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ABSTRACT 

Tremendous research efforts have recently focused on the synthesis of graphene 

from graphitic materials, while environmental issues, scalability, and cost are some of the 

major challenges to be surmounted. Liquid phase exfoliation (LPE) of graphene is one of 

the principal methods for this synthesis. Nevertheless, sufficient information about the 

mechanisms of exfoliation has yet to emerge. Here, a microreactor based on the 

hydrodynamic cavitation (HC) on a chip concept is introduced to exfoliate graphite in a 

totally green process which involves only natural graphite flakes and water. The present 

sustainable reactor system was found to exfoliate thick and large graphite particles to 

nano-sized sheets (⁓ 1.2 nm) with a lateral size of ⁓ 500 nm to 5 μm. 

Besides the application of hydrodynamic cavitation for 2D material synthesis, in 

the second part of this thesis we tried to fabricate a filter/membrane for separating of gas 

or some component of liquid media with the use of electrospinning method. 

Electrospinning is an electrohydrodynamic process involving a polymeric droplet and 

slim charged liquid jet. The polymer solution is subjected to a high potential electric field. 

The high voltage enables the production of continuously long fibers on a collector surface. 

In this thesis, the effects of major parameters on the electrospun fibers were extensively 

investigated. Optimum conditions for electrospinning were obtained on the surface of a 

collector, and the diameter of resulting fibers, through SEM (Scanning Electron 

Microscopy) investigations, was determined. The optimum values for concentration, 

applied voltage, the distance between the tip of needle and collector, and flow rate 

determined to be 10 wt.%, 12 kV, 20 cm, and 0.6 ml.h-1, respectively. Afterwards, the 
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hydrophilicity of fibers was modified by adding different poly (ethylene glycol) (PEG) 

concentrations (20, 30, and 40 wt.%) to the polymeric solution. The contact angle analysis 

revealed that the poly (methyl methacrylate) (PMMA) and 30 wt.% PEG fabricated 

fibrous mat exhibited a better wettability and lower hydrophobicity compared to pure 

PMMA electrospun mats. In the next step, silica NPs (nanoparticles) were introduced to 

the polymeric solution of electrospinning in the form of an IPA (isopropanol)-based 

collide solution. The dispersed solution-based addition of silica NPs prevented the 

aggregation state of NPs in the nanofibers. The addition of silica nanoparticles also 

changed the thermal and mechanical properties of the ternary composite, which were 

analyzed in TGA (thermogravimetric analysis) and tensile tests. These results highlight 

that the hybrid composite leads to a promising new electrospun mat for filtration and 

bioengineering applications. 

 

Keywords: Graphene, Exfoliation, Hydrodynamic Cavitation, Electrospun 

Fibers; Membrane; Poly (methyl methacrylate); Polyethylene glycol. 
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ÖZET 

Son zamanlarda yoğun araştırma çabaları, grafit malzemelerden grafen sentezine 

odaklanmıştır. Bu bağlamda çevresel sorunlar, ölçeklenebilirlik ve maliyet üstesinden 

gelinmesi gereken başlıca zorlukları teşkil etmektedir. Grafenin sıvı faz eksfoliyasyonu 

(LPE), bu sentez için temel yöntemlerden biridir. Bununla birlikte, pul pul dökülme 

mekanizmaları hakkında henüz yeterli bilgi ortaya konmamıştır. Bu tezde, yalnızca doğal 

grafit pulları ve su içeren tamamen yeşil bir işlemde grafiti pul pul dökmek için bir çip 

konsepti üzerinde hidrodinamik kavitasyona (HC) dayalı bir mikroreaktör geliştirilmiştir. 

Mevcut sürdürülebilir reaktör sisteminin, kalın ve büyük grafit parçacıklarını, yanal 

boyutu ⁓ 500 nm ila 5 um olan nano boyutlu levhalara (⁓ 1.2 nm) eksfoliye ettiği 

kanıtlanmıştır. 

2D malzeme sentezi için hidrodinamik kavitasyon uygulamasının yanı sıra, bu 

çalışmanın ikinci bölümünde, elektroeğirme yöntemi kullanılarak gazın veya sıvı ortamın 

bazı bileşenlerinin ayrılması için bir filtre/membran geliştirilmiştir. Elektroeğirme, 

polimerik bir damlacık ve ince yüklü sıvı jeti içeren elektrohidrodinamik bir işlemdir. 

Polimer çözeltisi, yüksek potansiyelli bir elektrik alanına maruz bırakılır. Yüksek voltaj, 

bir kollektör yüzeyinde sürekli uzun liflerin üretilmesini sağlar. Bu tezde, ana 

parametrelerin elektrospun elyaflar üzerindeki etkileri kapsamlı bir şekilde araştırılmıştır. 

Elektroeğirme için optimum koşullar bir toplayıcı yüzeyinde elde edilmiş ve elde edilen 

liflerin çapı, SEM (Taramalı Elektron Mikroskobu) incelemeleri ile belirlenmiştir. 

Konsantrasyon, uygulanan voltaj, iğne ucu ile kollektör arasındaki mesafe ve akış hızı 

için optimum değerler sırasıyla ağırlıkça %10, 12 kV, 20 cm ve 0,6 ml.h-1 olarak 

belirlenmiştir. Daha sonra, polimerik çözeltiye farklı poli (etilen glikol) (PEG) 
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konsantrasyonları (ağırlıkça %20, 30 ve 40) eklenerek liflerin ıslanabilirliği modifiye 

edilmiştir. Temas açısı analizi, poli (metil metakrilat) (PMMA) ve ağırlıkça %30 PEG ile 

üretilmiş lifli matın, saf PMMA elektrospun matlarına kıyasla daha iyi bir ıslanabilirlik 

ve daha düşük hidrofobiklik sergilediğini ortaya koymuştur. Bir sonraki adımda, silika 

NP'ler (nanopartiküller), bir IPA (izopropanol) bazlı çarpışma çözeltisi formunda 

elektroeğirmenin polimerik çözeltisine dahil edilmiştir. Dağılmış çözelti bazlı silika 

NP'lerin eklenmesi, nanoliflerde NP'lerin topaklanma durumunu önlemiştir. Silika 

nanopartiküllerin eklenmesi, TGA (termogravimetrik analiz) ve çekme testlerinde analiz 

edilen üçlü kompozitin termal ve mekanik özelliklerini de değiştirmiştir. Bu sonuçlar, 

hibrit kompozitin filtrasyon ve biyomühendislik uygulamaları için umut verici yeni bir 

elektrospun mata yol açtığını vurgulamaktadır. 

 

Anahtar Kelimeler: Grafen, Eksfoliasyon, Hidrodinamik Kavitasyon, 

Elektrospun Elyaflar; membran; Poli (metil metakrilat); Polietilen glikol. 
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Chapter 1. Overview and Introduction 

 

1.1 Introduction- Graphene Exfoliation Based on the “Hydrodynamic 

Cavitation on a Chip” Concept 

2D nanomaterials have been extensively implemented for improvements in the 

quality of life since their discovery and exploitation. During the past decade, many 

research efforts have been focused on graphene due to its outstanding electrical, optical, 

chemical, and mechanical properties, as well as its unique 2D honeycomb lattice [1,2]. 

These unique characteristics have attracted the attention of many researchers so that the 

scope of the research on graphene has been broadened beyond materials engineering and 

physics [3]. In this regard, a substantial number of studies on drug delivery [4,5], 

nanoelectronics [6,7], batteries and fuel cells [8,9], sensors [10,11], and supercapacitors 

[12] were recently published. 

Production of graphene and related materials at a reasonable cost from graphite is 

a long-lasting scientific challenge and puts an obstacle against graphene-based emerging 

applications. The properties of graphene and related materials are closely related to their 

synthesis method, which could enable the precise control of their shape, size, and surface 

properties, thereby leading to versatile physical, chemical, and biomedical characteristics 

[13]. Over the years, various methods have been proposed to produce graphene, which 

can be categorized into two major approaches: top-down and bottom-up [14]. Top-down 

approaches involve the separation of the stacked layers of graphite into graphene sheets. 

Mechanical exfoliation [15,16], liquid-phase exfoliation (LPE) [17,18], unzipping of 

multi-wall carbon nanotubes (MWCNTs) [19,20], and arc discharge [21,22] are some 

examples of this approach. In contrast to top-down methods, bottom-up methods involve 

synthesizing graphene from carbon-containing sources such as chemical vapor deposition 

[23,24], epitaxial growth [25], and pyrolysis [26]. 

In general, in top-down methods, the process involves mechanical and chemical 

energies to break down weak Van der Waal forces in high-purity graphite sheets [27,28]. 

Typically, the mechanical routes for exfoliation of flakes apply in the form of two forces. 

The vertical impacts act on the flakes, which causes to overcome energy between layers 

to peel them apart (normal force), and the sliding relative movements between layers 

occur due to the exerted lateral force (shear force). 
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LPE, one of the most widely used top-down methods for graphene production, 

was first introduced in 2008. In this method high energy sonication or mixing are 

conducted to exfoliate graphite to graphene sheets in a solvent with addition of surfactants 

to avoid oxidation or reduction. On the other hand, spontaneously exfoliation of graphene 

sheets under the effect of high energy liquid-liquid interface is another approach, where 

graphite particles act as a surfactant in chemical-free medium [29,30]. Generally, there 

are three main steps in LPE synthesis: (i) dispersion of graphite in a suitable solvent, (ii) 

exfoliation, and (iii) purification of the final products [31]. In the second step, the 

formation and collapse of bubbles on the flake surfaces instantly result in a compressive 

stress wave propagation throughout the particle. Based on the theory of stress waves, the 

particle is also exposed to a reflected tensile stress wave. The cycle of creation and 

collisions of bubbles leads to intensive tensile stress in the flakes. Additionally, the other 

potential scenario is the exertion of unbalanced lateral compressive stress. This kind of 

stress can also break down adjacent layers by the shear effect [32]. As a result, it is an 

efficient and fast approach to develop nano-sized particles, where the prominent role 

belongs to cavitation bubbles [33].  

Cavitation is a phase change phenomenon involving the nucleation, growth, and 

collapse of gas or vapor-filled bubbles in liquids [34,35]. The collapsing bubbles 

(cavities) in the liquid provide the energy source to initiate and enhance a wide range of 

chemical processes and introduce physical effects to break down graphite layers into 

graphene [36]. The resulting bubble collapse could generate very high energy densities 

(energy per unit volume), which causes a rise in the local temperature and pressure as 

large as 5000 K and 500 atm, respectively, over an extremely short period of time [37]. 

In general, acoustic-based exfoliation is carried out with an ultrasonic water bath or 

probe-tip sonicator, which can be scaled up to no more than a few hundred milliliters [38]. 

Indeed, because of the inefficient energy transfer from the source to the liquid medium, 

the increase in the volume will exacerbate the production rate. Thus, exfoliation of 

graphite to graphene by ultrasonication is not a suitable way for large scale graphene 

production [39]. 

Due to the significance of hydrodynamic cavitation in fluidic systems, many 

studies have been dedicated to provide an understanding about the effects of major 

parameters such as thermophysical properties of the working fluid, geometry of the 

reactor, and surface roughness elements [40,41]. Recently, the generation of 
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hydrodynamic cavitating flows in microfluidic devices has gained much attention because 

of the scalability, cost-effectiveness, and energy-efficiency. Furthermore, facile flow 

generation processes besides the stationary section of hydrodynamic reactors make them 

even more popular and effective [42,43]. 

Some studies on liquid exfoliation inside a microreactor are capable of generating 

hydrodynamic cavitation. For example, Liu et al. [44] attempted to prepare single and 

few-layered graphene flakes in a cavitation reactor by employing a water-acetone 

mixture. Their process yield was 4%, and they introduced this method as a promising 

mass production tool with advantages of low cost and green process. In one of the recent 

studies conducted by Qiu et al. [45], a 50 gL-1 graphite suspension with a sufficient 

amount of surfactant (Sodium Cholate) was processed by passing around 2000 times 

through a microreactor (⁓ 3 hours). The hydraulic power and relative energy consumption 

of their system were about 5W and 2 MJL-1, respectively. They reported that the 

surfactant might undergo destruction under intense cavitation, which can prevent the 

increase in the yield of process. In another study, graphene and its analogues materials 

were produced by the use of liquid phase exfoliation and microreactor, where Yi et al. 

[46] introduced the fluid dynamics method for scalable and efficient production. They 

performed the experiments with the help of a high-pressure plunger pump, and the 

suspensions were under the effect of N, N-Dimethylformamide (DMF) as a dispersion 

medium. They treated the working fluid in 5-cycles. 

Motivated by the emerging studies on LPE in microfluidic devices, herein, a 

sustainable hydrodynamic cavitation reactor system with a nozzle, which lead to a sudden 

decrease in the cross-sectional area of the fluid path and an increase in the velocity of the 

working fluid, was designed. This system was shown to be highly efficient in the large-

scale preparation of stable graphene solutions from natural graphite powder in water. 

Accordingly, we developed an eco-friendly hydrodynamic cavitation induced 

microreactor, which could exfoliate graphene with the use of just pure water instead of 

harmful and expensive solvents and chemicals. 
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1.2 Introduction- Electrospinning of Ternary Composite of PMMA-PEG-

SiO2 Nanoparticles 

The development of nano-scale and advanced multifunctional composite 

materials has been a growing subject of interest in materials science and nanotechnology 

[47]. Among the fabrication techniques, electrospinning has been rapidly emerging as a 

viable technique due to its simplicity, efficiency, low cost, and consistency in fabricating 

fibers, whose diameter could be reduced to tens of nanometers [48,49]. Electrospinning 

is an electrohydrodynamic process, where a high voltage is applied to generate a slim 

charged liquid jet followed by stretching the jet and solidifying continuously long fibers 

on a collector [50–52]. In general, the fabrication of electrospun fibers and control of their 

properties depend on several parameters, which can be divided into three main groups: 

electrospinning parameters, solution properties, and ambient conditions [53,54]. 

Electrospinning process parameters include the applied potential, flow rate of the 

solution, needle tip to collector distance, and needle diameter [55,56]. Solution properties 

are related to solvent volatility, concentration, polymer molecular weight, surface tension, 

dielectric constant, and conductivity [57,58]. The ambient conditions of the chamber, 

including humidity and temperature as well as other parameters, affect the morphology 

of final fibers [59]. Generally, the electrospinning process is a flexible process, where 

many different types of polymers such as water-soluble, water-insoluble, and composite 

materials could be prepared in the form of nanofibers mats [60,61]. These nonwoven 

structures have attracted great interest in various fields and applications, including 

filtration and wastewater treatment [62,63], biomedical and tissue engineering [64,65], 

sensors and catalysts [66,67], and energy storage [68,69] due to their high surface area to 

volume ratio, biocompatibility, porous networks, high permeability, and different types 

of surface morphology and modifications. 

Among the polymers, poly(methyl methacrylate) (PMMA) has been widely used 

in many fields, as mentioned earlier. It is a glassy and non-water-soluble polymer, which 

possesses decent processing, biocompatibility, and inherent hydrophobicity [70,71]. 

However, the application of this material is constrained by its brittleness and low 

mechanical properties. Research efforts have been made to modify the fiber’s surface  

morphology and the influence of electrospinning parameters on the fiber properties [72]. 

For instance, Liu et al. [70] reported the solvent’s effect on fabricated fiber morphology 

for water treatment application. Their study showed that the surface wettability of the 
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PMMA fibers could be controlled by just adjusting the ratio of N,N-dimethylacetamide, 

and acetone in a binary solvent system. Ni et al. [73] attempted to fabricate the reinforced 

composite nanofibers of PMMA using cellulose nanocrystals (CNC). They reported that 

morphology, surface roughness, and tensile strength of PMMA composite nanofibers 

improved by adding CNC, and the further addition of CNC caused a decrease in the 

diameter of the fibers. In one of the recent studies conducted by Li et al. [74], the 

experimental results exhibited an enhancement in the composite membranes’ maximum 

adsorption capacity and mechanical strength with chitosan addition to PMMA. The 

hydrogen bond formation between chitosan and PMMA was reported as the reason for 

the enhancement. In another study on the field of energy, Fu et al. [75] fabricated 

electrospun poly(vinylidene fluoride) (PVDF) membranes, where PMMA and SiO2 

nanoparticles (NPs) were introduced into the system to generate a PVdF/PMMA/SiO2 

composite membrane. The homogenous distribution of SiO2 NPs on the electrospun 

fibers, along with a hot-pressing process, resulted in a high value of tensile strength (32.69 

MPa) and high elongation at the fracture point. 

To meet some application requirements, such as filtration and biomedical 

membranes, the mechanical properties and wettability of the electrospun mats should be 

adjusted [76,77]. The hydrophobic membranes usually cause clogging and flux-decline 

due to trapped air pockets within the mats. Thus, filters with a high-water contact angle 

are undesirable for filtration purposes [77,78]. The performance of the nanofibrous 

membranes could be improved by increasing the hydrophilicity of the fibers. Several 

methods have been reported to modify the surface hydrophobicity, such as applying a 

suitable hydrophilic material as a coating, grafting monomers to the surface of fibers, and 

blending hydrophilic additives to the system [79–81]. 

Blending a second component (polymer) is one of the most efficient and 

straightforward approaches for modulating the hydrophobicity of the fabricated 

membrane [82]. Poly(ethylene glycol) (PEG) is an ideal polymer to improve the wetting 

properties of nanofibers due to its hydrophilicity, solubility in water and organic solvents, 

and biocompatibility [50,82,83]. Tan et al. [84] studied the electrospun composite 

nanofibers of cellulose acetate butyrate (CAB) and PEG. Their study revealed that 10 to 

20% of PEG in a 30% (w/v) of CAB and PEG concentration played an essential role in 

wettability and mechanical stiffness improvements. In another study, Kiani et al. [85] 

explained the effect of different PEG concentrations on the fabricated mat, whose 
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characteristics such as water contact angle and tensile strength had great importance in 

the filtration applications. According to their results, incorporating 10 wt.% of PEG in 

polyphenylsulfone enhanced the mechanical strength, decreased the water contact angle 

to 8.9°, and accordingly increased the water flux up to 7920 L/m2h. 

Besides the wettability enhancements by mixing the PMMA with a second 

polymer, several studies were conducted to reveal the effects of adding nanoparticles such 

as TiO2 [86], SiO2 [87], Al2O3 [88], ZrO2 [89], SiC [90], CNTs [91], and graphene [92] 

into the polymeric electrospun fibers. These nanoparticles were used to control the fibers' 

surface roughness and mechanical properties and improve their chemical properties by 

functionalizing the nanoparticles. An essential point to note is the nanoparticle dispersion 

uniformity in the polymeric electrospinning solution and fabricated composite mat [76]. 

SiO2 nanoparticles (NPs) as an inorganic material exhibit promising properties 

such as high mechanical strength, heat stability, chemical durability, and 

functionalizibility due to the presence of silanol groups in their structure [76,93,94]. 

Moreover, the addition of mesopores and macropores silica NPs increases the surface 

roughness of fibers [95]. Although the addition of NPs could improve the tensile strength 

of the composite, the added amount should be optimized to prevent the decrease in the 

toughness and elongation of the mat at fracture strain [50]. Qing et al. [96] reported the 

development of Silica/PVA nanofibrous membranes for oil/water separation. They 

reported that silica NPs generated a multi-scale roughness on the PVA membrane and 

improved its wettability. The fabricated filters showed high wettability in the air and 

underwater superoleophobicity properties based on the successful strategy for surface 

modification. Chen et al. [97] studied solutions of 20 wt.% of colloidal silica in methyl 

ethyl ketone (MEK), which was mixed with the electrospinning dimethylformamide 

(DMF) base solution to form uniformly distributed SiO2 NPs in electrospun fibers. The 

fabricated fiber average diameter decreased to 350 nm by introducing SiO2 NPs, adjusting 

the DMF/MEK ratio, and adding an ammonium salt. Furthermore, the thermal properties 

and surface hydrophilicity of composite nanofibers were improved and compared to the 

PMMA fibers. 

Multi-component materials based on the electrospinning process have been 

developed because of their enhanced properties which could be promising to implement 

in a vast variety of fields such as bioengineering [98], filtration [99], and sensors [100], 
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where different nanoparticles were added to produce fibrous mat with improved 

performance which by one component electrospun nanofibers it is not achievable. 

The emerging studies on fabrications of a nanocomposite fibrous mat based on 

PMMA in DMF-based solutions suggest that blending the PMMA with PEG and adding 

colloid silica NPs in isopropyl alcohol (IPA) assist in modifying the surface of fibers as 

well as mechanical property improvements. These combinations of different 

characteristics of mentioned materials offer superior properties such as hydrophilicity, 

water insolubility, and higher mechanical strength to PMMA. In this thesis, the effects of 

electrospinning parameters and concentration of PMMA on the formation of electrospun 

fibers were systematically investigated. Also, surface wettability transition due to the 

addition of PEG besides the effect of silica NPs on the mechanical strength of the fibers 

was studied for potential applications such as gas filtration membranes. The gas filtration 

is mainly related to the existence of ether groups in the PEG chemical structure, which 

will be our future study on the performance of fabricated electrospun mats. 
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Chapter 2. A Chemical-Free Process for Graphene Exfoliation 

Based on the “Hydrodynamic Cavitation on a Chip” Concept 

 

2.1 Materials and Methods 

2.1.1 Chemicals and Materials 

Natural graphite powder was purchased from Alfa Aesar (Graphite flake, natural, 

-10 mesh, LOT: U24E068). The graphite solution with 25 mg L-1 solid concentration was 

prepared using de-ionized water without the use of any surfactant or dispersant agent. In 

a typical experiment, graphite flakes in water were sonicated using an ultrasonic bath 

sonicator (Bandelin Sonorex, Rangendingen, Germany) for 30 min. The resulting 

graphite solution was kept on a side for 15 min to precipitate out the unstable large 

graphite flakes, and the supernatant (so-called as ‘the starting graphite dispersion’) was 

separated to be used in the hydrodynamic cavitation reactor, where it was passed through 

the reactor. 

 

2.1.2 Microfluidic Device Geometry and Fabrication 

The microfluidic device (hydrodynamic cavitation reactor) used in this thesis was 

fabricated using the semiconductor microfabrication techniques on silicon and was 

bonded to a glass cover to make sure that the reactors are leakproof. Thus, a fixed 

upstream pressure can lead to a stable flowrate in the reactors. The fabricated reactor 

consists of three main regions, namely inlet, nozzle, and extension zone. The widths of 

the inlet and extension are identical, while the width of the nozzle is smaller so that a 

sudden decrease in the flow cross-sectional area can be achieved. 

According to the Bernoulli’s principle, velocity and static pressure are inversely 

related. Hence, the increase in the fluid velocity as a result of the change in geometry of 

the flow restrictive element in the reactor leads to a decrease in the static pressure, which 

triggers the formation of cavitating flows.  

Since the energy released from the collapsing bubbles provides the input of our 

system, it is vital to make sure that the majority of the bubble collapse occurs inside our 

reactor. For this purpose, the nozzle length in our reactor is significantly longer than the 

available studies in the literature, which facilitates the pressure recovery within the 
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system. Hence, the bubbles face a relatively high-pressure region in the extension area of 

the reactor, which results in the collapse within the reactor. The second feature of the 

fabricated reactor lies on the engineered wall of the nozzle area, where roughness 

elements were formed. Our previous studies reported that the presence of roughness 

elements on the walls facilitated the formation of cavitating flows [101]. The microfluidic 

device in this thesis is also equipped with wall roughness elements so that hydrodynamic 

cavitation can incept at lower upstream pressures. The reactor is resistant to high 

pressures and can withstand very high upstream pressures up to 1200 psi. 

As mentioned before, the microfluidic device in this thesis consists of three 

regions with the same length of 2000 µm. The widths of inlet and extension zones are 

900 µm, while this value for the nozzle is 400 µm. 2/3Ln of the nozzle length is equipped 

with triangular roughness elements with a height of 4 µm. One inlet and two outlets are 

formed on the reactor to realize the flow path. The detailed geometrical parameters of the 

microfluidic device are listed in Table 1. 

 

Table 1. The geometrical characteristics of the reactor 

Physical Configuration Range 

Nozzle length (Ln) 2000 μm 

Nozzle width (Wn) 400 μm 

Hydraulic diameter (Dh) 233 μm 

Extension region length 2000 μm 

Extension region width 900 μm 

Length of the roughness elements (LR) 2 3⁄  Ln 

Height of the roughness elements (HR) 0.01 Wn 

 

The process flow of the fabrication of the reactor in this thesis is the repetition of 

material deposition, patterning, and material removal using the standard microfabrication 

techniques. Accordingly, a layer of silicon dioxide was deposited on a double-side-

polished silicon wafer. The inlet and outlet ports were patterned on the surface by the 

photolithography and dry etching processes. Then, second photolithography and deep 

reactive ion etching (DRIE) were performed on the wafer to obtain the final design. The 
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silicon wafer was then bonded anodically to a glass cap to finalize the nozzle 

configurations. Three pressure ports were patterned on the surface along with the inlet 

and outlet ports to assist in the measurements of the static pressure at the inlet, nozzles, 

and extension zones. More detailed information about the fabrication process flow can be 

found in our previous studies [102]. 

 

2.1.3 Preparation of Graphene Nanosheets 

Graphene nanosheets were prepared using a hydrodynamic cavitation reactor 

system (shown in Figure 1a), which was constructed in similar lines with our previous 

studies [101]. The working fluid (the starting graphite dispersion) was kept in a stainless-

steel container (1 gallon), which was connected to a high-pressure pure nitrogen tank, 

was introduced to the system via proper fittings and stainless-steel tubing. The 

microfluidic device was installed and sandwiched into a homemade aluminum package, 

which facilitated flow visualization and prevented any leakage. The sandwich holder 

consists of one inlet connected to the fluid container and one outlet, where the fluid leaves 

the reactor. The pressure sensors (Omega, Manchester, UK) were also installed on the 

package to measure the static pressures at three different locations of the reactor. A 

double-shutter CMOS high-speed camera (Phantom v310) along with a macro camera 

lens with a focal length of 50 mm was used to record the flow patterns during the 

experiments, while the volumetric flowrate of the system was measured at different 

upstream pressures.  

The prepared solution was introduced to the tubing system by applying the 

upstream pressure supplied by the nitrogen tank. The solution was propelled to the 

hydrodynamic cavitation reactor, where the exfoliation process happened in the nozzle 

and extension regions. The increase in the upstream pressure leads to a faster fluid flow 

in the system. One of the major parameters, Reynolds number, is expressed as: 

Re =
ρVDh

μ
 (1)  

where ρ and µ are the fluid density and dynamic viscosity, respectively. The 

density of water at 20 °C is 998.2 kg/m3, and the dynamic viscosity is 1cP in this thesis. 

Since the concentration of the graphite suspension is low, its effect on the density and 

viscosity of this working fluid is neglected. The velocity of the system, on the other hand, 

is calculated from the measured volumetric flow rate and cross-sectional area. Dh is the 
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hydraulic diameter of the nozzle. Cavitating flow characterization is of great importance 

to assess the intensity and flow pattern formation. For this purpose, the cavitation number 

is used and defined as: 

σ =
(P𝑖 − Pvap)

0.5ρV2
 (2) 

where P𝑖 is the upstream pressure, Pvap is the saturation vapor pressure of the 

working fluid, V is the characteristic velocity of the fluid in the reactor, which is 

calculated at the beginning of the nozzle based on the volumetric flow rate of the system 

(flow rate/cross-sectional area).  

 

2.1.4 Characterization methods 

After different cycles of hydrodynamic cavitation, the collected samples were 

subjected to sequential centrifugations (Allegra X-15R, Beckman Coulter, Fullerton, CA, 

USA) to remove any unexfoliated material. The procedure for the sequential 

centrifugations is given in the Discussion section. The optical microscopy, Raman 

spectroscopy, scanning electron microscopy (SEM), and atomic force microscopy (AFM) 

for the samples were performed by transferring several drops of the supernatant (the top 

two-thirds of the dispersion from S3U samples) of second centrifuged suspension on 

silicon wafer substrates. The microscopic size and morphology of graphite/graphene were 

characterized by optical microscopy (Leica DM2700 M, Germany) and SEM (FE-SEM, 

LEO Supra VP-55, Germany). SEM images were taken after coating a very thin layer of 

gold-palladium alloy to observe the physical morphology and thickness of existing layers 

of the graphene. AFM measurements of graphene were made under ambient conditions 

at 60% relative humidity and 22 °C with a Digital Instruments Bruker multimode 8 in 

tapping mode. The characterization was obtained using a NanoAndMore tip with a 

bending spring constant of 40 Nm-1, resonance frequency of 50–200 kHz, and tip radius 

of 10–20 nm. UV-Visible measurements were conducted on the samples in disposable 

cuvettes using a double-beam device (Varian Cary 5000 UV/Vis‐NIR spectrometer) in 

the range of 200−800 nm. Raman spectroscopy was performed on a Renishaw inVia 

Reflex with the laser frequency of 532 nm as an excitation source. Raman spectra were 

obtained and normalized from at least 15 different spots on each sample. The size 

distribution of flakes after the specific cycles was determined using the dynamic light 

scattering (DLS) method. In this method, 1 ml of each sample was characterized in 
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disposal cuvettes. The experiment was carried out with a Zetasizer Nano ZS (Malvern 

Instruments) device equipped with a He/Ne laser operating at 633 nm as a light source. 

 

2.2 Results and discussion 

Graphene nanosheets were produced in the hydrodynamic cavitation reactor 

system (Figure 1a), where a top-down approach was adapted, and natural graphite flakes 

were exfoliated by energy released from the collapse of the cavitation bubbles. It is worth 

noting that the hydrodynamic cavitation-assisted production of graphene nanosheets in 

water is a green and sustainable process since it does not use any kind of chemicals such 

as surfactants and/or stabilizers.  

 

 

Figure 1. a) The schematic of the hydrodynamic cavitation reactor system for the production of graphene nanosheets, 

and b) The sequential centrifugation method for the isolation of the stable graphene nanosheets produced in the 

hydrodynamic cavitation reactor system. 

 

In this process, graphite particles act as a solid interface in the working fluid and 

facilitate the heterogeneous bubble nucleation so that the process had low input energy 

for cavitation generation. The method is a fast and energy-efficient production method, 
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where the aqueous dispersions of graphite are treated through the cavitation setup, and 

the process lasts just a few seconds. The current hydrodynamic cavitation reactor system 

relying on a single nozzle microreactor is able to produce ~3.125 mg of graphene in a 

day, however, the production may be scaled up from milligrams to kilograms by 

engineering parallel multichannel chips with multi-nozzle microreactors. 

 

2.2.1 Hydrodynamic cavitation and flow patterns 

Under cavitating flow conditions, the static pressure at the nozzle area drops to a 

critical value due to a sudden change in the flow geometry. The high-speed camera system 

captures cavitating flows at the beginning of the nozzle area. The upstream pressure (P𝑖) 

corresponding to cavitation inception is 350 psi. The corresponding flow velocity is 68.2 

m/s, while the corresponding Reynolds number can be found as 15861. Thus, it is evident 

that the flow is turbulent even at cavitation inception. 

 

 

Figure 2. Cavitation number as a function of Reynolds number at different applied pressures. 

 

Four main cavitating flow regimes could be observed under different conditions, 

namely, inception, developed flow, supercavitation, and choked flow. The inception of 

the cavitating flow appears when the gas phase is generated and corresponds to the 

weakest cavitating flow and largest cavitation number. With a gradual increase in the 

upstream pressure, the velocity increases so that the cavitation number follows a 

decreasing trend. At some points, when the reactor is saturated with the fluid flow, the 

velocity does not increase any more with the upstream pressure. Beyond this point, the 

cavitation number has an increasing trend, which corresponds to the choked flow regime. 

A moderate cavitation number (between inception and supercavitation flow regimes), 

0.8

1

1.2

1.4

1.6

8000 12000 16000 20000 24000

C
av

it
at

io
n
 N

u
m

b
er

Reynolds Number



 

 

14 

 

where the gas phase is elongated along the nozzle are, leads to the developed flow regime 

(Figure 2). 

 

Figure 3. Different cavitation flow patterns at various upstream pressures for a) water and b) graphite suspension. 

 

As can be seen in Figure 3, the upstream pressure for the case of graphite 

suspension is lower for the identical cavitating flow patterns. This observation can be 

explained by the increased number of heterogeneous nucleation sites in this case of 

suspensions. The presence of graphite particles in the working fluid acts as a solid/liquid 

interface. The micro-scale roughness elements on the surface of the graphite particles act 

as further heterogeneous nucleation sites, which can facilitate the inception and 

development of the cavitating flows. 

Regarding the application of the fabricated microfluidic device in this thesis, 

developed flow regime corresponding to the upstream pressure of 650 psi is suitable for 

cyclic treatment of the graphite suspension and subsequent exfoliation due to the optimum 

conditions regarding the input power and output of the process. The experiments include 

0-80 cycles so that the graphite suspension is thus treated with cavitating flows. 

Cavitating flows corresponding to inception and developed flow after the 80th cycle are 

shown in Figure 4. As shown in this figure, the cavitation inception decreases from 220 

psi (first cycle) to 140 psi at the 80th cycle, while fully developed cavitating flow is seen 

at the upstream pressure of 300 psi. This indicates that more heterogeneous sites as a 
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result of the fine exfoliation are formed inside the introduced suspension, and the 

nucleation is triggered more vigorously after the 80th cycle. 

 

 

Figure 4. Inception and developed cavitating flow pattern for the graphene suspension after 80-cycles of 

hydrodynamic cavitation. a) the inception begins at 140 psi, and b) the fully developed cavitation flow pattern at 300 

psi. 

 

2.2.2 Characterization of Graphene Nanosheets  

In the hydrodynamic cavitation-assisted graphene production process, the starting 

graphite dispersion was circulated through the system to evaluate the effect of the number 

of cycles on graphene production. The pre-defined cycles of 20, 40, 60, and 80 were used 

to study this effect. For example, to prepare a graphene-containing solution via 20-cycles, 

the starting graphite dispersion was circulated 20 times through the hydrodynamic 

cavitation system, and the obtained solution of the graphene nanosheets was analyzed 

using spectroscopic and microscopic techniques. To maintain the homogeneity in the 

produced graphene nanosheets, a sequential centrifugation method was developed and 

applied for all samples. In this method, the graphene dispersions after the hydrodynamic 

cavitation treatment were first centrifuged at 2000 rpm for 1 hour; thus, the exfoliated 

graphene nanosheets and small fragments of graphite were obtained in the supernatant 

solution (S2U). This supernatant was subjected to a second centrifugation process at 3000 

rpm for 1 hour to remove large particles and to isolate the highly exfoliated stable 

graphene nanosheets (S3U). Figure 1b depicts a schematic for the isolation of the stable 

graphene nanosheets. 

The isolated graphitic materials and the starting graphite dispersion were first 

characterized by Raman spectroscopy to evaluate the effect of the hydrodynamic 

cavitation on the exfoliation of graphite flakes. Raman spectroscopy is a versatile tool to 

analyze the structure of carbon nanomaterials, including carbon nanotubes [103,104] and 

graphene [105,106]. In a typical Raman spectrum of graphene, there are three commonly 
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reported peaks as D, G, and 2D bands at around 1350, 1580, and 2700 cm-1, respectively 

[107]. The D band in the spectrum is related to the structural disorders, edges, and 

topological defects in the flakes. The area ratio of D-band to G-band (AD/AG) is often 

used to define the relative amount of surface defects on the graphene [108,109]. Besides, 

the 2D-band for graphene is attributed to two-phonon double resonance and can be used 

as a measure to evaluate the number of layers in the graphene nanosheets. More 

specifically, the intensity ratio of 2D-band to G-band band (I2D/IG) is an indication for the 

number of layers of graphene. 

Figure 5 displays the Raman spectra of S3U-20, S3U-40, S3U-60, S3U-80, and 

the starting graphite dispersion. It is known that the position and shape of the 2D-band 

are highly sensitive to the number of graphene layers (less than 10 layers) because of the 

relations of peak activation parameters of Raman mode and band structure [110]. No 

significant change is observed in the maxima of the 2D-band of the S3U-20, S3U-40, and 

S3U-60 compared to the starting graphite dispersion (2D-band ~2716 cm-1). However, 

there is a significant downshift (~25 cm-1) in the maximum of the 2D-band for the S3U-

80 and, the band appeared at 2692 cm-1. In agreement with the literature [106], the 

observed shift can be attributed to the formation of bilayer graphene nanosheets after 80-

cycles of hydrodynamic cavitation. Furthermore, the enhanced I2D/IG ratio after 80 -cycles 

further supports the formation of a few layer graphene nanosheets [111]. 

When the defect density was analyzed, almost no defect was observed for the 

starting graphite dispersion. In contrast, the isolated graphene nanosheets have ID/IG ratios 

of 0.10, 0.48, 0.32, and 0.87 for the S3U-20, S3U-40, S3U-60, and S3U-80, respectively, 

suggesting a gradual defect formation [112]. 

The nature of defects in graphene was previously studied [113], and it was shown 

that the intensity ratio between the D-band and D'-peak (at ca. 1620 cm-1) could be used 

as a measure to probe the nature of the defects. In general, this ratio (ID/ID') was found to 

be ~13 for sp3-defects, while it was ~7 and ~3.5 for vacancy-like defects and boundaries 

in graphite, respectively. After the application of hydrodynamic cavitation, the intensity 

of D'-peak gradually increases with an increase in the number of cycles. In parallel, as 

above-mentioned, the intensity of D-band~ 1620 cm-1 also gradually increases. The 

isolated graphene nanosheets have ID/ID' of 1.93, 2.31, 1.91, and 3.63 for the S3U-20, 

S3U-40, S3U-60, and S3U-80, respectively. From the observed ratios, it can be concluded 
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that the hydrodynamic cavitation creates surface defects on the exfoliated graphene 

nanosheets, and the defect density becomes more pronounced after 80-cycles of 

cavitation. However, it is worth pointing out that the calculated ID/ID' ratios are lower than 

the ratios reported for the graphene nanosheets with sp3 and vacancy-like defects. 

 

 

Figure 5. The normalized and offset Raman spectra (at G-band) of the produced graphene nanosheets after different 

cavitation cycles within the reactor. a) D-, G- and D'-band region of the Raman spectra b) 2D-band region. The dotted 

line in part b shows the shift in the position of the 2D-band after 80-cycles of cavitation. 

 

The atomic force microscopy (AFM) characterization was used to determine the 

size and thickness of produced graphene nanosheets. The results complement the Raman 

spectroscopy data. AFM image and height profile of the produced graphene nanosheets 

after 80-cycles of hydrodynamic cavitation further confirm the exfoliation of graphite 

flakes into bi-layer graphene nanosheets having a thickness value of ~1 nm (Figure 6a). 

The thickness range of the produced graphene nanosheets after 60-cycles is 

approximately between 1.2 and 2.5 nm, which is considered as ≤3 layer graphene (Figure 

6b) [114]. The lateral size of the analyzed nanosheets is in the range of 1-5 µm. 

Furthermore, close inspections on the AFM image of the few-layer graphene nanosheets 

produced after 60-cycles display large holes, which vary in sizes between 100 to 600 nm 
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(Figure 6c). The presence of these holes correlates well with the ID/IG ratios obtained by 

Raman spectroscopy, suggesting the formation of defects at the edges. These defects are 

not surprising since the exfoliated graphene nanosheets were subjected to intense 

cavitation energy. As in the LPE process, the formation of defects in the forms of edges 

and topological defects is unavoidable because these types of defects need lower 

formation energy. Furthermore, the size of the defects is believed to be related to the size 

of bubbles, which varies from hundreds of nanometers to micrometers. 

 

 

Figure 6. AFM images of monolayer and few layers of graphene sheets. a) a graphene sheet with a thickness about ~1 

nm after 80-cycles, b) the exfoliated graphene nanosheets large in lateral size after 60-cycles of treatment, and c) a 

graphene sheet with defects, which were formed by exposure to excessive bubble collapse after 60-cycles. 

 

UV-Vis spectroscopy was performed to assess the concentration of the isolated 

graphene nanosheets and the starting graphite dispersion. In agreement with the literature, 

the absorption spectra of the isolated graphene nanosheets (S3U-20 to 80) are featureless 

in the measurement range. Compared to the concentration of the starting graphite 

dispersion (25 µg mL-1), the concentrations of the obtained graphene nanosheets are 
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calculated as ~2.1 (S3U-20), 1.1 (S3U-40), 1.0 (S3U-60), and 1.1 (S3U-80) µg mL-1 using 

the molar absorption coefficient of 3620 mL mg-1 m-1 at the wavelength of 660 nm for 

the graphene in water [115]. Using the concentrations of the isolated graphene 

nanosheets, the process efficiencies after 20-, 40-, 60-, and 80-cycles are calculated as 

8.4%, 4.8%, 4%, and 4.4%, respectively. It is worth noting that the efficiency of the 

hydrodynamic cavitation-assisted graphene production process after 40-cycles is higher 

than the previously reported study [112]. However, the yield of exfoliated graphene 

showed a fast decrease after 20-cycles. The observed concentration loss may be related 

to the trapping of exfoliated graphene in the cavities and the porosities of the system. The 

efficiency of the system can be improved by reducing the length of the pipes, porosities 

of the exposed surfaces, and using a closed-loop system. Moreover, the UV-Vis analysis 

of a control sample prepared by centrifuging the starting graphite dispersion exhibits 

almost no absorbance at 660 nm (1.4 µg mL-1). This result indicates that the stability of 

the isolated graphene nanosheets is higher than that of the starting graphite dispersion, 

probably due to the size shortening of graphite flakes. 

The size distribution of the isolated graphene nanosheets was studied using the 

dynamic light scattering (DLS) technique. The DLS results of the centrifuged samples of 

carbon-based (graphite/graphene) colloids at the end of different hydrodynamic 

cavitation cycles are demonstrated in Figure 7. From the DLS data, it can be deduced that 

the mean diameter size of the particles gradually decreases with the increase in the 

number of hydrodynamic cavitation cycles. The mean particle size of the flakes in the 

starting graphite dispersion after two sets of centrifugation steps is measured as 3150 

(±335) nm. Nevertheless, the measured particle sizes of S3U-20, S3U-40, S3U-60, and 

S3U-80 are 2744, 2242, 1664, and 1353 nm, respectively. The differences between the 

mean particle sizes are well-correlated with the number of hydrodynamic cavitation 

cycles. Complementary optical microscopy images are illustrated this fragmentation and 

size differences. 
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Figure 7. The measured average particle size of the hydrodynamic cavitation (20, 40, 60, and 80-cycles) treated and 

non-treated graphene nanosheets after two centrifugation steps. 

 

The scanning electron microscopy (SEM) image of the starting graphite 

dispersion displays large flakes having a lateral dimension of over ∼5 μm (Figure 8a). 

The lateral flake sizes of the isolated graphene sheets after 60 and 80-cycles decrease to 

∼4 and ∼3 μm, respectively. The treatment by the reactor under the developed cavitating 

flow pattern causes changes in the graphite lateral size, and the SEM results are in good 

agreement with the DLS size distribution as well as the AFM data. 

 

 

Figure 8. SEM images of a) the starting graphite dispersion, the graphene nanosheets obtained after sequential 

centrifugation of b) 60-cycles in low magnification, c) 60-cycles in higher magnification, and d) 80-cycles cavitation-

treated graphite dispersion. 
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The residence time of the fluid in the hydrodynamic cavitation device is rather 

short (2.9×10-6 s). Therefore, the energy density (E=J/m3) can be calculated using the 

pressure differential along the channel [116]. All of the cycles were performed at 650 psi 

(4.48×106 J/m3) for having consistent results. However, the pressure sufficient to have 

graphene exfoliation decreases to 300 psi (2.06×106 J/m3) with the number of cycles due 

to exfoliation and fragmentation of graphite powder in lower cycles, which provides 

active sites for nucleation of the cavitating bubbles. Figure 9 shows the graphene 

exfoliation yield as a function of energy density and compares hydrodynamic cavitation 

with the sonication and shear methods reported in the literature [117,118]. The results on 

hydrodynamic cavitation show a higher yield by consuming a lower energy density for 

graphene exfoliation. As a well-known technique for graphene exfoliation, sonication 

consumes 25-540 Watts of power (5 times more than hydrodynamic cavitation) for an 

extensive amount of time (3000 times more than hydrodynamic cavitation) to exfoliate a 

fraction of 1 liter of graphite solution [115,119–122]. Although the size of used graphite 

powders limits the hydrodynamic cavitation method, 300 times more energy is required 

to achieve the same yield for the sonication method. 

 

 

Figure 9. Graphene exfoliation yield as a function of energy density with the use of shear, sonication, and 

hydrodynamic cavitation exfoliation 
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Chapter 3. Electrospinning of Ternary Composite of PMMA-PEG-

SiO2 Nanoparticles: Comprehensive Process Optimization and 

Electrospun Properties 

 

3.1 Materials and method 

3.1.1 Chemicals and Materials 

Polymethyl methacrylate (PMMA, Mw=350,000 g/mol), Poly(ethylene glycol) 

(average Mn⁓400), N,N-Dimethylformamide (≥99%), Tetraethyl Orthosilicate (TEOS), 

Ammonia hydroxide solution 25%, and 2-Propanol (IPA, 99.5%) were purchased from 

Sigma Aldrich (technical grade) and were used without any purification. 

 

3.1.2 Silica nanoparticles synthesis 

Mesoporous silica nanoparticles were synthesized by the simple one-step 

synthesis modified Stöber method [123]. In this method, tetraethyl orthosilicate (TEOS) 

as the precursor was introduced to an alcoholic solution to be hydrolyzed with the water 

in the ammonia solution. The hydrolyzed precursors, which lost the EtOH groups on their 

structure, link together to create larger molecules and finally build up silica nanoparticles. 

In this thesis, five batches of synthesizing baths with [TEOS]/[NH3]aq ratios of 4, 4.8, 6, 

8, and 12 were prepared to control the particle size of silica NPs. 

 

3.1.3 Solution preparation and electrospinning 

Solutions of PMMA in DMF with a polymer/solvent ratio of 10 and 12.5 w/w% 

were prepared and electrospun to investigate the effects of electrospinning parameters 

and polymer concentration on the surface coverage and fibers diameter. Electrospinning 

was conducted using a plastic syringe fitted with a metallic needle (inner diameter of the 

needle was 1 mm) at the accelerating voltages of 12 to 20 kV. The distance between the 

needle tip and fixed stainless-steel collector (11×11 cm2) varied from 5 to 20 cm, and the 

flow rates were set in a range of 0.3 to 0.9 ml.h-1. After obtaining the optimum conditions 

for PMMA electrospinning and the best polymer/solvent ratio (10 wt.%), three different 

polymer blends of PMMA- 20 wt.%, 30 wt.%, and 40 wt.% PEG with the fixed 

polymer/solvent ratio of 10 wt.% were electrospun and characterized. 
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In the final step, silica NPs solutions (the synthesized method is explained in the 

next section) were added to electrospinning solution (with respect to fixed solid and 

powder: polymer ratios as 7.5 wt.% and 10:90, respectively). All the electrospinning 

experiments were conducted at 22.7 °C and relative humidity of 48%. The prepared 

solutions were stirred overnight at 55 °C before the electrospinning process to obtain 

homogeneous solutions. 

 

3.1.4 Characterization  

A double-shutter CMOS high-speed camera (Phantom v310, at 125 μs intervals 

(8,000 fps)) along with a macro camera lens was employed to take images of the bending 

instability of the electrospun jets. The Field Emission Scanning Electron Microscopy (FE-

SEM, LEO Supra VP-55) was used to evaluate the electrospun fibers and silica NPs 

morphology and size. The samples were sputter-coated with Au/Pd before imaging. 

Quantitative nanoscale mechanical (QNM) characterizations were performed using the 

Bruker MultiMode VIII Scanning Probe Microscope under ambient conditions at scan 

rates of 0.5-1 Hz. The spring constant of cantilever was measured as 25 N/m using the 

thermal tuning method [124] and the tip radius was measured as 17 nm. The Derjaguin–

Muller–Toporov (DMT) modulus [125] was analyzed using the Nanoscope Analysis 

software. The surface coverage, fiber diameter, and size distribution of fibrous mats were 

determined using the ImageJ software (National Institutes of Health, MD, USA). The 

silica NPs size distribution was assessed by the Dynamic Light Scattering technique 

(DLS) using the Malvern Zetasizer Nano ZS device equipped with a He/Ne 633 nm laser 

light source. Thermal Gravimetric Analysis (TGA) was carried out by heating the samples 

with a rate of 10 °C/min from room temperature to 800 °C by the NETZSCH STA 449 C 

instrument.  

The chemical characterization of the fabricated composite fibers was performed 

using the Fourier transform infrared spectroscopy Nicolet iS10 spectrometer (Thermo 

Fisher Scientific Inc.) equipped with a universal attenuated total reflection (ATR) 

accessory. The samples were scanned from 500 to 4000 cm−1. Dynamic contact angle 

measurements of deionized distilled water were conducted using the Attension Theta Lite. 

Samples were placed on the instrument’s specimen holder, and a 5 μL droplet of water 

hanging from the tip of the needle was placed gently on the surface of the sample. The 

droplet’s contact angle was observed using a video camera. The mechanical tests were 
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performed using a Mark-10 ESM 303 motorized tension/compression test stand and M7-

025 digital force gauge based on ASTM D882 - 10 standard test method for tensile 

properties of thin plastic sheeting with a thickness of less than 1 mm. The samples were 

cut in 40 x 10 mm dimensions and sandwiched in a 40 × 40 mm paper frame, as shown 

in Figure 10. The paper frame was cut after fixing the sample in the grips, and then the 

test was performed at a strain rate of 5 mm/min. 

 

 
Figure 10. Preparation of a frame before the tensile test. The samples were cut in 40 x 10 mm dimensions 

and sandwiched in a 40 × 40 mm paper frame a) The fibrous mat between a frame was held within grip, b) the system 

was stretched until the frame became ready to do the analysis, and c) the frame was cut to start the test. 

 

3.2 Results and discussion 

3.2.1 Fiber diameter and morphology 

The effect of the parameters, namely solution concentration, accelerating voltage, 

flow rate, and the needle tip to collector distance, on the fibrous mat surface coverage and 

mean diameter of fibers are investigated by considering 72 different combinations of the 

parameters. Figure 11 shows the surface coverage percentage of the electrospun fibers 

analyzed by the ImageJ software. In these diagrams, the optimum conditions for better 

coverage of the surface of the collector with nanofibers are shown with red color. 

Accordingly, the fiber mats cover less than 60% of the collector surface for the 12.5 wt.% 

polymer/solvent solution. The polymeric solution viscosity increases with an increase in 

the concentration to 12.5 wt.% polymer/solvent, which leads to a lower surface coverage. 

The low coverage could be explained by the higher viscoelastic force of the formed liquid 

jet, which resists the tension force during the electrospinning process [126]. The lower 

concentration (10 wt.%) gives rise to the generation of a stable jet, and bead-free mats 

can be obtained besides other optimized parameters such as applied potential, distance, 

and flow rate. The electrospun fibers using this solution at the flow rates of 0.6 and 0.9 
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ml.h-1 exhibit a sizeable red region (80-100 % coverage) on their profiles. However, the 

flow rate of 0.3 ml.h-1 was insufficient to provide enough material to cover the surface of 

the collector. 

 

 

Figure 11. Comparison of the formation fibrous mat of PMMA with different conditions of constant concentration 

and flow rate. a) C=10 wt.% and F.R.=0.3 ml.h-1, b) C=10 wt.% and F.R.=0.6 ml.h-1, c) C=10 wt.% and F.R.=0.9 

ml.h-1, d) C=12.5 wt.% and F.R.=0.3 ml.h-1, e) C=12.5 wt.% and F.R.=0.6 ml.h-1, and f) C=12.5 wt.% and F.R.=0.9 

ml.h-1. 

 

The electrospinning jet formation is visualized using a high-speed camera, as 

shown in Figure 12. Prior to applying the high voltage between the needle tip and 

collector, the syringe pump injected the solution, and the shape of the droplet was 

distorted toward the ground due to the gravity force (Figure 12a). The shape of the 

polymeric droplet, which emerges from the tip of the needle, is influenced by an electric 

field force and other forces such as inertia, hydrostatic pressure, and viscoelastic forces. 

By surpassing the electric field from the threshold point, the generated electrostatic 

charges on the droplet surface cause the elongation of the structure (so-called the Taylor 

cone). The forward electrostatic force and solution inertia overcome the backward viscous 

and downward gravity forces and form the jet (Figure 12b-c). However, due to the 

droplet's rapid acceleration toward the collector and thick cross-section of the generated 
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jet (Figure 12d), the gravity force dominates and makes the unstable jet bend and move 

in different paths (Figure 12e). 

 

Meanwhile, the supplied amount of the solution is insufficient to provide enough 

material, and the Taylor cone becomes depleted (Figure 12e-f). The unstable jet stabilizes 

by establishing an balance between the applied forces (Figure 12g-i), and a continuous 

and stable electrospinning jet forms in 56 ms just after initiating the electrical field (Figure 

12j-m). During the stabilization stage, the multi-jet mode is visible for a fraction of a 

second, and the formed jets repel each other due to their identical charges which is shown 

in Figure 12i. 

The samples are shown in Figure 11, which were electrospun uniformly, were 

selected to investigate the morphology and diameter of the fibers, and their SEM images 

and diameter distribution are included along with the corresponding label numbers in 

Figure 13. 

 

 

Figure 12. Formation of the Taylor cone with process parameters of V=12 Kv, flow rate= 0.6 ml.h-1, distance=20 cm, 

and composition= 10 wt.% PMMA in DMF. (a and b) before applying the electric field, (c) the high-voltage and 

electric field cause stretching of the droplet toward the collector, (d - j) the instability of jet because of the 

interactions of the charges on the electrified microjet, (k-m) a stable slim microjet formation. The time intervals of 

the images are 6667 µs. 
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It is reported in the literature that the composite electrospun nanofibers with small 

diameters exhibit better mechanical properties and are more favorable for 

functionalization purposes due to the higher surface-to-volume ratio of the mat. 

Furthermore, in every case, well-defined and well-controlled (mostly narrow range) 

diameter distributions meet the requirements for optimizing the parameters [59]. 

The polymeric solution feeding rate directly affects the electrospun fiber 

morphology and formation of the beads during the process. The first stage is generally 

related to the charge density of the liquid cone and stable jet formation. It is also linked 

with the evaporation of solvent from polymeric fibers. The effect of feeding rate on the 

fiber diameter distribution can be observed in Figure 13a-c, which displays that the size 

of fibers increases with the flow rate. Therefore, there should be a balance between the 

solution's feeding rate and the exiting material from the needle to obtain a continuous 

fiber with the smallest possible diameter.  

 

 

Figure 13. SEM images and fiber diameter size distribution of PMMA electrospun mats for different process 

parameters. a) V=12 Kv, F.R.= 0.3 ml.h-1, and D=10 cm, b) V=12 Kv, F.R.= 0.6 ml.h-1, and D=20 cm, c) V=12 Kv, 

F.R.= 0.9 ml.h-1, and D=10 cm, d) V=12 Kv, F.R.= 0.9 ml.h-1, and D=15 cm, e) V=12 Kv, F.R.= 0.9 ml.h-1, and D=20 

cm, and f) V=16 Kv, F.R.= 0.9 ml.h-1, and D=15 cm. 
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The solvent's evaporation takes place between the needle and collector, and the 

optimum distance provides sufficient time for the solvent to evaporate before reaching 

the collector. Otherwise, the formation of the beads would be inevitable. The longer the 

distance is, the thinner the fibers are. Based on the results as mentioned earlier, the 

electrospinning condition for obtaining fibrous mat from 10 wt.% polymer/solvent 

solution with the fiber diameter of 696 nm and 100% surface coverage was optimized by 

applying the electric field of 12 kV, the flow rate of 0.6 ml.h-1, and the distance of 20 cm. 

 

PEG was introduced to the solution as the second polymeric component. By 

considering 10 wt.% polymer/solvent ratio as the optimum one for fabricating fibers, 

three solutions with PEG concentrations of 20, 30, and 40 wt.% were electrospun, and the 

diameter of the obtained fibers are listed in Table 2. The mean fiber diameter decreases 

with the PEG concentration up to 30 wt.%. The polymeric solution viscosity decreases 

by adding the low molecular weight PEG, and beads formation can be observed by 

electrospinning 40 wt.% PEG solution. Moreover, the sufficient amount of the PEG does 

not interact with the PMMA solution to act as uniform compared to lower amounts. 

 

Table 2. The average diameter of electrospun PMMA nanofibers with the addition of different amounts of PEG 

Polymer Solution Composition Nanofiber Diameter (nm) 

PMMA (Optimized Condition) 696.33 ± 89.05 

PMMA- 20 wt.% PEG 472.75 ± 84.64 

PMMA- 30 wt.% PEG 462.31 ± 89.91 

PMMA- 40 wt.% PEG 747.65 ± 145.27 

 

The third component of the composite is the synthesized silica NPs in the IPA 

solution (Figure 14). The different ratios of the TEOS to ammonia are taken as the control 

parameter for synthesizing different sizes of silica nanoparticles. The concentration of the 

synthesizing baths and the average size of the achieved silica nanoparticles are included 

in Table 3. 
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Table 3. Concentration of the baths and the sizes of the synthesized silica nanoparticles 

Batch number [TEOS]/[NH3]aq Mean Particle Size (nm) 

1 4 102 

2 4.8 97 

3 6 86 

4 8 74 

5 12 65 

 

 

Figure 14. Synthesized SiO2 NPs a) SEM image of the particles after drying from the solution and b) particle size 

distribution of silica NPs in the synthesized medium. 

 

The third step of preparing a ternary electrospun composite is adding the silica 

nanoparticles to the PMMA-30 wt.% PEG electrospinning solution. Synthesized silica 

NPs in different solutions in five levels were added to the solution with mentioned mean 

sizes. The solutions for hybrid material electrospinning were prepared considering the 

concentrations in Table 4. 

 

Table 4. Concentrations of different materials and ratio of used materials concerning each other. 

parameter value 

PMMA: PEG 70:30 

Polymer solid ratio 10 wt.% 

Powder (SiO2): Polymer 10:90 

Solid (Polymer + SiO2) Ratio 7.5 wt.% 
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The weights of silica NPs in each synthesized batch were different. Therefore, 

different solvent volumes (isopropyl alcohol) were used to prepare fixed concentration 

electrospinning solutions, as mentioned in Table 4. Since the ternary composite solution 

has different solvents, polymers, and other chemicals, the fabricated electrospun mats 

show different morphology, especially in the case of the formation of beads. The first 

stage is related to the change in viscosity and then is linked with their conductivity and 

dipole-moment, volatile nature of the solvents, and evaporation of the solvents during the 

flight of polymeric fibers. 

Figure 15 shows the electrospun nanofibers with silica NPs on their surface for 

the optimum silica batch (batch number 5, Table 2).  The optimum batch is achieved 

due to the lower alcohol amount, which transfers to the electrospinning solution from 

the synthesized silica batch. While silica NPs have an increasing effect on the viscosity, 

the inclusion of a second solvent (IPA) has an adverse effect. The balance between the 

counteracting effects results in batch 5, which leads to fewer beads in the electrospun 

mats. 

 

 

Figure 15. SEM images of PMMA- 30 wt.% PEG- SiO2 electrospun mats. a) the broad microscopic view with some 

beads, and b) homogenous distribution of silica NPs ascertained on the surface of fibers.  

 

3.2.2 PeakForce QNM 

The nanoscale mechanical properties and surface of three samples of PMMA, 

PMMA-30wt.%PEG, and PMMA-30wt.%PEG-silica nanoparticles electrospun 

nanofibers are conducted. The height images and surface profile of the electrospun 
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nanofibers (Figure 16) show that the diameter of the fibers are in the range of 300 nm to 

1μm, which are consistent with the SEM images. The root mean square (RMS) of the 

DMT modulus of PMMA, PMMA-30wt.%PEG-silica nanoparticles, and PMMA-

30wt.%PEG electrospun nanofibers were 126, 402, 441 MPa respectively. The DMT 

modulus of PMMA-30wt.%PEG is the highest among the samples and these results are 

confirmed by tensile strength tests. Figure 17 shows PMMA-30wt.%PEG-silica 

nanoparticles electrospun nanofiber’s height and DMT modulus profile. The AFM 

sample was prepared using scotch tape method by applying an adhesive tape to the 

electrospun nanofibers’ mat and pulling it away and repeating the same procedure 

multiple times on the fresh adhesive tapes. The average DMT modulus of the electrospun 

fiber along its length was about 300 MPa. The observed picks on the DMT modulus 

diagram can be related to the silica nanoparticles, which are embedded in the structure of 

the fiber.  

 

 

Figure 16. AFM Height images of PMMA electrospun nanofibers 
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Figure 17. AFM height image, DMT modulus, and 3D height image of PMMA-30wt.%PEG-silica nanoparticles 

electrospun nanofiber 

 

3.2.3 FTIR analysis 

The FTIR analysis of the electrospun nanofibers is presented in Figure 18. The 

peak at 2949 cm−1 is related to the C–H stretching vibration, and the peak at 1726 cm−1 

corresponds to acrylate carboxyl groups. The FTIR band at 1386 cm−1 is due to O–CH3 

bending vibrations, whereas the peak at 1241 cm−1 is related to the twisting mode of the 

–CH2 group in PMMA. The FTIR peak of PMMA at 1435 cm−1 stands for the bending of 

C–H bonds in the –CH3 group, and the strong peak at 1147 cm−1 is associated with the 

stretching vibration of the C–O bond in the C–O–C moiety as shown in Figure 18 

[127,128]. For PEG, the 942–1092 cm−1 band originates from C–O ether groups 

stretching. The alkyl (R–CH2) stretching modes at 2865 cm−1 can be observed, and the 

hydroxyl group contribution is observed at 3438 cm−1 [129]. The presence of SiO2 can be 

confirmed with two main characteristic peaks at around 749 cm-1 and 1095 cm-1, which 

correspond to Si-O bending vibration and asymmetric stretching vibration bands of the 

siloxane bonds (Si-O-Si), respectively. The band at around 3502 cm-1 is attributed to Si-

OH, characteristics of the -OH group. The Si-OH band existence can be related to the 

absorbed water molecules from the environment by silica NPs [129]. 
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Figure 18. FTIR spectra of PMMA, PEG, PMMA- 30 wt.% PEG electrospun mat, and PMMA- 30 wt.% PEG -SiO2 

NPs electrospun mat. 

 

3.2.4 Water contact angle 

The water contact angle changes at 0, 5, and 10 seconds were measured to 

determine the effect of PEG content on the wettability of the PMMA-PEG electrospun 

(Figure 19). PMMA is an intrinsic hydrophobic polymer [70], and the highest contact 

angle among the samples (123.52°) corresponds to the PMMA electrospun mat. 

Consequently, it shows low fouling, and flux and hydrophilicity improvements can be 

achieved by the addition of PEG due to easily linking repeating units (CH2-CH2O) with 

water molecules via hydrogen bonding. As shown in Figure 19, the droplets start to 

diffuse inside the fibrous mats with different rates depending on the ratio of the blended 

polymer. The addition of the PEG up to 30 wt.% shows a decrease in water contact angle 

(t=0 s). However, in the PMMA- 40 wt.% PEG electrospun mat, an increase in water 

contact angle was observed. It seems that the solutions with a higher content of 

hydrophilic PEG lead to phase segregation of polymers and splashing PEG without any 

engagement in the morphology of fibrous electrospinning mats [130], which is in 

agreement with SEM images. 
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Figure 19. Contact angle for a) PMMA, b) PMMA - 20 wt.% PEG, c) PMMA - 30 wt.% PEG and d) PMMA - 40 

wt.% PEG at the beginning of analysis and after 10 and 20 seconds. 

 

3.2.5 Thermal stability 

The thermal stability of the electrospun mats was analyzed with TGA. The 

characteristic TGA curves of PMMA-based electrospun mats and the weight changes as 

a function of temperature for different electrospun fibers are compared in Figure 20a. At 

the first stage, based on the hydrophobic properties of PMMA, just a tiny amount of 

weight loss can be seen at 0-100 °C. The second stage, between 250 and 300 °C, is related 

to the decomposition of PMMA unsaturated chain-ends. The third stage, above 300 °C 

(at around 365 °C), is attributed to the random scission of the polymeric chains [131]. 

The slight weight loss between room temperature to 100 °C, in Figure 20b and c, results 

from the elimination of adsorbed water due to the hydrophobic nature of PMMA 

components. The weight loss steps in b and c are different and have higher losses since 

PEG was added to electrospun mats. For the cases, which contain PEG, at around 200 °C, 

the ether bonds (CH2–O–CH2) break and form more stable bonds of methylene (CH2) and 

therefore, small molecules are released. At the range of 250 to 400 °C also, there is a 
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degradation step for PEG and composite related to degradation and evaporation of the 

alcohol compounds (Figure 20b) [132,133]. After the addition of silica NPs, the peak in 

the range of 270-330 °C is attributable to the release of silanol-bonded water since the 

silanol-bonded water is stable and is eliminated at relatively higher temperatures (Figure 

20c) [134]. At temperatures above 500 °C, the polymers decompose, and the entire 

polymer mass is burned. However, the embedded silica nanoparticles in the PMMA- 30 

wt.% PEG- SiO2 NPs do not decompose at temperatures above 500 ⁰C. These results also 

prove that silica nanoparticles form almost 8% of the weight of the fibers. 

 

 
Figure 20. TGA diagram of a) PMMA, b) PMMA- 30 wt.% PEG, and c) PMMA- 30 wt.% PEG -SiO2 NPs 

electrospun mat. 

 

3.2.6 Mechanical Properties 

For the applications such as filters and tissue engineering, the mechanical strength 

of electrospun mats is crucial for meeting the durability requirement. Therefore, the 

tensile tests were conducted to evaluate PMMA and PMMA-based composite electrospun 

nanofibers mechanical properties, and their stress-strain curves are given in Figure 21. 

The ultimate tensile stress and elongation at failure of the different electrospun mats are 

visible in this figure. The strength of polymeric materials can be improved with the 
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addition of rigid reinforcement into the soft polymeric matrix, but this is accompanied by 

a compromise in ductility [135]. The ultimate strength of the samples is obtained as 0.035, 

0.35, and 0.12 MPa for PMMA, PMMA-30 wt.% PEG, and PMMA-30 wt.% PEG- SiO2 

NPs, respectively.  

Although the introduction of silica nanoparticles to the fibers reduces the 

mechanical properties of PMMA-PEG polymers, the functionalization and surface 

treatment could be performed more effectively in the presence of silica NPs. It should be 

noted that the PMMA-30 wt.% PEG-silica nanoparticles have four times higher ultimate 

tensile strength in comparison with PMMA polymers. 

 

 

Figure 21. Stress-Strain curves of three different samples of a) PMMA b) PMMA-30 wt.% PEG and c) PMMA-30 

Wt.% PEG- silica NPs. 
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Chapter 4.  Conclusions and Future Works 

4.1 Conclusion- Graphene Exfoliation Based on the “Hydrodynamic 

Cavitation on a Chip” Concept 

In this thesis, first, the effects of the thermophysical properties of the working 

fluid (presence of graphite flakes) on cavitating flows were visualized and studied. Then, 

the impact of cavitating flows on graphite exfoliation was investigated. This method does 

not involve any surfactants or dispersion agents. According to the results, the suspensions 

with graphite flakes led to an increase in the number of the sites of heterogeneous bubble 

nucleation and to a decrease in the upstream pressure needed for cavitation inception and 

a developed cavitating flow pattern. Fragmentation of flakes and then exfoliation of layers 

was observed after exposures of 60-80 hydrodynamic cavitation cycles inside a 

microfluidic device and were rigorously characterized with different methods. With the 

implementation inside the reactor, it is possible to have a green, scalable, cost-effective, 

and energy-efficient process. The produced graphene nanosheets (lateral size ≥500 nm; 

thickness ~1.2 – 2.5 nm) meet the requirements well in many applications such as 

bioengineering, composites, and electronic devices. The results on hydrodynamic 

cavitation show a higher yield compared to the sonication and shear methods for graphene 

exfoliation. 

 

4.2 Conclusion- Electrospinning of Ternary Composite of PMMA-PEG-

SiO2 Nanoparticles 

In this thesis, a PMMA-based electrospun nanofibrous composite was fabricated. 

The PMMA and PEG 400 blended solution in DMF was mixed with silica NPs solution 

in IPA to obtain a hybrid fibrous mat. Process parameters such as the applied voltage, 

distance of the needle tip to the collector, flow rate of solution and solution concentration 

were investigated. Based on fiber formation and covering of the surface of the collector, 

and mean fibers diameter, which is extracted from SEM images, the optimum parameters, 

namely concentration of PMMA, applied voltage, flow rate, and distance between needle 

tip to the collector, were achieved at 10 wt.%, 12 kV, 0.6 ml.h-1, and 20 cm, respectively. 

Moreover, the Taylor cone formation was monitored under optimum conditions. Then, 

the influence of PEG concentration on altering the mean diameter of the fibers, 

hydrophobicity of electrospun mats, thermal and mechanical properties were studied. The 
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results showed that blending and accordingly electrospinning of the PMMA solution with 

30 wt.% PEG led to improvements in wettability of electrospun mat. 

Furthermore, the fabricated electrospun mats with PMMA-30 wt.% PEG 

exhibited remarkable mechanical properties. The obtained ultimate strength was around 

ten times larger than the pure PMMA. Moreover, the fabricated ternary composite of 

PMMA-30 wt.% PEG-SiO2 NPs led to three times enhancements in mechanical 

properties compared with PMMA, and the addition of silica NPs offers surface 

modification when needed in some applications such as filtration and bioengineering. 
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4.3 Future Works 

• Based on the studies that we have had on exfoliation of graphite, it can be used 

for exfoliating other layered-materials by some modification in a microfluidic device and 

separate the layers of materials like Hexagonal Boron Nitride (hBN), which Turkey has 

an enormous source of this material, Transition Metal Dichalcogenides (TMDs) such as 

MoS2, WS2, and MoSe2. or MXenes materials which are a hot topic in research bulletins. 

 

The chemical aspect of different microfluidic devices can be studied with different 

chemicals such as Potassium Iodide (KI)  

 

• Moreover, the produced graphene nanosheets with hydrodynamic cavitation 

method may implement water waste treatments as recyclable sources based on different 

aspects of HC reactors. 

 

• For the electrospun mats, the next phase of works can be done based on 

interactions of fibers surfaces with bubbles/gases and water to separate gas phase and 

liquid. Furthermore, the SiO2 NPs can host different modifications for a wide variety of 

applications in filtration and bioengineering. 
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