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SYNOPSIS

A large amount of attention sheen jaidto the approaches of synthesis micro/nano particles.

In comparison with other methodsich ashydrothermal treatment or sedlEsembly methqd

shear controllable methods have been attractive in recent study. Shear controllable synthesis
has the advantages pfecise control, high mass transfer rate and variable properties of
synthesized production. In order to promote research in this aredaveedevelopd a
reactor, a counter swirling flow reactor, which can improve the mixing performance and mass
transferrate several times than conventional mixing tank.

This dissertation involves numerical simulations and micro/nano particle synthesis. First, we
focus on the computational fluid dynamics inside the reactor. By using the ANSYS Fluent,
hydrodynamic charactistics are captured giving a general concept of the underlying
mechanisms. We highly concentrate on the shear turbulence at high Reynolds number,
because the shear rate is the key factor in determining the size, particle size distribution and
morphology ofthe production. Meanwhile, empirical formulas are given for better describing
the relationship between hydrodynamics and synthesised patrticles.

Second, the effects of shear rate induced by both hydrodynamics and ultrasound irradiation
under different expémental conditions have been illustrat8g&cause ofhe simplicity of the
hydrolysis and condensation reaction of Tetraethyl orthosilicate (TEOS), amorphous nature
and simple kinetics analysis, synthesis of Si® chosen as the experiment object. The
spherical mesoporous SiOhanoparticles arewidely applied in Adsorption, catalysis,
photoluminescence and biomedicine. However, particle size and morphology controllable
technologies do not meet the industrial iegments. Based on the above discussion, it can

be postulated that the characteristics of mesoporous r&i@particles can be affected by
local shear turbulencelo reveal the exact influence of thecal shear turbulence on

production, several analysis ethods have been adopted, such as Scanning Electron



Microscopy image, Bl adsorptioindesorption isotherm measurement, Fourier transform
infrared spectroscopy amérticle sizeanalysis.

Overall, the results of the work give an insight into the shear ctaiitelsynthesis process,
which can provide a platform for further industrial synthesis. Future works of study on the
mechanism and application of shear controllable synthesis of silica will be studied in much

greater detail.
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Chapter 1. Current status of shear turbulence controllable

synthesis of mesoporousilica nanoparticles

1.1lintroduction

Mesoporous silica materials (MSNsaveachieved significant advancements in drug
delivery technologies. The ordered and uniform pores make it possible to carry
variety of cargo ranging from RNAZhang and Kleinstreuer, 2011, Vanaki et al.,
2014) proteins(Gao et al., 2021, Xu et al., 201&d DNA (Sun et al., 2019, Hai et

al., 2018) which may have problems in crossing the cell membranes, lack of
specificity, poor performance on solubil i
always the way to synthesis spherical monodisperse silica midrolgs(Narayan et

al., 2018) The widely used approaches to achieve chemical reaction agelsol
process, selissembly, hydrothermal treatment with post treatment like combustion
and calcination. However, the above approaches have shortcomings itryindus
applications such as low effectiveness, poor performance on production quality and
high consumption. In this study we introduce a shear controllable synthesis method.
High shear stress can induce the aggregation between particles, affect the crystal
growth direction and characteristic uniformity, through which the characteristics of
mesoporous silica materials can be tuneable. Considering the need to enlarge the
industrial application of MSNs, it is necessary to figure out an effective way in
synthesis MSNs and its underlying mechanism. Then, this dissertation will

particularly focus on shear controllable synthe$isixesoporousilicananoparticles
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1.2Fundamentals of controllable synthesis of mesoporous micro/nano

particles

1.2.1 Conventional synthesisapproaches

Hydrothermal treatment

The hydrothermal treatment is of particular interest since it is a low cost,
environmentally friendly metho{fam et al., 2006)It wasseen asn effectiveway

for rational synthesis and crystal engineeriimg the areaof ionic conductors,
compundoxides and fluorides, inorganarganic hybrid microporous materials, and
especidly condensed material§Vith advantagesuch ashigh reactivityof reactants,
easyto control interface reactiongienerationof metastable andnique condensed
phases it arouses the interest in hydrothermal treatm@®ng and Xu, 2001)
Compared with other routes, like templating, anodic oxidation methods.
Hydrothermal synthesis has some obvious drawbacks, including the long reaction
duration, addition of highly concentratedbase hard to achieve uniform size and

thermal stabléLiu et al., 2014)

Homogeneous nucleation process&swall grain sizes and high purity powdease
important assessment in hydrothermal treatmeeé¢ and Choi (20043ynthessed

CeQ particlesunder temperature @00 °C for 6h with thevariousconcentrations of

H202 (0.5, 0.8, 1moal). Figure-1 is the all Xray diffraction patterns of thprepaed

CeQ powders which shows the presence cubic fluorite structure and the production is

pure with no other phase due to the impurities elimination during the calcination step.

Chapterl 2



(111)

Intensity

20 30 40 50 80 70 80
20 [degree]

Figure 1-1 Xray diffraction of CeQ@ powders atlifferentH>O> concentrations: (a) 0.5,

(b) 0.8 and (c) 1 mol.

Sonali et al. (20203ynthessed ZnO nanopartickeseparately by two differenays:
modified autecombustion andydrothermal.The particle sizevas almostuniform
and spherical in shape both the casesiowever, an obvioudifferencewasnoticed
from Figure 12. The fraction of particles obtained from hydrothermal synthesais

small and uniformly distributed than thosletained froncombustion.

Figure 1-2 FE-SEM image of ZnO nanoparticlesHydrothermal synthesis rout@)

and (b); combustion synthes(s) and (d).
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Neto et al. (2020)synthessed ZnWQ nanoparticles by microwavassisted
hydrothermal treatment with different reaction time (0, 5, 10, 30, 60, 120 min). The
hydrothermal treatmre timehad no significant changéas ZnWO, structureas shown

in Figure 13. The average diameters for 0 min and &#0 are 28.81 and 26.74 nm,
respectivelyThe crystallinity of the nanoparticles incredsdth the time increase, as
seen through the diffractograms (Figurd)1l Furthermore, Figure-2 illustrates that

the photocatalytic activitymproved with theincreasedydrothermal treatment time.

Figure 1-3 PreparedsEM images (a) ZWO0, (b) ZW5, (W10, (d) ZW30, (e) ZW60

and (f) Zw120.

I\ \ ZW120

7 \x )‘\/\J\ AN "/\‘, AN ;\W,G,o,:
ZW30

Intensity (a.u.)

I —— 7 T

| ICSD 22348

10 20 30 40 50 60 70 80
20 (degree)

Figure 1-4 Diffractograms for ZnWO4 samples.
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Figure 1-5 Concentration variation curves a function ofest time of the (a) MB and

(b) MO dyes for the ZnW@samples.

Seltassembly method

Selfassembly (SA)s aprocess by which nanopatrticles or other discrete components
spontaneously organize due to specific interactions through their environment
(Grzelczak et al., 2010t is commonly usedh producingnanorticlesand forming
nanostructuresThis free energydriven process spontaneously organizes molecules
into ordered structures at multiple length scalée® biggest advantage of this method

is by controlling the experimental conditions, steuctue of the finalproductioncan

beeasilyand finely tunedCui et al., 2010)

Pacholski et al(2002) synthessed zinc oxidenanopatrticles which wergynthesisd

from C4H100eZn in alcoholic solution under basic conditions via se§embly
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method. They found that the overall concentration of precuisoaskey factor in
determiningthe shape of the ZnO particles. The TEM image in FigeBed&picts two
different morphologies of ZnOUnder low concentration of zinc acetate dihydrate
(starting sol)the synthesisedoarticles were nearly spherical, whereaat 10 times

higher concentrations mainly nanorods were formed.

Figure 1-6 TEM images of ZnO. A) starting sol; B) after one day of reflux of the

concentrated sol.

Cui et al. (2010pynthessed PA functional materiaby usng molecular seHassembly

to produceThey illustrated e driving forcedor this process which mainly consisted

of hydrophobic interactions, hydrogen bonding, and electrostatic repulsions. The
hydrophobic interactiong&nd hydrogen bonding are attractiverées that tend to
promote the aggregation of PA molecules, whereas electrostatic repulsions from the

charged components disassoeitie molecules. The size, shape and interfacial
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curvatureof the final productionreflect a delicate balandeetweentheseenergy

contributions.

Boal et al.(2000) demonstrated that treelfassembly process provides control over
the resulting aggregateé. polymermediated strateghas been introducefibr the
selfassembly of nanoparticles intwdered oneAs shown in Figte 1-7, the highly
ordered and mukscale discrete nanoparticles were formgedlfassemblyis also
very temperature dependent duette balance betweamtropic and enthalpic effects.
Figure 18 displayed the morphologies of aggregates at differentaenpe. The

results showdthat larger aggregate structumesreyieldedat lower temperatures.

a
o
Thy-Au

—

@Jj
Polymer 1
b ;":;r% ‘
%v.

Figure 1-7 Proposed mechanism for the aggregation of polymEmntAu. a,

4.4 nm

Polymer mediated selissembly of TrAu, showing the experimentally determined
interparticle distance. b, Proposed polyméily-Au selfassembled structure,

showing the computationally pretied interparticle distance.
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Figure 1-8 TEM image of polymer AThy-Au aggregates formed at different

temperature§a)2 3 (b)-20 (¢)1 0

Combustion and calcination

Combustion is often used torggesis metal particles in varioasea, such aspace
explosions, underwater propulsiand hydrogemormation (Sundaram et al., 2015)
Physicochemical processpky an important role in combustion process;h as heat
and mass transfer between the particle and thelgsse transformations in the oxide
layer, and exothermic chemical reactiohgynch et al. (2010)demonstrated the
mechanism of combustiothat occurs heterogeneously on the nano aluminium
particle surface as shown in Figur®IThe overall concept of this meahism can be

concluded as mass diffusions and chemical reactions.
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Figure 1-9 Three importanprocesses in combustion of nano aluminum patrticles in

oxygen.

Nagaveni et al. (2004)ave synthesed nano TiQ particlesby solution combustion
method Thesynthesised particles were used tloe solar photocatalytic degradation
of various organic dyess a property indicatoDegradatiorfigures illustratel the rate
of degradation with combustion syntreesl As shown in Figure 110 the
performance of combtisn synthesisediO2> was much bettethan commercial TiQ)
this can be attributed to themall size crystal structurehigh crystallinity, large
number ofsurface hydroxyl groups and decreased bgaqol energy of the catalyst

which enhanodithe solar engyy absorption.
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Figure 1-10 Degradation profiles of (a) OG with 25 ppm and (b) RBBR with 100

ppm initial concentration with catalyst loading of 1 kim

Calcinationcanremove volatile matteloy heatingthe inorganic materialsDuring the
calcination the release of volatileomponents minimizes internal shrinkage in later
processing steps that can lead to the development of internal stresses and, eventually,
cracking or warpingRand, 1991)

Al-Hada et al. (20143ynthessed ZnOnanosheets by thermtieatment methodlhe
calcinationhere allowed the removal of organimatterand nitrate ions leaving a
residue of purgoowdersThe influence ofcalcination temperaturevas displayed in

Figure 111, the average particle size decregi$rom 38 to 23 nmwith the increase of
calcination temperatur@dhe band gap energy of ZnO naasticles also changed

from 3.260 eV to 3.23 eV as shown in Figurg2l
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Figure 1-11 TEM images and particle size distribution of Zn@nosheets at

calcination temperature of @0 500 ,

Figure 1-12 The band gapnergyof ZnO nanosheets calcined at different

temperatures.

Among the elements which may have effect upon the grain size and microstructure of
nancTiO2 powders,Li et al. (2003)found the calcination temperatureas more

effective compared with the calcination time and concentrationn@heparticlesize
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tencedto increase withthe increasing temperatusghich was plottedn Figure :13.
It grows slowly at low calcination temperatures and then becomes very fast at high

calcination temperatures

140

120
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300 400 500 600 700 800 900 1000 1100
Temperature (°C)

Figure 1-13 The grain sizes a function oflifferentcalcination temperatures.

Solgel method

The advantage of dajel is thatthe obtained production isanosized crystallized
particleswith high purity at relatively low temperature. This method normally seed
subsequentpost treatmentdor crystallization such as annealingHowever, the
annealingnay cause hard aggregation @awen intesparticle sinteringMacwan et al.,
2011) As a liquid phase method, it can be influenced by several parameters, such as
pH, precursors, temperature, reactants molar rations, solvent composition and

conditions of aging and drying.

Solgel methodhas wide applications in coating including thin films, optical coating
and corrosion resistant coating@ehghanghadikolaei et al., 2018harma et al.
(2020) synthessed nano powder of Ti©Oby solgel method After annealing, Ti@
nanocrystals weregeneratd with good structural, optical and electrochemical

properties. The syntheed TiQ: nanoparticles shogd absorbance in the UV range,
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by using the solar radiation thdV-Vis can extendedo nearinfrared regionwhich

making them adopted iphotochomic applications. From the image of absorption

spectra (Figure-14), TiO> samplegpresentec peak valueat 342nm.

0.8

342 nm

.
o

Absorbance (a.u.)
5

£
N
1

0.0

— TiO,

T
300 350

T T T T T T T
400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 1-14 UV-Vis absorption spectrum of Tigdanoparticles.

Martins et al. (2017)also synthessed TiQy/activated carbon as a photocatalyst

employedto decomposition of tetracycline via sgél method.By comparing with

bare TiQ and P25 the properties and catalytic activitgan be roughly evaluated.

According toFigure ®15, TiO2/AC had better structural and electronic features for

photocatalysis.

0.8+

0.6

0.4

0.0

= Photolysis 3

2 oA
4 BareTiO, = 4
> TiO,/AC

0 20 40 60 S0 100 120 140 160

Time(min)

Figure 1-15 Kinetic curves from pseudfirst order kinetic model fitted to the

experiment al

by

P25

data of TC photodegr@dati on

(A)z) ban/dA CTii(@)

composite.

Chapter], 13

r \



Vazquez et al., (2017Nustrated the effect of differemnolar ratioof surfactant and
H>0 on morphology and particle size. kigg 1-16 was the SEM images of
mesoporous silica particles prepared byi gel as a function fothe surfactant and
water amountlt was clearly thathe CTAB concentratiohas significant influence on
the growth of particlesas shown in Figure-16 underlow concentration of CTAB

more homogeneous spherical particlesfarmed

Figure 1-16 SEM images of mesoporous silica partia@eslifferent molar ratioga) 0
CTAB:45H0, (b) 0.1CTAB:45H>0, (c) 0.3CTAB:45H0, (d) 0.3CTAB:600H-0

and (e) 0.TAB:1200H-0.

Although aqueous siojel approacheare highly attractive they bmg some major
limitations forward whemeed to synthesisanoscalgroduction During the process,
hydrolysis, condensation and aggregation always occur simultaneaodlyare
difficult to control individually Therefore, subtle changes in experimental doos

can lead to changes in particle morphology, which poses great difficulties for

experimental repeatabilifNiederberger, 2007)
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1.2.2 Shear controllable synthesis of micro/nano particles

As discussed, the synthesis of inorganic particles is divided into three stages:
nucleation, growth and agglomeration. These three stages are inevitably occurring at
the same time when synthesis in a batch environment. This can be attributed to the
inability to mix and separate the agglomerated particles well during their growth,
which leads to great difficulties for experimental repeatability in both size and size
distribution of nanoparticles. In addition, insufficient mixing and mass transfer
problems willbe exacerbated aftecaling up thdatch synthesjgesulting in various
physical and chemical characteristics of pdigpersed population of nanopatrticles.
Microfluidic synthesisapproach has been widely studigedcs 1990sa great deal of
research as been devoted to this arésspecially thecontinuousflow microfluidic
systems are attractive due to theiraccuratecontrol, high heat and mass transfer
efficacy, intensive mixing, large reaction interfacesompared with conventional
synthesis methoddn microfluidic systems, the nucleation and growth stages of
nanoparticle formation can be separated with reference to the distance from the
solution mixingregion giving excellent control of size, particle size distribution and

morphology, thus increasjy reproducibilityMa et al., 2017)

Hydrodynamic shear generation by turbulent shear flows

High shear mixer (HSM3$ystem is a method with high mass and heat efficatyasit
beencommonly usedn fine dispersions andomogeneous reaction mixing process
(Koopmans et al., 2013}iu et al. (2015a)synthesised.iFePQ; nanopatrticls in a
HSM via hydrothermal methqdthe effect on theparticle size distribution and
morphology offinal production was demonstratell was clearly thatin contrast to

thoseformed with the conventional impellethe HSMassisted synthessid LiFePQ
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nanoparticlepresentedemarkabledischarge capacitylable 1-1 showed that from

the structural characteristics to carbon content, Lik&P@omposites with HSM lta

a better performarec

Table 1-1 Different characteristics with samples synthesised under various

conditions.
Sample a b C " Diozo|® Seer Carbon
(nm) (nm) (nm) (nm*) (nm) (m®g ') content (wt%)

LFP/C- 1.0330 0.6007 0.4693 0.2912 60.2 14.8 1.04
H19

LFP/C- 1.0328 0.6006 0.4692 02911 59.3 15.0 1.08
H16

LFP/C- 1.0328 0.6005 04690 02909 589 15.6 1.18
H13

LFP/C- 1.0330 0.6008 0.4693 0.2912 61.1 14.3 0.99
H10

LFP/C-CI 1.0333 0.6009 04695 02915 63.0 12.5 0.84

Jeon et al. (2020j)lustrated the effect of different design factors, such as nozzle

position, reactor and heater temperature, residence time and swirling intensity, in

synthesisTiO2 nanopatrticles. Among these design factah® reactor and heater

temperatures, residentene and swirlintensity of the flow field hadx significant

impact on nanopatrticles.

AlAmer et al. (2018)utilised a TaylorCouette reactor to synthesi GO under

different hydrodynamic flow regime#s shown inFigure 17, GtO-3 (synthesised

under Taylor vortex flow)was showedhighest oxidation levelvith the G peak

positionaroundD1600 cm® and highfull -width-at-half-maximumlevels. As can be

seen from the optical microscope images (FigwE8)1 the continuous high shear

applied in @uette flowmadeGtO particlessmaller.

Chapterl, 16



1610
1605
1600
1585
1590

o.e]
f=]

i
|
=

(=]
(=]

ut
=

1585

L
=

1580
1575

Lt
L=]

1570

G Peak Position (Wavenumber cmil)
INHMA Yead ©

b
(=]

1565

1560 10
Graphite GtO-1 GtO-2 GtO-3 GtO-4 GtO-5

Figure 1-17 G band position anfiill-width-at-half-maximumof GtO samplesinder

differentflow conditions.
b

¥ 4

Figure 1-18 Optical microscope images samplega) GtO1, (b) GtG2, (c) GtG3,

(d) GtO4, and (e) Gteb.

Turbulent shear enhancement by ultrasound irradiations

The application ofultrasound field in chemical synthesis is termed sonochemical.
There are two possible mechanisms of nanoparticle synthesis using sonochemical
approach. One is the generation of gas/vapor filled micro bubbles, with the spread of

ultrasound wave inside the reactant solution and employment of huge energy release
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from the implosive collapse of bubbles, thus intensifies the physicochenmical
processse. The other is the formation of shock waves and turbulent flows which leads
to a large amount of microbubble collapse and turbulence shear stress, influences the
morphology and crystallinity of nanoparticl@®adziuk et al., 2010)

According toMorse andngard (1961)the following equations can be used to predict

the boundary layer thickne$s the tangential velocity around the bubble surface

and the shear stress,

C—
1 o
, T,'Y*T,
i Y P S
1Y P

where — is the viscosity of water at room temperatutejs the density of water at
room temperaturelY is an equilibrium bubble radius amnd is the frequency of

ultrasound.

Ultrasoundassisted preparatiohas distinct effect on particle size. The inmgsal
ultrasound power can induce more intensive interaction which results in the more
homogeneous patrticle siZzéatimah et al(2020)investigated the antibacterial activity

of silver and gold nanoparticles. Theangarticles synthesed underultrasound
irradiation had smaller size ranging at-3@ nm, as shown in Figure-19. The
imposed ultrasound power can induce more intensive interaction which resulted in the
more homogeneous particle siz&khoshooeiet al. (2021) also reported that the
ultrasonic irradiation had great impact on particle size controllsitée in the study

of Hu et al. (2020) the nanopatrticles size increased with the increase of ultrasonic
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treatment time (as shown in Figure2@), they believed undedttasound fieldthe

collision of the solute molecules increased which enables the molecules around

crystals to jump into the crystal lattice more easily.
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Figure 1-19 Nanoparticles size dishution in the AuNPs and AgNPs at varied

synthesis method.

CD/DBS24-NPs 5

CD/DBS20-NPs g

CD/DBS17-NPs

Figure 1-20 SEM images angarticlesize distributions (yellow line) ofarying

samples
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Other research showed that ultrasesssisted method can significantly improve the
specific surface areaBounab et al.(2021) used both ultrasonic bath and probe
sonication in synthesisero valent iron nanoparticlethe obtained results showed that
the higher BET specific surface area aporosity were formed than the ones
synthesised in stirring condition, which increased the number of active surface sites.
Yang et al.(2020)investigated the approaches to enhance the drug loading capacity,
they foundgreater drug loading was obtained under ultrasonic treatment due to the

improvement of specific surface area.

1.2.3 Possible morphology and structure of mesoporous micro/nano SiO2

particles

Azlina et al. (2016have synthessed nano Si@using solgel method. Figurd-21

and1-22 demonstrad the surface morphology of samples aged during 2 h, 4 h and 6

h at calcination temperatures of 600 UC an
ranges from 2.8B.39 * @& and the nanoparticleza of the silicsbecame largewith

the increasing aging time and increasing temperature.

Figure 1-21 SEM imageof silica nanostructurestc al ci nati on temper atul

for various aging timega) 2 h (b) 4 h (c) 6 h.
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