).

It has been suggested that for silica particles with a size of a few nanometers to be
stable, a high surface charge is required (Carcduet et al., 2014). In the case of 10*M
electrolyte concentration, by using the interaction curves that were given in Figure 4.23,
particles were under the electrostatic repulsion and comparatively bigger size was
obtained.

When the electrolyte solutions were fed to the system with NHs, precipitation
occurred immediately. Hence, NH3 were planned to add separately to the mixture of
TEOS/EtOH/Electrolyte solution. SEM images related to Mode B (Electrolyte
solution/EtOH/TEOS were fed to the reactor initially than NH3 was added to the solution)
were given in Figure 4.26. The post addition of NHj; to the classical Stober solution
(without electrolyte) is also shown in Figure 4.26.

In the absence of electrolytes in the system, particles have spherical morphology
with a mean size of 544 nm. As can be seen from the Figure 4.26, in the presence of
electrolytes, particles showed more spherical morphology compared to the synthesis of

Mode A.

60



1x10*M NaCl 1x10*M CaCl, 1x10*M AICI;

Figure 4.26. SEM images of silica particles synthesized with Mode B in the presence of
ionic compounds at 10 M concentration (after 24 h of production).
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CHAPTER 5

USING SEED PARTICLES TO DISTINGUISH
NUCLEATION AND GROWTH

Seed addition to the Classical Stober method results in particles having mono-
sized to multi-sized distributions related to the seed concentration and TEOS addition
mode. TEOS in form of active silicic acid can be precipitated on the surface of seeds to
increase their diameter or precipitated as new nuclei. According to these knowledge, the
mechanisms of colloidal silica formation in high seed concentrations were discussed here.

In seeded growth experiments, changed parameters were various TEOS/NH3 and

seed amounts combined to different TEOS feeding rates.

5.1.NH; Concentrations on Growth Solution

The seed particles of this part of the study was obtained from the Stober synthesis
conducted for 4 min (SP1). The SEM image of these particles (4 min, SP1) together with
the image of particles after 24 h (SP2) of the reaction were presented in Figure 5.1. It is
seen that the size of seed particles was around ~300 nm after 4 min. However, if these
particles were allowed to grow in solution for 24 h, they could reach a size nearly 650 nm
(SP2).

According to the procedure explained in the section 3.2.3.1, the seed particles after
4 min of the synthesis (SP1) were added into two fresh Stober solutions (without TEOS),
one with standard NH3 concentration (1.09 M) and the other one with no NH3 and stirred
for 24 hours (GP1) to ensure that unreacted reagents were consumed in the system. Then,
additional TEOS (0, 0.025 and 0.25 M; GP1, GP2, GP3, respectively) was introduced to
this solution and the system was stirred another 2 hours and characterized. SEM images
of these particles (GP1, GP2, GP3) are presented in Figure 5.2 and Figure 5.3 for 1.09 M

and 0 M NHj3 concentrations, respectively.
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Figure 5.1. SEM images and size distributions for seed particles obtained by Stober
method after; a) 4 min, SP1 and b) 24 h, SP2.

As seen from the Figure 5.2 that there is a bimodal size distribution due to the
production of new nucleation centers (secondary SNPs). Even the system contains no
additional TEOS, the residual TEOS in the seed solution (very small compared to the
original concentration) created new nucleation sites (Figure 5.2-a). With addition of
TEQOS, both fresh nuclei and older seeds grown to a bigger sizes. However, the seed
particles (SP1) were still be able to distinguished among the newly formed particles (GP1)
with slightly larger sizes which were comparable to the ones (SP2) stayed in the original
system for 24 hours.

The size of new generated particles changed depending on the amount of silica
source (TEOS) added. If the amount of TEOS added in the seeding process was same as
the original Stober concentration (0.25 M), the size of new generated particles was almost

comparable to the seed particles after 24 h (SP2).
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Figure 5.2. SEM images of GP particles in 1.09 M NHs.
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Figure 5.3. SEM images of GP particles in the absence of NH3 (0 M) in growth solution.

If TEOS was not added to this system, there were still newly generated particles

(GP1) and a bimodal size distribution obtained due to the production of new nucleation
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centers and growth in the new solution with the leftover silica source (Figure 5.2). That
is the generation of nucleation sites seems to depend on the solution content (most
probably the NH3 amount) not the silica source. The growth of particles, on the other
hand, seems to depend on the silica source. However, if there was no new NH3 in the
solution (Figure 5.3) the supplement of new silica source (whatever the concentration is)
did not produce new nucleation sites and there was also no particle growth. As a
conclusion, NHj3 seems to be responsible both from the production of nucleation sites and
the growth of particles. The silica source, on the other hand, seems to be responsible only
from the growth of generated particles. As long as the solution content has not changed,
the presence of silica content do not produce new nucleation sites and produce a narrow

size distribution.

5.2.Effect of Seed Amounts and TEOS Feeding Rates

In order to determine quantitatively how much of the TEOS will form fresh nuclei
which will grow into a new population of particles (secondary SNPs) or will be consumed
to grow the seed particles (seed SNPs or seeds) which already exist in the solution and
the seed concentrations, TEOS amount and addition rate were changed. 0.125 M and
0.250 M TEOS were added into Stober solutions containing 25, 50, 75, 100, 150, 200 and
300 mg seed particles. The experiments were repeated for 0.02 mL/min, 0.10 mL/min and
pulse TEOS addition rates.

The SEM photograph and size distribution of seed particles are shown in Figure
5.4-a and b. It is seen that the size of seed particles was around 435 nm with monosized
distribution within a time period of 24 h. The representative SEM photographs of the final
SNPs obtained after 24 h in the presence of seed particles (shown in Figure 5.4) are
presented in Figure 5.5 for demonstration purposes for the pulse addition of 0.125 M and
0.250 M TEOS. The photographs display that the SNPs developed distinct bi-modal
distributions: the ones with the larger mode are clearly the seed particles which have
grown in size due to condensation of TEOS on their surfaces whereas those with the
smaller mode are the freshly formed secondary SNPs. Note that both groups are nearly

mono-sized with very narrow size distributions.
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Figure 5.4. a) A representative SEM 1mage of the seeds after 24 h of synthesis; b) number
frequency size distribution obtained from the SEM image. d-2, and d+2,
represent the nominal lower and upper size bounds of the distribution which
contain 95.4% of the population.

The measured mean sizes together with the nominal 95.4% lower and upper sizes
for the seed and the secondary SNPs are presented in Figure 5.6 as a function of the initial
seed surface area for different TEOS addition rates and total TEOS amounts. The Figure
5.6 shows that the final mean sizes of the seeds are always greater than the mean size of
the initial seed particles (435 nm), validating the growth of the seed particles due to TEOS
condensation. The increase in the seed particle size at the very small seed surface areas is
due to the smaller number of seed particles acquiring more TEOS condensing on their
surfaces on a per particle base. However, the mean sizes of the seed SNPs display a
general decrease with increasing seed surface area. This should be expected since less
TEOS will be available in the system for each seed particle as the seed amount, hence the
number of seed particles, increase in the system. Actually, the mean sizes of the seed
SNPs approach each other for all TEOS addition scenarios as the seed surface area
becomes larger. Another important observation is the fact that the initial mono-sized seed
particles preserve their narrow size distribution, indicating that each seed particle acquires
a similar amount of TEOS during growth.

The secondary SNPs also show a decrease in size as the seed surface area
increases since more TEOS condensing on the seed particles with increasing seed surface
area leaves a progressively smaller amount of TEOS available for secondary particle

growth.
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Figure 5.5. SEM images of the SNPs after 24 hours of synthesis in the presence of selected

seed amounts for 0.125 M and 0.250 M total TEOS amounts for pulse
addition case.
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Figure 5.6. Sizes of the SNPs after 24 hours of synthesis carried out in the presence of
different amounts of seeds for the case of 0.125 and 0.250 M total TEOS
additions for 0.02 mL/min, 0.10 mL/min and pulse TEOS additions.

The initial increase in the secondary SNP sizes at low seed surface areas,
especially at high TEOS addition rates, is due to having relatively more TEOS available
in the system for secondary particle formation. Also, it is important to note that the
secondary SNPs displayed much broader size distributions compared to the grown seed
SNPs, especially at lower TEOS addition rates. This implies that the formation of new
nuclei which grow into the secondary particles continue for longer times into the synthesis

for slow TEOS addition rates and lead to broader size distributions as should be expected.
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The total amount of TEOS condensed on the seeds (calculated through the final
and the initial mean sizes of the seed SNPs) is presented in Figure 5.7 for 0.125 M and
0.250 M pulse TEOS additions as a function of the initial seed surface area. The amount
of TEOS condensed on the primary seed particles was calculated from the mass difference
using the sizes of the re-grown and the primary seed particles. Similarly, the amount of
TEOS condensed as secondary particles was calculated by deducting the amount of TEOS
condensed on the seed particles from the total amount of TEOS added into solution which
corresponded to 2.715 grams of'silica for 0.250 M TEOS and 1.357 grams silica for 0.125
M TEOS assuming complete conversion. It can be seen that the amount of TEOS
condensed on the seed particles displays an exponential increase with the seed surface
area, eventually reaching the total TEOS amount in the system in both cases (the dashed
line in the graphs corresponding to 1.35 and 2.70 grams). This implies that all TEOS in
the system would condense on the seed surfaces provided that there is a sufficient seed
surface area. The graphs show that the amount of TEOS condensed on the primary seed
particles reaches the total available amount of TEOS in the system at a varied seed
amount, implies that formation of new nuclei, hence the secondary particles, will cease
when the primary seed concentration is above this critical value.

The Figure 5.7 displays that the critical surface area for this case is around 2.0 m?
for 0.125 M TEOS and 1.25 m? for 0.250 M TEOS. As the surface area of the seeds in
the system approaches this value, the amount of TEOS forming new nuclei, hence the
secondary SNPs, will progressively decrease towards zero as it can be seen from the SEM
photographs in Figure 5.5. This is displayed quantitatively in Figure 5.7 where the number
of secondary SNPs (calculated from the amount of TEOS forming secondary SNPs and
the mean secondary particle size) decreases to zero as the seed surface areas reach the
critical values.

It is apparent that as the amount of TEOS available for secondary particle
formation decreases, the probability for forming new nuclei decreases precipitously. This
observation suggests that mono-sized and mono-modal SNPs with the desired size can be
obtained by the addition of sufficient amount of seeds (surface area) into the system as
has been often observed with the seed experiments (Chen et al., 1996).

Figure 5.8 displays the amount of TEOS condensed on seed particles for all TEOS
addition scenarios. The data show that the amount of TEOS condensed on the seed

particles increase and reach the total TEOS in the system for all cases. It can also be seen

70



that the seed surface area required for all TEOS condensing on the seed particles becomes
lower as the TEOS addition rate is reduced. In other words, the formation of the secondary

particles will be suppressed at lower seed surface areas at lower TEOS addition rates.
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Figure 5.7. Amount of TEOS condensed on seed SNPs and the number of secondary SNPs
formed for (a) 0.125 M and (b) for 0.250 M pulse TEOS addition in the
presence of different seed amounts. The dashed line represents the total TEOS
in the system.

Critical seed surface areas for chancing TEOS addition rates and concentrations
were tabulated in Table 5.1. For 0.25 M TEOS concentration and lower TEOS addition
rate (0.02 mL/min), critical seed surface was decreased, meaning that TEOS preferred to

precipitate around the seed particles and system tend to be mono-modal.

Table 5.1. Critical seed surface areas for chancing TEOS addition rates and

concentrations
TEOS TEOS Addition rate
Concentration, M
Pulse 0.1 mL/min 0.02 mL/min
0.125 2.00 1.50 1.25
0.250 1.25 1.00 0.50
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Figure 5.8. Amount of TEOS condensed on seeds after 24 hours of synthesis carried out
in the presence of different amounts of seeds for the case of 0.125 (top row
graphs) and 0.250 M (bottom row graphs) total TEOS additions; a) 0.02
mL/min, b) 0.10 mL/min and c¢) Pulse TEOS additions.

Figure 5.9 gives the kinetic observation of the system. The first row of photos
gives the state of the system on the 10" minute of the synthesis where only a small fraction
of the total TEOS (10% of 0.250 M) has been delivered into the system. It can be seen
that practically all the TEOS added up to this point in synthesis is consumed by the seeds
for the 150 mg case. On the other hand, a significant amount of residual TEOS could be
clearly seen as a gel-like formation around the seeds for the 25 mg and 75 mg seed
additions. Careful inspection reveals that the gel contains a number of initial nuclei which
will eventually grow into secondary particles. The fact that TEOS has apparently formed
fresh nuclei early in the synthesis when only one-tenth of the TEOS is in the system
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supports the hypothesis suggested in Chapter 5.1 and 5.2 that oversaturation is not
necessary for condensation of TEOS into fresh nuclei.

The second row of photos represent the 30™ minute in the synthesis where 30%
of the total TEOS has been added to the system. The photographs for the 25 and 75 mg
cases clearly display the growth of the initial nuclei observed above into secondary SNPs.
Though formation of a very few secondary particles is observed for the 150 mg seed
addition, their number density is much smaller compared to the 25 and 75 mg seed
additions. Also, the 25 mg case already starts to display a broad size distribution with
some quite large secondary SNPs. This trend basically continues as the synthesis
progresses to yield the size distributions presented in the bottom row figures in Figure
5.9. It is apparent that while condensation on the seeds is favored at larger seed surface
area, the formation of secondary SNPs is favored at the lower end. For higher seed
amounts, the seed surface area is sufficient to consume the available TEOS early in the
synthesis, suppressing the formation of the secondary SNPs. Nucleation into secondary
SNPs is favored early in the process at lower seed amounts and continue late into the
synthesis, which leads to the formation of secondary SNPs with larger mean sizes and
broader size distributions. Since the formation of the secondary SNPs initiates early, the
size distributions are even broader for the low seed concentrations; largest for the case of
no seeds in the system. Also, since the available TEOS has to be shared among a larger
number of seed particles, the final size of the grown seed particles becomes smaller with
increasing seed amount.

Seeded growth studies were also tested with the whole system used as seed
directly after washing the particles or unwashed particles. For this, classical Stober
solution were conducted (EtOH: 12.14 M, H>0O: 11.67 M, NH3: 1.09 M, TEOS: 0.25 M)
and after 24h, for one set of experiment, particles were washed with water three times and
redispersed in Stober solution. For another set of experiment, particles were not washed
stayed in the reaction solution. 0.25 M additional TEOS were added to both of these
systems and stirred for another 4 h. The SEM results are given in Figure 5.10. When
whole silica particles unwashed after synthesis used as seed particles, additional TEOS
precipitated around these particles but resulted in smaller mean sized compared to washed
seed particles. This may be due to the residual NH3/H>,O/EtOH present in the system
created new nuclei small in number after the addition of TEOS. This new nuclei formation

consumed a portion of TEOS, and residual TEOS precipitated around seed particles
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resulted in increasing size. However, if seed particles washed and purified from residual
components, TEOS solely preferred to growth seed particles resulting in higher sizes
compared to unwashed samples. Monosized distribution was achieved in both systems

with different mean sizes.

10 min

30 min

2h

24 h

25 mg seed 75 mg seed 150 mg seed

Figure 5.9. Representative SEM images of the SNPs sampled at different synthesis times
in the presence of different amount of seeds for continuous TEOS addition
case (0.1 mL/min) (the scale is the same in all photos).
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Figure 5.10. SEM images of seeded growth method agitation conditions vs solute size.

As a conclusion, when no seed particles are present, all the TEOS creates fresh
nuclei which grow into SNPs whose final size and distribution depend on the amount and
the rate of TEOS addition (see Figure 4.17). When a specific amount of seed particles are
added to the system, a certain fraction of TEOS condenses on the seed surfaces while the
remaining amount will form new nuclei. Condensation on the seed particles will cause
the growth of the seed SNPs whereas formation of new nuclei will lead to the creation
and growth of secondary SNPs (see Figure 5.6). At a critical seed surface area, all the
TEOS in the system will be consumed by the seed particles, creating a mono-sized, but
larger SNPs. The mean size of the system can be adjusted by varying the amount, addition
rate of TEOS. In between these two extremes which lead to a mono-sized distribution, a
bi-modal distribution, one mode belonging to the grown seeds and the other to the newly
formed secondary SNPs should be expected and the resulted SEM images are given in
Figure 5.11. The location of the modes and the breadth of these two distributions can be
controlled as desired by varying the seed amount or TEOS addition conditions in the

system.
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Figure 5.11. SEM images of the size distribution of silica particles with different

modalities obtained from seeding studies.
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5.3. Seed Addition in the Presence of Electrolytes

Silica synthesis in the presence of seed particles were also performed with Stober
solutions that contain 4x102 M electrolyte solutions. For this purpose, known aliquots
from the seed stock solution (seed amounts of 25, 50, 75, 100, 150, 200 and 300 mg) were
transferred into TEOS free Stober solutions that contain 4x102M NaCl, CaCl, and AICls.

SEM images related to this part were given in Figure 5.12, Figure 5.13 and Figure 5.14
for NaCl, CaCl, and AICIs, respectively.

25 mg seed 75 mg seed ] 100 mg seed

150 mg seed ) 200 mg seed ) 300 mg seed

Figure 5.12. SEM images of the silica particles with seed particles in the presence of
4x10°2 M NaCl in growth solution.
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Figure 5.13. SEM images of the silica particles with seed particles in the presence of
4x10°2 M CaCls in growth solution.

25g sed . 75 mseed - 100 mg seed

150 mg seed . 200 mg seed . : 300 mg seed

Figure 5.14. SEM images of the silica particles with seed particles in the presence of
4x10"2 M AICl;3 in growth solution.

New nucleation occurred in the presence of electrolytes however, growth of seeds

were hindered as can be seen from Figure 5.12, Figure 5.13 and Figure 5.14. Addition of
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TEOS preferred to create new nucleation and presence of electrolytes in growth solution
promoted secondary particles to be agglomerated. This results were compatible with the
results that obtained in Section 4.2.2. The size of these secondary particles decreased as
the valence of electrolytes increased (smaller in AICI3, bigger in NaCl) whereas number

of secondary particles increased.
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CHAPTER 6

DEVELOPMENT OF A MODEL FOR PARTICLE
GROWTH

Since the particle growth mechanism is seriously important, this chapter includes

the development of a model for SNP growth. Firstly the concept of the model is given

and following that equations are given in detail.

6.1. Concept of the Model

Before moving into the concept description of the model suggested in this study,

it is useful to define the terms employed to describe the various species referred to in the

model. These are listed above.

i)

Monomers: Monomers are the single Si-containing species of different degree of
hydrolysis such as Si(OR)4, Si(OR);OH, Si(OR);OH), Si(OR)(OH)s and
Si(OH)s. Si(OR)s is the unhydrolyzed TEOS molecule and its initial number
concentration in solution is nt. The total number of monomers nm is equal to the
sum of the number concentration of the above 5 species. In the absence of any
condensation reactions, nm is equal to nr. However, in the presence of
condensation, nm 1S a function of time and decreases with time from the initial
value nt towards zero. The radii of the all monomer species have been assumed
to be equal to the radius Rt of the TEOS molecule and is around 0.360 nm (see
discussion below).

Oligomers: Oligomers of radii R, form from condensation of individual
monomers of different degree of hydrolysis through water (OH-OH) or alcohol
(OH-OR) condensation. Note that R, changes with time from the initial value of

Rt. The number of oligomeric species is n, and varies with time.
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1) Nuclei: Oligomers grow to larger oligomeric structures (nuclei) with radii Ra
again condensing through water (OH-OH) or alcohol (OH-OR) condensation.
Similar to Ro, R, increases with time from an initial value of R,. The number of
nuclei species is na. There is no clear distinction between an oligomer and a
nucleus since the transformation is gradual. However, in this thesis a loose
definition which depends on the following will be employed to distinguish
between oligomers and nuclei: If the condensed species are still small enough to
be better described by the number of monomers condensed on the structure, they
will be defined as oligomers. If the condensed species are large enough to be better
described by their radii, they will be defined as nuclei.

The concept of the model is based some assumptions and these are listed
above.

1. Hydrolysis of TEOS into hydrolyzed monomers, condensation of hydrolyzed
monomers into oligomers and oligomer aggregation to form nuclei is assumed to
take place by diffusional transport. The validation of a diffusion dominated system
will be presented in the following paragraphs using Peclet number analysis and
calculation of Kolmogorov microscale of turbulence.

ii. Monomers diffuse towards a random central monomer in an infinitely small
volume v, to form a central oligomer R,, which grows by further monomer (or
oligomer) addition.

iii. Oligomers with radius R, which grow in their own infinitely small volumes also
diffuse towards a central oligomer (or nucleus) in a micro volume v, (Va >> Vo)
and condense to form nuclei Ra. The nuclei Ra grow by both monomer and
oligomer condensation to final particles of number n.. Each micro volume is
assumed to yield a single final particle. In other words, micro volumes can be
likened to batch micro reactors, each of which generating a single final particle.
It follows that, the number of these micro volumes can be estimated from the
number of final particles.

The schematic description of the conceptual model is presented in Figure 6.1.
Each squares show an infinitely small microvolumes v, and v.. In the schematic

representation, K; is the hydrolysis rate constant and K is the condensation rate constant.
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Figure 6.1. Schematics of the idea under the particle growth process.
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The above concept that the monomers form oligomers and later monomers and
oligomers form nuclei and final particles in isolated volumes similar to micro reactors
suggests that the particle growth should take place by diffusion only. This can be
substantiated by comparing the Kolmogorov microscale of turbulence to the size of the
micro volumes. The Kolmogorov microscale of turbulence can be calculated from the

power input into the standard cell as follows:
P = N,D°N3p (6.1)

where P is the mixing power imparted into the standard cell in watts. D is the
impeller diameter (2.5 cm), N is the mixing speed in revolutions per minute (250 1/min)
and p is the density of the medium (0.82 gm/cm?®). N, is the Power Number which is
approximately equal to 4 for the standard cell configuration given in Figure 1 (Tatterson,
1991). Under these conditions, the power input into the cell comes out to be 2.32 mW.

The dissipation rate, €, in the cell which is given by:
o= — (6.2)

and calculated to be 5.54x10 m?/s® where m is the mass of the fluid in the tank

(137 gm). The Kolmogorov microscale of turbulence is calculated from:
L3
Ao = (?)0-25 (6.3)

Where v is the kinematic viscosity in m?/s. The Kolmogorov microscale of
turbulence comes out to be 111 um for the alcohol-water kinematic viscosity of 0.95x10"°
m?/sec.

Glasgow and Hsu, 1985 suggest that the probability of shearing a volume in a
standard cell is a function of the size of the micro eddies. Since the length of the micro
eddies in the mixing cell (111 pm) is 50 times larger than the length of the micro volumes
(which vary between 2 and 2.4 pm), it can be safely assumed that the micro volumes are
unaffected by the turbulence in the flow; that is, diffusive effects are dominant within the
micro volumes.

This can be further demonstrated by the data given in Figure 4.20 where the SNP
synthesis for pulse addition of TEOS (0.25 M) was repeated at different mixing regimes
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(250 rpm, 810 rpm and 250 rpm mixed only for the first minute of the synthesis). The
data show qualitatively that the final particle size was independent of the mixing regime.
This is not surprising since the associated hydrodynamic Peclet number (Pe) is much
smaller than unity for both the 250 and 810 rpm mixing speeds shown in Figure 4.21. The
Peclet number compares the relative influence of shearing (convective) effects in the cell
with the diffusive effects. Molecular diffusion coefficients were calculated for the
dominant species in our systems so as to cover diameters ranging from TEOS molecules
(about 4 A) to full grown SNPs (about 400 nm) for the two mixing speeds of 250 rpm
(4.16 Hz) and 810 rpm (13.50 Hz). These speeds which correspond to respective
Reynolds numbers of 1.96x10° and 6.36x10° fall in the turbulent region for the standard
cell employed in our tests. It can be seen that almost all the particles in the system are
under diffusive effects for the mixing speeds calculated, supporting the findings from the
Kolmogorov microscale of turbulence. These results are also consistent with the study of
Nozawa et al., 2005 and Liang et al., 2016 who demonstrated that stirring rates has no
significant impact on the average size of SNPs.

The model presented above for nuclei formation and growth during Stober
synthesis suggests that the TEOS added into the synthesis solution forms nuclei as soon
as it comes into contact with the reaction solution. The intermediate species (hydrolyzed
monomers, oligomers or early nuclei) move under diffusive effects towards a central
collector nucleus in micro volumes which mimic isolated micro reactors each of which
yielding a single final SNP. That is, there is no need for the concept of over saturation

which was repeatedly suggested in the literature (Chang et al., 2005).

6.2. Rate of Collision and Aggregation under Diffusion

Collision and aggregation kinetics can be modelled considering two particles

. . . d .
that are apart from each other with a distance r and the aggregation rate (nd;t(r)) using

Fick’s first and second laws. The schematic of this idea is given in Figure 6.2. Radii of

particles are equal to each other at initial, than can change.
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Figure 6.2. Aggregation of two particles apart from each other with a distance r.

If a particle of radius R diffused towards a random particle Rz, the number of
particles 1 crossing a unit area towards particle 2 can be given by Fick’s first law of
diffusion which relates the diffusive flux to the number concentration in spherical

coordinates.

dnl(r) dnl(r)
a - D =0 (6.4)

Where J(r) is the aggregation flux of particles 1 towards particle 2,
D is the diffusion coefficient (m?/s),

ni(r) is the number concentration of “1” particles

Fick’s second law of diffusion predicts how diffusion causes the concentration to
change with time. This law can be applied for the number concentration change of

particles with time and given in spherical coordinates as;

dny(r) 1d [ 2dnl(r)]
e ‘rzarl” " ar

(6.5)
The diffusion coefficient of particle 1 towards particle 2 is given by the Stokes-
Einstein equation as;

. kT
L 6muR,

(6.6)
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Where k is the Boltzmann constant (J/K), 7 is the temperature (K), u is the
dynamic viscosity (Pa s), R; is the particle radius (m).
Note that if particle 2 is also diffusing towards particle 1:
D, = kT
6mTUR,

Then the overall diffusion coefficient D> can be approximated by adding the two

(6.7)

diffusion coefficients:

kT kT kT 1 1 (6.8)
D12 = + = +
6muR, 6muR, 6MP Ry

The equation 6.8 shows that for Ri=R, (then D;=D,), the overall diffusion
coefficient will be D12=2D;. On the other extreme, where Ri<<Rj, the overall diffusion
coefficient will be D12=D;. This is what should be the case since only R will be diffusing
towards R> hence D12=D.

Assuming steady-state diffusion such that;

dn,(r) (6.9)
=0
dt
Equation 6.5 becomes;
d dn,(7)
— |2 2 = 6.10
dr [r dr ] 0 (6.10)
dny(r)
21 6.11
r 0 Cy ( )
dm(@) _ G (6.12)
dr r?2
C
ny(r) = —71+C2 (6.13)

Ci and C; are the integration constants.

To determine these integration constants, boundary conditions should be put
forward. These are;

e When r equals to infinity;

ni(o) =n
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e When r equals to Ri+Ry;
n1(R1+R2)=0

,rﬁmﬁcle"‘}

Figure 6.3. Diffusion of particle 1 towards particle 2.

Substituting these data into the general equation gives;

C,=ny

(6.14)
C1 =ny(Ry + Ry) (6.15)
Using integration constants, the general equation becomes;
n{(Ri{ + R
n,(r) =n, — ¥ (6.16)
Taking derivation of this equation according to the r gives;
dnl(r) — nl(Rl + RZ) (617)
dr r?
Substituting this equation into the Fick’s 1% law Equation (6.4) yields;
ni(R{ +R
J(r) = =D, (Rt Ro) ;2 2) (6.18)

When two particles having diameter of R; and R> come closer with a distance of

R1+R2 (at contact point), the flux becomes as;
ni(R; + Ry)

J(Ry+Ro) = =Dy g = g7 (6.19)

ny

J(R1 + Ry) = —Dy R+ R) (6.20)

The negative sign indicates that particles 1 are transported towards particle 2.
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The collision rate of particles 1 with a single stationary particles 2 at a distance of

Ri+R2 surface can be written as;

Z; = |J(Ry + R4 (Ry + Ry)? (6.21)

Zl = 4’7TD1 nl(Rl + Rz) (6.22)

If the collisions are taking place with n2 number of particles 2 who may also

diffuse towards particles 1, Equation 6.22 becomes as;

le == 4’7TD12 (Rl + RZ)nan (6.23)

Equation 6.23 gives the number of n; particles colliding with n> particles per
second.

If the true probability of every collision producing an aggregate of particles 1 and
2, then the rate of reduction of the number of particles 1 per time is given as;

dny(t)
dt

=—KZ,, (6.24)

dnq(t
(;t( ) = _4‘7TKD12 (Rl + RZ)nlnz (625)

Replacing the effective diffusion coefficient D12 in the rate equation gives;

dnl(t)_ Ak kT 1 N
at & 67T|.1(R1

1
R_)(Rl + Rz)nlnz (626)
2

dny(£) __ 2kT (Ry + Ry)?

6.27
dt 3u RR, %2 (6:27)

If R reasonably larger than R; (R2>>Ri), equation 6.27 can be safely

approximated to;

dn;t(t) = — % (2 + g—j) nyn, (6.28)
Where
n;:  Number concentration (1/m?)
no: Number concentration (1/m?)
K: True probability of each collision yielding a reaction

kT:  Thermal energy at temperature T (Joule)
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u: Viscosity of the medium where collisions take place (kg/m sec)
R;: Radius of particles 1 (m)
R>: Radius of particles 2 (m)

. . . . (R1+R2)? . Ry . A
Justification of approximating R with (2 + R—) is presented in Figure 6.4.
1

RiR;

It can be seen that the two equations become nearly equal when R> becomes even slightly

larger than R;.
1x10°
100 ,
f1(Ry) =
—_— ’,.f
fg[Rg) ]
10 ——
1
i 10 100 1x10°

Ry
. . . (R1+R3)? R, . .
Figure 6.4. Approximation of R (fi(R2)) and (2 + R—) (f2(R2)) for different radii.
1182 1
Equation 6.28 gives a general rate expression for the reduction in the number of

R in bulk with collisions of particles of R> such that each collision produces an aggregate

according to a true probability constant K under diffusion.
6.3. Hydrolysis of TEOS with No Condensation and No Aggregation

The rate of TEOS hydrolysis can be modeled by the collisions of the free OH™ ions

with the TEOS monomers such that each collision has the true probability K; to produce
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a hydrolyzed arm in monomeric species. Then, using Equation 6.28, it can be written for

the unhydrolyzed TEOS species that;

dnr 2kT Ry
52
dt 3u

- )nTOnOH (6.29)
OH

Where;

nro.  Number concentration of unhydrolyzed TEOS monomers in solution
(1/m%)

R7: Radius of unhydrolzed TEOS monomer (0.360 nm)

Ron:  Radius of free OH™ ion (0.110 nm) (Marcus, 2012)

nor:  Number concentration of free OH ions in solution (1/m?)

The radius Rt is given in literature (Dixit et al., 2016) as 0.475 nm from
silanization models. The radius can also be estimated from;
_ L lrNavy 13 561010 (6.30)
2 My

Where pris the bulk density of TEOS (933 kg/m?), M7 is the molecular weight
of TEOS (208 g/mol).

Note that the unhydrolyzed TEOS species, nrto, hydrolyze by free OH™ ions
through reaction given in 6.31 to produce TEOS monomers nti. By definition nro is not

generated but only consumed during hydrolysis reactions.

Si(OR)4 + H*-OH" > Si(OR);0H + ROH (6.31)
T + — ]
N7y Ity

The nt; species created by reaction 6.31 are also consumed by hydrolysis through

free OH in the system to produce nt2 such that;
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Si(OR)30H + H*-OH" = Si(OR)>(OH), + ROH (6.32)

o + ) —— T

Nty N

The rate reaction for the hydrolysis of nt1 can be given as;

dnpq 2kT Ry 3\ 2kT Ry
dt = +K1 S_H (2 + E) TLTOTLOH - Kl (Z) 3_|_1 (2 + @) nTanH (633)

The factor % comes because the monomer nti has only three OR which can be
hydrolyzed out of the four possible hydrolysis sites on the TEOS molecule.

Similar hydrolysis expressions can be written for TEOS monomers nr2, nt3 and

nr4 such that;

Si(OR)2(OH), + H'-OH" > Si(OR)(OH); + ROH (6.34)
Fo+ @) ——f
) N3

Si(OR)(OH); + H-OH" = Si(OH)s + ROH (6.35)
o 4+ @) ——f
i3 Nty

Where nr4 is a completely hydrolyzed TEOS monomer. The rate expressions for

nt2, n13 and nr4 are;
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3u

4

=+ (3) 35 2
3u

2\ 2kT Ry,
dt +m) nranon — K4 (z) (2

+ _> nTznOH (636)
ROH

dn 2\ 2kT R 1\ 2kT R
13 = +K1 (_) - (2 + ﬂ) nTZTlOH - Kl (_) - (2 + ﬁ) nT3n0H (637)

dt 4 3}.1 ROH 4 3|.l ROH
hre _ L (1) 2kT (2 + RT3) (6.38

Note that nrs4 species only appear in the system in this case since no condensation
between the hydrolyzed monomers is allowed.

Since above equations only deal with hydrolysis of TEOS monomers and no
condensation is allowed, through the number of individual monomers change, total
number of monomers in solution, nm remains equal to the initial number of TEOS

molecules in solution, nt such that:

Tlm =Nr = TLTO + nrq + Nro + TlT3 + Nty (639)

It is also true that assuming steady-state approximation as;

dnr

— (Npo + Ny + Ny g3 +0py) = - 0 (6.40)

dt
For hydrolysis of TEOS, assuming no other reactions such as condensation into
oligomers or aggregation of oligomers into nuclei take place d for constant non in

solution, Equation 6.29 can be written as;

3u

dnro [ ZkT( Ry
dt 1

2 + _) nOH] nTO (641)
ROH

If it is assumed that the radii of all the monomeric species are approximately the

same and constant (RT~Rti~Rr2~R13~RTs=constant), the term [K1 ZkuT (2 + RR—T) No H]
OH

e
also becomes a constant. If it is named as the rate constant k, it follows that the

disappearance of the nrto species follows a first-order rate equation;

d
U0 _ i dt (6.42)

L)
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ln(nTo) =—xt+ Cl (643)

nto should equal to nr initially at time=0. So the integral constant C; is In(nt) and
the equation become as;
—kt

firo =M€ (6.44)

Here, nr is the initial TEOs monomer concentration in solution in the beginning
of synthesis.

Similarly, placing the functional form of nto in Equation 6.44 into equation 6.33
allows for a solution for nti. Continuing this procedure allows that the system be solved
for nt1, nt2, nt3 and nrs with following expressions using the boundary condition that

nT1, N12, n13 and nr4 are all equal to zero initially at time t=0;

Kt

TLT1 = 4‘nTe_Kt <eT - 1) (645)
Kt 2

Npy = 6npe ¢ (eT — 1) (6.46)
Kt 3

Nrs = 4npe <t (e 4 — 1) (6.47)
Kt 4

epp——— (e4 - 1) (6.48)

where x1s a true rate constant with units 1/sec such that:

2T R,

Note that the sum of all monomeric species should be constant and equal to the

initial TEOS concentration such that;

nTO + nTl + TLTZ + TLT3 + nT4_ = nT (650)

The Mathcad solution of these equations are given in Appendix B and the change
in the number of monomeric species is shown in Figure 6.5 for the absence of any
condensation reactions. It can be seen that all the nto monomers which are initially at a
concentration nt convert to nt4 monomers at the end of the reaction period where nr1, nt2

and nr3 are intermediate species which are eventually consumed in the hydrolysis
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reactions. It should be noted that assigning different molecular radii for the monomeric
species nro, nt1, N2, 013, and nr4 with different degrees of hydrolysis did not cause any

appreciable change in the behavior of these species.

|
2

"3 04 |
nT
=
—4 / ‘
nt 0.2 f

o [ LIIL Feill M&

! 10 100  1x10°  1x10*  1x10°

ti t te

Figure 6.5. Changes in the number of monomers as a function of time.

Equations 6.41 and 6.42 show that the hydrolysis of TEOS (in the absence of any
condensation reactions) is a first order reaction such that « is a rate constant with unit of
1/sec. From the literature, the rate of disappearance of unhydrolyzed TEOS (nto) is given
as 0.0754 (1/min) (Chen et al., 1996). This information allows us to calculate the true
probability constant K; for the above system for any specific ammonia concentration such
that;

—00754( ! )—K 2kT(2+ RT)
=0 min/ ' 3n Ron Ton

For an ammonia concentration of 1.00 mol/L, K; = 1.453x10713 571,
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6.4. Hydrolysis of TEOS with Condensation to Form Oligomers and No
Aggregation of Oligomers

Assume that the solution is divided into np number of infinitely small volumes vo
where hydrolyzed monomers (Rr) diffuse towards and condense with a central oligomer
(Ro) in each volume through OH-OH interaction. Note that the oligomer radius R, varies
with time and can grow to a specific size enforced by the number n, of the infinite-small
volumes. Assuming for the time being that the oligomers formed in each volume v,, do
not interact, that is, the extremely small volumes in which the central oligomer grows to
a specific size can be considered as discrete micro reactors. Further note that, monomers
condense into the central monomer singly, or after forming quasi oligomers; it is assumed
that both condensation mechanism are similar and do not affect the overall rate of growth
of the central oligomer. If the probability of actual condensation taking place for each
monomer-oligomer collision through OH-OH interactions is Ko, the rate equations for the
appearance and disappearance of the monomer species Rt along with the oligomers R,

can be given as;

dnTO ZkT RT
dt = — 13_u(2 ROH) TlTOnOH (651)
dngy 2kT Ry Ro\ (1
s k2o 0 o (42 60
dng, 2KkT Ry 2 3
R\ /2
+ K, (2 + R_T> (ZnTZ)no
dnrs 2kT Ry 1 2
a - fgp (2 * ROH) Mon [4 firs — Zn”] (6549
Ry /3
+ KZ (2 + R_T) (an)no
dn 2kT R 1 R, 6.55
ar =t (2 ! ﬁ) fon [4 "”] Tk (2 "R >("T4)"" o
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where R, is the size of the central oligomer at time t, n, 1s the number of oligomers.
The parameter n, is taken constant in this part since each extremely small volume
eventually yields only one full grown oligomer through condensation; in other words,
each oligomer grows in its own small volume and the number of oligomers n, is the time-
independent. The dimensionless constant K> is the probability of condensation of a
monomer Rt onto a growing central oligomer R, through water condensation alone such

that;

K,

SN ot — ol

[ )
Monomer Central oligomer Central oligomer after
before condensation of condensation of

monomer monomer

Figure 6.6. Condensation of monomers to form oligomers.

Note that alcohol condensation is ignored since it has been stated in literature that
it proceeds at much slower rates than water condensation (Brinker, 1990).

The above equations 6.51 to 6.55 cannot be solved analytically, hence, numerical
methods need to be employed. Also, these equations are not sufficient for solution since
there are six unknowns (no, nr1, nT2, n713, nT4 and Ry) but five equations. Therefore, one
more equation needs to be set up for the oligomeric R, species for proper solution.

If the central oligomer with the mass p, in each small volume collides through
diffusion with a monomer of mass [m, its mass will increase with each successful collision

by um such that;

du, 2kT Ro\[1 2
dt K23—u(2 )[

3
+ R_T Zn’[‘l + Zn'rz + an + TlT4] um (656)

Equation 6.56 gives the rate at which each central oligomer grows in its own

discrete volume through collisions which yield water condensation by the probability
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constant K. Note that various monomeric TEOS species are assumed to have the same
radii Rt. The multiplication factors in front of the numbers of the monomer species denote
the fraction of the OH arms which are ripe for water condensation. It is also assumed in
the above equations that any left-over OR sites on the oligomers hydrolyze much faster
through oligomer-free OH ions collisions compared to the monomer-oligomer
condensation reactions. In other words, it is assumed that any left-over OR sites on the
oligomers hydrolyze very quickly to have only OH bonds on the oligomer surfaces.
Also, it is inherent that R, denotes an average hydrodynamic radius for the

oligomers. Then, the radius R,, the oligomer mass can be expressed as;
4

_* 3
Ho = 3 TpR, (6.57)
where p is the density of amorphous silica since the monomers should eventually
position themselves in the oligomers to yield a final amorphous silica structure after water
condensation reactions.
By similar reasoning the colliding monomers add mass um to the oligomer after a
successful collision such that;
Wy = 8pRp> (6.58)
where R, is the radius of a TEOS monomer would occupy in the amorphous silica
structure after condensation. It is assumed that the silica in monomeric form will assume
a cubic shape consistent with the lattice symmetry after condensation. It can be shown
that Rm would be equal to;
1 _ pNgy

R, = E(M_-)—l/g = 1.81x1071° (nm) (6.59)
WSlOz

where p is the density of amorphous silica (2196 g/m®), Mysioz is the molecular
weight of amorphous silica (60 g/mole).
Combining Equation 6.56 with equations 6.57 and 6.58 gives;

dp, 4 d 3
a =37 o)
2kT (. Ro\[1 2 3 , (6:60)
= KZ 3_u(2 + R_T) I:Zn’['l + Zn'rz + ZTng + TlT4] 8pRm
7 ,dR,  2kT [ Ry\[1 2 3 X
§3Ro W = K23_(2 + R—) [ZTLTl + ZnTz + an + TlT4_] 2Rm (661)
T
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dR 2kT (2R3 \ 11 2 3
dto = 23_H<7TR:;?0) [anl + anz + I”Ts + Ny (6.62)

Note that Rt is neglected as against R, in the numerator of the Equation 6.62. An
example solution for the equations 6.51 to 6.55 and 6.62 is given below for
K;=1.453x10"'* and K»=5x10"® 5! assuming that number of oligomers forming at the end
of the synthesis was 2x10°%nr (n1=1.505x10%° #/mol for C1=0.25 M). The Mathcad
solution is also given in Appendix C and the resulted graphs are given in Figure 6.7,

Figure 6.8 and Figure 6.9.

08

RS 0_6_

0.4r

np 02f

Figure 6.7. Change in the number of monomeric species with considering condensation
into oligomers.
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Figure 6.8. Change in the oligomer radius as a function of time when oligomers do not

interact with each other.
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Figure 6.9. Change in the mass of monomers and oligomers with respect to time.

It can be seen that the oligomer size grows to about 18 nm and 3.01x10%° (#/m?)

oligomers are generated at the end of the synthesis. It should be noted that the oligomer

in each infinite small discrete volume do not interact with each other but only collect the
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hydrolyzing monomers through diffusion. Interaction of the oligomers through OH-OH
condensation (water condensation) which leads to formation of nuclei and to eventual

final particles will be discussed in the next section.

6.5. Hydrolysis of TEOS with Condensation to Form Oligomers and

Aggregation of Oligomers to Form Final Particles

In the previous section, it was assumed that hydrolyzed monomers can condense
through OH-OH interactions into a central oligomer in discrete infinite small volumes.
The oligomers were not allowed to interact with each other such that each infinite small
volume acted as a discrete reactor yielding a single mature oligomer.

However, this is an over simplification since oligomers forming may interact with
other oligomers and aggregate forming nuclei which grow into particles by collecting
other oligomers and monomer existing in solution. To model such system, it can be
assumed that the oligomers, Ro, forming as explained in the previous section in infinite
small volumes, v,, may also diffuse towards a central oligomer in a microvolume v, such
that va >> v, and aggregate to form a single nuclei which grows into a final particle in
each va.

The microvolume v, must be much larger than volumes v, but should be small
enough for diffusional transport. This is the same as dividing the total solution volume
into n, number of microvolumes such that each microvolume, which consist of large
number of infinite small oligomer-forming volumes, vo, produces a single final particle.
In other words, n, is also the number of the final particles after synthesis and is
experimentally determinable value such that n.=V/va. . The conceptual representation of
such system and the description of the species pertinent to this concept were described
Section 6.1 and in Figure 6.1.

It must be noted that while v, is an arbitrary, experimentally determined
parameter, v, is determined by the number n, of the final particle population such that
n,=V/v, which can be easily obtained by observation.

Since na, hence, va are determined by the product characteristics and each va

produces a single final particle, Ra, the model enforces that Ra particles do not aggregate.
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Each Ra grows from a central oligomer by monomer addition plus oligomer aggregation
but R, particles themselves are not allowed to aggregate. This is a reasonable assumption
considering the fact that the energy barrier grows exponentially with particle size as was
shown in Figure 4.23.

The rate equations for the TEOS monomers modified to include the oligomer

aggregation take the following forms:

dt == _Klg_u(z ROH) nTOnOH (663)
dnrq 2kT
dt = _K1 ( R )nOH [ Nrq — nro]
OH R (6.64)
i (o) [ )+ 22
dnr, -k 2kT 5+ Ry 2 3
A G o L i L
e o R, R, (6.65)
4K (— ) (z+ ) +(z+—)n]
2 \4 Ry R;)
dnps K ZkT(2+ RT) [1 2 ]
= -4 5> ) Non Np3z — —Npy
dt 3u 3R0H 4R 4 R, (6.66)
+16 (rrs) (2 52)mo + (24 32
2 \3 M3 R, R,
dnr, 2kT Ry
- +K1 (2 + _> nOH [ nTg]
dt 3u Roy 4 (6.67)

Ro\ Ry

It can be seen that there are five differential equations for the five monomer
species. However, the above equations also include terms for R, and Ra species (Ro, Ra,
no, na). The model assumes that n, is known. Also, if we know ma,, we can calculate m,
from the mass balance using the known (calculated) mass of the monomeric species mm
at each time. Calculating m, will allow an estimation of R, if n, is known. Therefore,
writing two new equations for m, and n, would suffice.

The number of oligomers is determined by v, and maximum at the beginning of

the synthesis and only decreases due to aggregation of the oligomers to the central
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oligomer in v, to form the nuclei which grow into particles. Note that monomer
condensation to enlarge the R, oligomers do not change their number. In short, n,
decreases with time only due to diffusion of the oligomers to the central oligomer in v,

and following aggregation. Then it can be written that,

dn, R,
0 = —ak, (1 + R_O) NoMa (6.68)

Where R, is the nucleus (or the central oligomer) in each v, growing into a R,
particle with time with aggregation of R, oligomers. The probability of aggregation in
this case is given as K> since the aggregation should take place due to OH-OH bonding.

The other rate equation can be written for the rate of change of mass of the Ra

particles such that;

dm, a
Pk akK, (1 + Ro)nouona
(6.69)
R, 1 2 3
+ (1 + R_T) HmMq [Znn + 312 + PRALE + nT4]

Note that pm=8pRm’ and p.=4/31pR,°> and each collision of R, oligomer with R,
adds a mass of 1, to mass m, and each collision of Rt oligomer add a mass of pum to mass
Ma.

An example solution of the above equations is presented below assuming stability
factor w=1 for the time being and the detailed solution was given in Appendix D and in

Figure 6.10 and Figure 6.11.
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Figure 6.10. Change in the mass of monomers, oligomers and aggregated particles with
time.
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Figure 6.11. Change in the final particle radius with time

Since K is known from the literature, the parameters n, and K> should be adjusted
to fit the experimental data. In short, the above model requires only two parameters to be
determined experimentally. In the figure below (Figure 6.12), the change in the size of
the particles observed during the synthesis (symbols) carried out with (0.25 M TEOS,
11.67 M H20, 12.14 M EtOH, 1.09 M NHj3) are shown. The fitted curve gives n,=
3.01x10%! (2x10° nt) and K>=1.9x107 s°! for the test conditions mentioned.

700

600

500

400

Size, nm

300

200

100 L

0.1 1 10 100 1000 10000 100000

Time, sec

Figure 6.12. Comparison of experimental data with the model.
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The TEM picture taken from the 2 mins of the reaction is shown in Figure 6.13.
According to the results, it can be clearly seen that final particles consist of smaller
components (termed as the R, particles, large oligomers or initial nuclei in the model).
This kind of structure was observed in all the particles which reached maturation. The
TEM pictures show that the R, particles have sizes around 10 nm in diameter. The R,
particles aggregate to form R, particles while the monomer condensation on both R, and
Ra continues along with the monomers on final nuclei contributing particle growth. The
TEM results can be inserted in the model to calculate the initial number of R, particles
neo. In other words, the parameters neo 1s an experimentally determined number. The
calculations show that noo for our experimental conditions comes out to be 2x107 nr. The

calculation given on the previous paragraphs have used this number as input for no.

e AR e TN AR HER; st

Figure 6.13. TEM images of SNPs after 2 mins of the synthesis

As can be seen, our model works properly. According to our model, monomers
are diffuse into the oligomers and oligomers are aggregated to form aggregated particles
which will further grow by oligomer or monomer addition. Here, aggregated particles are

behave as collector nuclei which gather monomers and oligomers in critical
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microvolumes. Based on the DLVO theory, it is reasonable to assume aggregated
particles cannot come together because of the surface charge they carry as shown in
Figure 6.14. The theory predicts that the activation barrier to aggregation increases
linearly with the size of two equal particles. Smaller particles however, will aggregate
with larger ones at a much higher rate (Hench, 1998). In the above case only a limited
number of nuclei can grow and pick up other nuclei while preys. Then, at the end the
number of particles (or number of collector nuclei) with a certain size depends on
experimental conditions. This concept is thought to be fits all our results and quite

different in principle than other pathway suggested in literature.
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Figure 6.14. Zeta potential of particles as a function of size.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

In this thesis, SNPs were synthesized via Stober method under well controlled
conditions and the effect of experimental parameters on size and growth of particles has
been studied in detail. It is clear that by controlling the process parameters such as TEOS
concentration and addition rate, water amount or HoO/Si molar ratio and concentration of
catalyst, it is possible to vary the structure and properties of sol-gel SNPs over wide
ranges. However, there has not been a general agreement on the processes responsible for
the silica particle formation and growth. Most models depend on whether silica growth
occurred through either monomer addition or aggregation of nuclei/sub particles. The
nucleation period was also a contentious subject among the models, some of them
suggested nuclei formed continuously throughout the reaction while others proposed
significant nucleation only occurred for a short period after reaction initiation. Overall,
current understanding of process suggests that reaction conditions are the deciding factor
as to which model best represents particle formation for a particular system.

In this study, it has been shown that by controlling the process parameters such as
TEOS concentration, and rate of TEOS addition, the amount of water, concentration of
catalyst as well as the agitation intensity, it is possible to vary the size and distribution of
Stober SNPs over wide ranges. According to the findings of the study;

1. Solid silica particles of desired mean particle size and size distribution can be obtained
through variation of process parameters and electrolytes. The final particle size
characteristics were influenced by;

o NHj; concentration because its increase facilitated hydrolysis and condensation
reactions that provide reduced induction period which results in fewer and larger
particles.

o TEOS concentration since increasing TEOS concentration does not change the
number of final aggregated particle, but increased the final size of SNPs because
the amount of TEOS is collected by collector or central nuclei is much in the case

of high TEOS concentration.
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o TEOS addition rate since the rate of TEOS addition influenced the number of
nuclei formed which potentially grow into final particles. Direct addition of TEOS
created smaller particles with narrow size distribution, whereas continuous
addition created larger particles with wide size distribution.

o Addition of electrolytes since the presence of an electrolyte led to enhanced
particle aggregation because of the depression of electrical double layer. Addition
of seed particles such that with increasing seed concentration secondary
nucleation can be depressed and system forced to have mono-size distribution.
Therefore, the seed amount not only influences the final mean particle size but
also the size distributions of final particles. At lower seed concentration multi-
sized solid particles will be obtained, however at high seed concentration
distribution changed to mono-sized.

2. A mathematical model was developed to describe the time-change of the particle size
during synthesis which can sheds light on particle nucleation and growth mechanisms.
According to the concept of the model, hydrolyzed monomers diffuse and condense
with a central oligomer through condensation and oligomers aggregate with each
other forming central nuclei which grow into final particles in isolated micro volumes
by collecting other oligomers or monomers present in the solution. The model quite
smoothly predicts the growth of SNPs compared to experimental findings. In the
model, hydrolysis rate of TEOS is obtained from the literature for similar
experimental conditions, allowing the condensation rate, which is lacking in the

literature, to be determined by fitting the model to experimental data.
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APPENDIX A

ELECTROSTATIC INTERACTIONS

The general solution for the solution expressing the interaction between the

electrical double layers surrounding any dissimilar colloidal particles is given below.

—kh

negyd,d, 1+e B
2¢1¢;In <m> + (@12 + @23)In(1 — e~ M)

o &)

For spherical particles van der Waals attraction can be given as:

Voaw () = = 12(d, + d,)h

And total energy becomes as;
Viot(h) = Vi (h) + Vygw (h)

Where;
Viot - Total energy of interaction between macroscopic bodies
Vivaw : van der Waals energy of interaction between macroscopic bodies
Ve : Electrostatic energy of interaction between macroscopic bodies
& : Relative permittivity of water (78.5)
& : Permittivity of vacuum (8.854x10™° C*/J.m)
h : Particle separation distance (m)
K Reciprocal thickness of the double layer or Debye-Hiickel parameter (m™)
@12 : Potential distribution between two macroscopic bodies

o,i : Surface potential of material i (volts)
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The values of constants are taken as;

AH S 10_10m

coul
F = 96484.56

mole

oule

k = 1.380658x10‘23]—
Joule

R = 8.3144
molK

coul?

g = 8.85x10712 -
joulem

h=1A4,2A..100004
€ = 25 for ethanol

The total interaction energy curve (Vi) is also called the curve of potential

interaction energy is the sum of electrostatic and vdW interactions according to the DLVO

theory;

V(100 4) V(100 A)
~ 5061
KT kT

This equation is a general solution expressing the interaction between the

electrical double layers surrounding any dissimilar colloidal particles.
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APPENDIX B

HYDROLYSIS OF TEOS WITH NO CONDENSATION
AND NO AGGREGATION

The Mathcad results related to Section 6.3 are given below including both

analytical and numerical solutions.
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Figure B.1. Numerical solution of the model belongs to hydrolysis of TEOS with no
condensation and no aggregation
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Figure B.2. Analytical solution of the model belongs to hydrolysis of TEOS with no
condensation and no aggregation
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APPENDIX C

CONDENSATION OF HYDROLYZED TEOS MONOMERS
INTO OLIGOMERS

The results related to Section 6.4 are given below.
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APPENDIX D

HYDROLYSIS OF TEOS WITH CONDENSATION TO
FORM OLIGOMERS AND AGGREGATION OF
OLIGOMERS TO FORM FINAL PARTICLES

The results related to Section 6.5 are given below.
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Figure D.1. Change in the number of monomers divided by total TEOS number as a
function of time
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