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SYNOPSIS 

A large amount of attention has been paid to the approaches of synthesis micro/nano particles. 

In comparison with other methods such as hydrothermal treatment or self-assembly method, 

shear controllable methods have been attractive in recent study. Shear controllable synthesis 

has the advantages of precise control, high mass transfer rate and variable properties of 

synthesized production. In order to promote research in this area, we have developed a 

reactor, a counter swirling flow reactor, which can improve the mixing performance and mass 

transfer rate 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 characteristics 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 of the production. Meanwhile, empirical formulas are given for better describing 

the relationship between hydrodynamics and synthesised particles. 

Second, the effects of shear rate induced by both hydrodynamics and ultrasound irradiation 

under different experimental conditions have been illustrated. Because of the simplicity of the 

hydrolysis and condensation reaction of Tetraethyl orthosilicate (TEOS), amorphous nature 

and simple kinetics analysis, synthesis of SiO2 is chosen as the experiment object. The 

spherical mesoporous SiO2 nanoparticles are widely applied in Adsorption, catalysis, 

photoluminescence and biomedicine. However, particle size and morphology controllable 

technologies do not meet the industrial requirements. Based on the above discussion, it can 

be postulated that the characteristics of mesoporous SiO2 nanoparticles can be affected by 

local shear turbulence. To reveal the exact influence of the local shear turbulence on 

production, several analysis methods have been adopted, such as Scanning Electron 
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Microscopy image, N2 adsorptionïdesorption isotherm measurement, Fourier transform 

infrared spectroscopy and particle size analysis. 

Overall, the results of the work give an insight into the shear controllable synthesis 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 mesoporous silica nanoparticles 

 

1.1 Introduction  

Mesoporous silica materials (MSNs) have achieved significant advancements in drug 

delivery technologies. The ordered and uniform pores make it possible to carry 

variety of cargo ranging from RNA (Zhang and Kleinstreuer, 2011, Vanaki et al., 

2014), proteins (Gao et al., 2021, Xu et al., 2019) and DNA (Sun et al., 2019, Hai et 

al., 2018), which may have problems in crossing the cell membranes, lack of 

specificity, poor performance on solubility and stability. The Stoberôs method is 

always the way to synthesis spherical monodisperse silica micro particles (Narayan et 

al., 2018). The widely used approaches to achieve chemical reaction are sol-gel 

process, self-assembly, hydrothermal treatment with post treatment like combustion 

and calcination. However, the above approaches have shortcomings in industry 

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 synthesis of mesoporous silica nanoparticles. 
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1.2 Fundamentals of controllable synthesis of mesoporous micro/nano 

particles  

1.2.1 Conventional synthesis approaches  

Hydrothermal treatment 

The hydrothermal treatment is of particular interest since it is a low cost, 

environmentally friendly method (Tam et al., 2006). It was seen as an effective way 

for rational synthesis and crystal engineering in the area of ionic conductors, 

compound oxides and fluorides, inorganic-organic hybrid microporous materials, and 

especially condensed materials. With advantages such as high reactivity of reactants, 

easy to control interface reactions, generation of metastable and unique condensed 

phases, it arouses the interest in hydrothermal treatment (Feng 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 concentrated base, hard to achieve uniform size and 

thermal stable (Liu et al., 2014).  

 

Homogeneous nucleation processes, small grain sizes and high purity powders are 

important assessment in hydrothermal treatment. Lee and Choi (2004) synthesised 

CeO2 particles under temperature of 200 OC for 6h with the various concentrations of 

H2O2 (0.5, 0.8, 1mol). Figure 1-1 is the all X-ray diffraction patterns of the prepared 

CeO2 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. 
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Figure 1-1 Xray diffraction of CeO2 powders at different H2O2 concentrations: (a) 0.5, 

(b) 0.8 and (c) 1 mol. 

 

Sonali et al. (2020) synthesised ZnO nanoparticles separately by two different ways: 

modified auto-combustion and hydrothermal. The particle size was almost uniform 

and spherical in shape in both the cases. However, an obvious difference was noticed 

from Figure 1-2. The fraction of particles obtained from hydrothermal synthesis was 

small and uniformly distributed than those obtained from combustion. 

 

Figure 1-2 FE-SEM images of ZnO nanoparticles. Hydrothermal synthesis route: (a) 

and (b); combustion synthesis: (c) and (d). 
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Neto et al. (2020) synthesised ZnWO4 nanoparticles by microwave-assisted 

hydrothermal treatment with different reaction time (0, 5, 10, 30, 60, 120 min). The 

hydrothermal treatment time had no significant changes in ZnWO4 structure as shown 

in Figure 1-3. The average diameters for 0 min and 120 min are 28.81 and 26.74 nm, 

respectively. The crystallinity of the nanoparticles increased with the time increase, as 

seen through the diffractograms (Figure 1-4). Furthermore, Figure 1-5 illustrates that 

the photocatalytic activity improved with the increased hydrothermal treatment time.  

 

Figure 1-3 Prepared SEM images (a) ZW0, (b) ZW5, (c) ZW10, (d) ZW30, (e) ZW60 

and (f) ZW120. 

 

Figure 1-4 Diffractograms for ZnWO4 samples. 



 Chapter1͖5 

 

Figure 1-5 Concentration variation curves as a function of test time of the (a) MB and 

(b) MO dyes for the ZnWO4 samples. 

Self-assembly method 

Self-assembly (SA) is a process by which nanoparticles or other discrete components 

spontaneously organize due to specific interactions through their environment 

(Grzelczak et al., 2010). It is commonly used in producing nanoparticles and forming 

nanostructures. This free energy driven process spontaneously organizes molecules 

into ordered structures at multiple length scales. The biggest advantage of this method 

is by controlling the experimental conditions, the structure of the final production can 

be easily and finely tuned (Cui et al., 2010). 

 

Pacholski et al. (2002) synthesised zinc oxide nanoparticles which were synthesised 

from C4H10O6Zn in alcoholic solution under basic conditions via self-assembly 
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method. They found that the overall concentration of precursors is a key factor in 

determining the shape of the ZnO particles. The TEM image in Figure 1-6 depicts two 

different morphologies of ZnO. Under low concentration of zinc acetate dihydrate 

(starting sol) the synthesised particles were nearly spherical, whereas at 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. (2010) synthesised PA functional material by using molecular self-assembly 

to produce. They illustrated the driving forces for this process which mainly consisted 

of hydrophobic interactions, hydrogen bonding, and electrostatic repulsions. The 

hydrophobic interactions and hydrogen bonding are attractive forces that tend to 

promote the aggregation of PA molecules, whereas electrostatic repulsions from the 

charged components disassociate the molecules. The size, shape and interfacial 
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curvature of the final production reflect a delicate balance between these energy 

contributions.  

 

Boal et al. (2000) demonstrated that the self-assembly process provides control over 

the resulting aggregates. A polymer-mediated strategy has been introduced for the 

self-assembly of nanoparticles into ordered one. As shown in Figure 1-7, the highly 

ordered and multi-scale discrete nanoparticles were formed. Self-assembly is also 

very temperature dependent due to the balance between entropic and enthalpic effects. 

Figure 1-8 displayed the morphologies of aggregates at different temperature. The 

results showed that larger aggregate structures were yielded at lower temperatures. 

 

Figure 1-7 Proposed mechanism for the aggregation of polymer 1-Thy-Au. a, 

Polymer mediated self-assembly of Thy-Au, showing the experimentally determined 

interparticle distance. b, Proposed polymer 1-Thy-Au self-assembled structure, 

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

temperatures: (a) 23 . (b) -20 . (c) 10 . 

Combustion and calcination 

Combustion is often used to synthesis metal particles in various areas, such as space, 

explosions, underwater propulsion and hydrogen formation (Sundaram et al., 2015). 

Physicochemical processes play an important role in combustion process, such as heat 

and mass transfer between the particle and the gas phase, transformations in the oxide 

layer, and exothermic chemical reactions. Lynch et al. (2010) demonstrated the 

mechanism of combustion that occurs heterogeneously on the nano aluminium 

particle surface as shown in Figure 1-9. The overall concept of this mechanism can be 

concluded as mass diffusions and chemical reactions.  
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Figure 1-9 Three important processes in combustion of nano aluminum particles in 

oxygen. 

 

Nagaveni et al. (2004) have synthesised nano TiO2 particles by solution combustion 

method. The synthesised particles were used for the solar photocatalytic degradation 

of various organic dyes as a property indicator. Degradation figures illustrated the rate 

of degradation with combustion synthesised. As shown in Figure 1-10 the 

performance of combustion synthesised TiO2 was much better than commercial TiO2, 

this can be attributed to the small size, crystal structure, high crystallinity, large 

number of surface hydroxyl groups and decreased band-gap energy of the catalyst 

which enhanced the solar energy 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 kg mī3. 

 

Calcination can remove volatile matter by heating the inorganic materials. During the 

calcination, the release of volatile components minimizes internal shrinkage in later 

processing steps that can lead to the development of internal stresses and, eventually, 

cracking or warping (Rand, 1991).  

Al -Hada et al. (2014) synthesised ZnO nanosheets by thermal-treatment method. The 

calcination here allowed the removal of organic matter and nitrate ions leaving a 

residue of pure powders. The influence of calcination temperature was displayed in 

Figure 1-11, the average particle size decreased from 38 to 23 nm with the increase of 

calcination temperature. The band gap energy of ZnO nanoparticles also changed 

from 3.260 eV to 3.23 eV as shown in Figure 1-12.   



 Chapter1͖11 

 

Figure 1-11 TEM images and particle size distribution of ZnO nanosheets at 

calcination temperature of (a) 500 , (b) 550 , (c) 600  and (d) 650 . 

 

Figure 1-12 The band gap energy of ZnO nanosheets calcined at different 

temperatures. 

 

Among the elements which may have effect upon the grain size and microstructure of 

nano-TiO2 powders, Li et al. (2003) found the calcination temperature was more 

effective compared with the calcination time and concentration. The nanoparticle size 



 Chapter1͖12 

tended to increase with the increasing temperature which was plotted in Figure 1-13. 

It grows slowly at low calcination temperatures and then becomes very fast at high 

calcination temperatures.  

 

Figure 1-13 The grain size as a function of different calcination temperatures. 

Sol-gel method 

The advantage of solïgel is that the obtained production is nano sized crystallized 

particles with high purity at relatively low temperature. This method normally needs 

subsequent post treatments for crystallization such as annealing. However, the 

annealing may cause hard aggregation and even inter-particle sintering (Macwan 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. 

 

Sol-gel method has wide applications in coating including thin films, optical coating 

and corrosion resistant coatings (Dehghanghadikolaei et al., 2018). Sharma et al. 

(2020) synthesised nano powder of TiO2 by sol-gel method. After annealing, TiO2 

nanocrystals were generated with good structural, optical and electrochemical 

properties. The synthesised TiO2 nanoparticles showed absorbance in the UV range, 
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by using the solar radiation the UV-Vis can extended to near-infrared region which 

making them adopted in photochromic applications. From the image of absorption 

spectra (Figure 1-14), TiO2 samples presented a peak value at 342 nm.  

 

Figure 1-14 UV-Vis absorption spectrum of TiO2 nanoparticles. 

 

Martins et al. (2017) also synthesised TiO2/activated carbon as a photocatalyst 

employed to decomposition of tetracycline via sol-gel method. By comparing with 

bare TiO2 and P25, the properties and catalytic activity can be roughly evaluated. 

According to Figure 1-15, TiO2/AC had better structural and electronic features for 

photocatalysis. 

 

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

experimental data of TC photodegradation reaction under photolysis (ƴ) and catalysed 

by P25 (Å), bare TiO2 (ƶ) and TiO2/AC (Ʒ) composite. 
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Vazquez et al., (2017) illustrated the effect of different molar ratio of surfactant and 

H2O on morphology and particle size. Figure 1-16 was the SEM images of 

mesoporous silica particles prepared by solïgel as a function of the surfactant and 

water amount. It was clearly that the CTAB concentration has significant influence on 

the growth of particles, as shown in Figure 1-16 under low concentration of CTAB 

more homogeneous spherical particles are formed.  

 

Figure 1-16 SEM images of mesoporous silica particles at different molar ratios (a) 0 

CTAB:45 H2O, (b) 0.1 CTAB:45 H2O, (c) 0.3 CTAB:45 H2O, (d) 0.3 CTAB:600 H2O 

and (e) 0.3 CTAB:1200 H2O. 

 

Although aqueous solïgel approaches are highly attractive, they bring some major 

limitations forward when need to synthesis nanoscale production. During the process, 

hydrolysis, condensation and aggregation always occur simultaneously and are 

difficult to control individually. Therefore, subtle changes in experimental conditions 

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

experimental repeatability (Niederberger, 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 will be exacerbated after scaling up the batch synthesis, resulting in various 

physical and chemical characteristics of poly-dispersed population of nanoparticles.  

Microfluidic synthesis approach has been widely studied since 1990s, a great deal of 

research has been devoted to this area. Especially the continuous-flow microfluidic 

systems, are attractive due to their accurate control, high heat and mass transfer 

efficacy, intensive mixing, large reaction interfaces compared with conventional 

synthesis methods. In microfluidic systems, the nucleation and growth stages of 

nanoparticle formation can be separated with reference to the distance from the 

solution mixing region, giving excellent control of size, particle size distribution and 

morphology, thus increasing reproducibility (Ma et al., 2017). 

Hydrodynamic shear generation by turbulent shear flows 

High shear mixer (HSM) system is a method with high mass and heat efficacy, it has 

been commonly used in fine dispersions and homogeneous reaction mixing process 

(Koopmans et al., 2013). Liu et al. (2015a) synthesised LiFePO4 nanoparticles in a 

HSM via hydrothermal method, the effect on the particle size distribution and 

morphology of final production was demonstrated. It was clearly that in contrast to 

those formed with the conventional impeller, the HSM-assisted synthesised LiFePO4 
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nanoparticles presented remarkable discharge capacity. Table 1-1 showed that from 

the structural characteristics to carbon content, LiFePO4/C composites with HSM had 

a better performance. 

 

Table 1-1 Different characteristics with samples synthesised under various 

conditions. 

 

 

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

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

synthesis TiO2 nanoparticles. Among these design factors, the reactor and heater 

temperatures, residence time and swirl intensity of the flow field had a significant 

impact on nanoparticles.  

 

AlAmer et al. (2018) utilised a Taylor-Couette reactor to synthesise GO under 

different hydrodynamic flow regimes. As shown in Figure 1-17, GtO-3 (synthesised 

under Taylor vortex flow) was showed highest oxidation level with the G peak 

position around Ḑ1600 cmï1 and high full -width-at-half-maximum levels. As can be 

seen from the optical microscope images (Figure 1-18), the continuous high shear 

applied in Couette flow made GtO particles smaller.  
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Figure 1-17 G band position and full -width-at-half-maximum of GtO samples under 

different flow conditions. 

 

Figure 1-18 Optical microscope images of samples (a) GtO-1, (b) GtO-2, (c) GtO-3, 

(d) GtO-4, and (e) GtO-5. 

Turbulent shear enhancement by ultrasound irradiations 

The application of ultrasound 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 

processes. 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 nanoparticles (Radziuk et al., 2010). 

According to Morse and Ingard (1961), the following equations can be used to predict 

the boundary layer thickness ‏, the tangential velocity around the bubble surface ’ 

and the shear stress ‪, 

‏
ς–

”‫
ρ ρ 

’
Ὑ‚‫

ὶ
ᵼ
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Ὑ
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‪ –
‬’

‬ὶ

–‚‫
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where – is the viscosity of water at room temperature, ” is the density of water at 

room temperature, Ὑ is an equilibrium bubble radius and is the frequency of ‫ 

ultrasound. 

 

Ultrasound-assisted preparation has distinct effect on particle size. The imposed 

ultrasound power can induce more intensive interaction which results in the more 

homogeneous particle size. Fatimah et al. (2020) investigated the antibacterial activity 

of silver and gold nanoparticles. The nanoparticles synthesised under ultrasound 

irradiation had smaller size ranging at 18-50 nm, as shown in Figure 1-19. The 

imposed ultrasound power can induce more intensive interaction which resulted in the 

more homogeneous particle size.  Khoshooei et al. (2021) also reported that the 

ultrasonic irradiation had great impact on particle size controllable. While in the study 

of Hu et al. (2020) the nanoparticles size increased with the increase of ultrasonic 

https://www.sciencedirect.com/science/article/pii/S0920586120304855#!
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treatment time (as shown in Figure 1-20), they believed under ultrasound field the 

collision of the solute molecules increased which enables the molecules around 

crystals to jump into the crystal lattice more easily. 

 

Figure 1-19 Nanoparticles size distribution in the AuNPs and AgNPs at varied 

synthesis method. 

 

Figure 1-20 SEM images and particle size distributions (yellow line) of varying  

samples. 
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Other research showed that ultrasonic-assisted method can significantly improve the 

specific surface area. Bounab et al. (2021) used both ultrasonic bath and probe 

sonication in synthesis zero valent iron nanoparticles, the obtained results showed that 

the higher BET specific surface area and porosity 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 found greater 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. (2016) have synthesised nano SiO2 using sol-gel method. Figure 1-21 

and 1-22 demonstrated the surface morphology of samples aged during 2 h, 4 h and 6 

h at calcination temperatures of 600 ǓC and 700 ǓC. The particle size of silica powder 

ranges from 2.81-3.39 ‘ά, and the nanoparticle size of the silica became larger with 

the increasing aging time and increasing temperature. 

 

Figure 1-21 SEM image of silica nanostructures at calcination temperature of 600 ǓC 

for various aging times: (a) 2 h (b) 4 h (c) 6 h. 


