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ABSTRACT 

Physicochemical properties of poly (ε-caprolactone) and MgO Incorporated  

PCL nanofibers 

 (August 2023) 

Daisaku Gicheha, B.S., Prairie View A&M University 

Advisor: Dr. Nabila Shamim 

Polymer nanofibers are used to develop materials that possess customized 

characteristics for diverse applications. The applications of nanofibers are influenced by 

their significant surface-to-volume ratio, the porosity of the nanofiber lattice, and 

distinctive physicochemical characteristics. The molecular orientation of electrospun 

nanofibers is a crucial and intricate feature that has a direct impact on the structures and 

properties of the nanofiber mat. The utilization of Scanning Electron Microscopy (SEM), 

Fourier Transform Infrared Spectroscopy (FTIR), Differential Scanning Calorimetry 

(DSC), and X-Ray Diffractometry (XRD), facilitated the determination of the 

morphology, chemical structure, and thermal properties of nanofibers. The SEM analysis 

revealed that the nanofibers exhibited a random and interconnected orientation. The 

findings indicate that the level of crystallinity exhibited by the magnesium oxide 

incorporated PCL (ε-caprolactone) nanofibers, surpassed that of the PCL nanofibers. 

Increased crystallinity indicates chain mobility changes, leading to improved mechanical 

characteristics. Further evaluation was conducted on the DSC findings. The study delved 

into the kinetics of non-isothermal crystallization of PCL and MgO-PCL nanofibers with 

varying cooling rates.  
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The study used DSC-3 apparatus produced by Mettler Toledo to acquire 

crystallization information and investigate the kinetics behavior of the two types of 

nanofibers under different cooling rates ranging from 0.5-5 K/min. Several mathematical 

models, including Jeziorny, Ozawa, and Mo's models, were utilized to determine the 

parameters of non-isothermal crystallization kinetics. Mo's approach generates consistent 

ratios of Avrami exponent to Ozawa exponent (α) that are approximately 1.4 for PCL, 

MgO-PCL nanofibers, and bulk-PCL. The similarity of α values indicates that the 

structures of crystallization formed at different levels of relative crystallinity were 

analogous. The investigation with the Friedman method exhibited an increase in relative 

crystallinity was associated with a decrease in temperature and a rise in activation energy. 

According to the Kissinger and Friedman methodologies, it was observed that the 

activation energy of bulk-PCL was comparatively lower than that of PCL and MgO-PCL 

nanofibers. The observed phenomenon can be attributed to the nanoconfinement effect, 

which is characterized by geometric constraints imposed on PCL nanofibers. 

Keywords: Poly (ε-caprolactone), magnesium oxide incorporated poly (ε-

caprolactone), nanofibers, electrospinning; non-isothermal crystallization. 
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NOMENCLATURE 

DHKL  Integral width (crystallite size) 

DSC  Differential Scanning Calorimetry 

F(T) Cooling rate value chosen at a crystallization time when the system has a 

certain degree of crystallinity 

FTIR  Fourier Transform Infrared 

FWHM Full width at half maximum 

MgO  Magnesium Oxide 

PCL  Poly (ε-caprolactone) 

PLA   Polylactic acid 

PLGA  Poly(lactic-co-glycolic acid) 

SEM  Scanning Electron Microscopy 

USFDA U.S. Food and Drug Administration 

XRD  X-ray Diffraction 

ΔHc   Enthalpy of crystallization  

Δ𝐻𝐻𝑐𝑐°  Theoretical enthalpy value for 100% PCL 

ΔE  Activation energy 

tc  Crystallization time 

Tendset The temperature determined by extrapolating the baseline from the point 

of intersection after thermal effect. 

To The temperature determined by extrapolating the baseline from the point 

of intersection before thermal effect 

TP  Temperature at the extreme point of the peak 
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R  Universal gas constant (J mol-1 K-1)  

wt.%  Weight percentage 

X(t)   Relative degree of crystallization  

Zc  Corrected crystallization rate constant 

Zt  Avrami crystallization rate 

Ψ  Weight fraction of the polymer 

λ  Wavelength 

n  Avrami exponent 

β  Cooling rate (K/min) 

α  Ratio of Avrami exponent and Ozawa exponent 

m  Ozawa exponent
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1. INTRODUCTION 

The emergence of nanotechnology and nanoscience in the 1930s [1], has sparked 

considerable attention toward biodegradable polymeric nanofibers across various fields, 

including tissue engineering [2], wound dressing [3], oral drug delivery [4], dentistry [5], 

fixation devices [6], contraceptive devices [7], sutures [8] and others. Polymeric 

nanofibers, possessing a diameter ranging from 1nm to 1000 nm and exhibiting a high 

surface-to-volume ratio, have been identified as a potential material for scaffold 

fabrication [9]. These scaffolds' properties resemble the properties of the extracellular 

matrix (ECM) of a given tissue [10]. However, the mechanical properties of nanofibers 

significantly impact their practical applications, which can be adjusted by manipulating 

their internal structure, including their nanoscopic and substructural features [11]. Hence, 

a thorough investigation of the internal structure of polymeric nanofibers is imperative 

for optimizing their performance, an area that has yet to be extensively explored. The 

molecular orientation of the polymer has an impact on the structure and properties of 

nanofibers [12]. The high draw ratio associated with decreasing nanofiber diameter can 

amplify molecular orientation, as previously noted [13]. Acquiring the morphology of 

amorphous polymers is challenging due to the absence of an ordered and noticeable 

substructure, as noted in previous studies [14, 15]. 

______________ 

This thesis follows the style of the Journal Polymer. 
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Polymer nanofibers are fabricated in various methods, such as melt spinning [16], 

electrospinning [17], and solution spinning (also categorized as dry and wet spinning) 

[18]. The electrospinning method is highly versatile due to its cost-effectiveness and 

efficiency, as supported by previous studies [19, 20]. Additionally, it has been suggested 

that this technique can produce results comparable to those achieved with extracellular 

matrix (ECM) tissue [21]. The various techniques employed in electrospinning can be 

categorized into blend/single-jet electrospinning, coaxial electrospinning, emulsion 

electrospinning, and needless electrospinning method [22]. The present investigation 

involved the fabrication of polymer nanofibers through the blend/single-jet 

electrospinning technique, a commonly employed method for engineering nanofibers. 

Poly (ε-caprolactone) (PCL) is an aliphatic polyester that is both hydrophobic and 

semi-crystalline and is known for its favorable mechanical properties [23]. The 

commercial utility of PCL nanofibers has been widely recognized owing to their 

biocompatibility [24], biodegradability [16], low cost [25], and its U.S. Food and Drug 

Administration (FDA) approval to be used in human beings [26]. However, PCL has a 

disadvantage by itself due to its stiffness and hydrophobic nature [23]. This can be 

optimized by blending with another hydrophilic polymer [24] or performing chemical 

treatment [27].  

As previously stated, PCL is an aliphatic synthetic polymer and highly 

hydrophobic. According to Edwards et al. [28], the combination of natural and synthetic 

polymers may result in the formation of harmful residues due to the necessity of utilizing 

chemical crosslinking agents to uphold their mechanical properties and structural 

integrity. Rijal et al. [29] fabricated PCL-CS/MgO and PCL/MgO nanofibers and their 



3 
 

 
 

results were highly favorable as all nanofibers showed satisfactory mechanical properties. 

They reported that the natural polymer Chitosan (CS)'s biological properties were 

preserved, while synthetic PCL's mechanical properties were maintained by blending 

these materials with inorganic MgO. This blending approach obviated the need for 

chemical crosslinking and the attendant toxic residues. Magnesium oxide (MgO) is an 

inorganic salt that facilitates the release of Mg++ ions. These ions are crucial in repairing 

nerve or damaged tissue for human metabolism and skeletal development [30, 31]. The 

selection of MgO in this research was based on its advantageous biodegradability and 

biocompatibility properties. Studies have shown that elevating the level of crystallinity 

can prolong the degradation and drug release kinetics of polycaprolactone (PCL). The 

manifestation of this phenomenon has been exhibited in thin coatings and small spherical 

particles. The investigation of post-drawn nanofibers has yet to include an analysis of 

crystallization kinetics, optimal temperature, and overall crystallinity alterations. 

The current investigation aimed to examine the correlation between the structure 

and properties of PCL and MgO-PCL nanofibers through the utilization of various 

analytical techniques, including Differential Scanning Calorimetry (DSC-3), X-ray 

Diffraction (XRD), Fourier Transform Infrared (FTIR), Scanning Electron Microscopy 

(SEM), and Contact Angle. The crystal and chemical structure of the nanofibers are 

determined using XRD and FTIR, respectively [32]. The overall research goals for this 

study were: 

1. Characterize nanofibers composed of polycaprolactone (PCL) and magnesium 

oxide (MgO)-PCL and conduct a comparative analysis of these nanofibers 

with bulk-PCL. 
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2. Examine the non-isothermal crystallization process of PCL and MgO-PCL 

nanofibers and conduct a comparative analysis with bulk-PCL. 

3. Determine the crystallization kinetics of PCL and MgO-PCL nanofibers and 

compare them to bulk-PCL. 

4. Determine activation energy of crystallization for PCL and MgO-PCL 

nanofibers, and compare it to that of bulk-PCL. 

The objectives of this investigation were attained through the execution of the 

subsequent tasks: 

Task 1: Conduct X-ray diffraction (XRD) and differential scanning calorimetry 

(DSC) analyses to determine the crystal structure of bulk-PCL, PCL, and Mg-PCL 

nanofibers. Analyze the results obtained from the XRD and DSC analyses to gain 

insights into the crystal structure of the materials, as mentioned earlier. 

Task 2: Conduct an examination and evaluation of the chemical composition of 

Poly(ε-caprolactone) (PCL) and Magnesium-PCL (Mg-PCL) nanofibers through the 

utilization of FTIR. 

Task 3: Conduct a morphological characterization analysis of Poly(ε-caprolactone) 

(PCL) and Magnesium-PCL (Mg-PCL) nanofibers utilizing SEM. 

Task 4: Perform contact angle analysis of PCL and Mg-PCL nanofibers. 

Task 5: Examine and evaluate non-isothermal crystallization kinetics for bulk-PCL, 

PCL, and Mg-PCL nanofibers.  

Chapter 2 comprises a literature review on PCL and Mg-PCL nanofibers and an 

examination of the crystallization kinetics equations employed in relevant research. 

Chapter 3 presents the materials and methods employed in the current investigation.  
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Chapter 4 presents the experimental data results for the characterization of bulk-PCL, 

PCL, and MgO-PCL nanofibers. In Chapter 5, an examination is conducted on the non-

isothermal crystallization process of PCL and MgO-PCL nanofibers, with a comparative 

analysis of bulk-PCL samples. Chapter 6 analyzes prospective investigations of 

nanofibers, while Chapter 7 presents a comprehensive summary and conclusion of the 

research. 
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2.  LITERATURE REVIEW 

2.1 Nanofibers 

Polymer nanofibers are gaining significant attention for their potential in 

developing materials with tailored properties for various applications, including but not 

limited to oral drug delivery [33], wound healing [34], fine particle filtration [35], tissue 

engineering [36], optoelectronics [37], and sensor technology [38]. The utilization of 

nanofibers is contingent upon their significant surface-to-volume ratio, the porosity of 

their nanofiber mesh, and their unique physicochemical characteristics. The molecular 

orientation of electrospun nanofibers is a critical and complex feature that directly 

influences the structures and properties of the resulting nanofiber mat. Polymers' 

characteristics are influenced by their chemical composition, chain conformation, 

molecular weight, and condensed structure formed during processing. Therefore, it is 

crucial to comprehensively examine the internal structure of polymeric nanofibers to 

enhance their efficiency, a domain that has yet to be extensively explored. 

2.2  Electrospinning Process 

 The process of electrospinning involves the generation of submicron and nano-

size fibers with high surface area through the spinning of polymer solutions in a high 

electric field [39]. The electrospinning process involves the application of a high direct 

current (DC) electric field or electrostatic force to the surface of a polymeric solution. 

The high voltage serves to overcome the solution's surface tension and viscoelastic 

forces, producing a slender, charged jet [40]. The electrospinning process transpires in 

the following manner: a fine jet erupting from the tip of a capillary tube is attributed to 

the increase in the intensity of shearing forces resulting from mutual charge repulsion 
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under the influence of an applied electric field. These forces are observed to surpass the 

effects of surface tension and viscoelastic forces. The jet undergoes a transition from 

initial stability to a state of bending instability, characterized by plastic stretching, 

bending, pirouetting motion, evaporation of the jet, and looping pattern with growing 

amplitude. This leads to the formation of an ultrafine nonwoven mesh of fibers on a 

collector screen, which is positioned at a certain distance from the capillary tube, as 

reported in reference [41]. The instability of a jet induces thinning of fibers and 

subsequent solvent evaporation during its transit through a brief aerial distance, leading 

to whipping. The fiber undergoes bending and twisting due to the occurrence of whipping 

instability. The electrospinning process is illustrated in Figure 1. The process of 

electrospinning has gained significant popularity in the production of nanofibers. It has 

been observed that a majority of polymers can be utilized for electrospinning, provided 

they can be dissolved in solvents that are suitable and do not result in any form of 

degradation. The utilization of Polycaprolactone (PCL) has been extensively employed in 

the fabrication of 3D scaffolds within the biomedical domain due to its relatively lower 

acidic degradation in contrast to other polyesters, as well as its potential for loadbearing 

purposes [42]. Section 2.3 provides a detailed discussion on PCL. 
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Figure 1. Schematic of an electrospinning system. 

 

2.3 Poly (ε-caprolactone) (PCL) 

Poly(ε-caprolactone) (PCL) is synthesized through the process of ring-opening 

polymerization of the cyclic monomer ɛ-caprolactone, as illustrated in Figure 2 [43]. A 

catalyst, such as stannous octoate, facilitate the polymerization process. The weight of the 

resulting polymer can be regulated by utilizing low molecular-weight alcohols, as 

previously noted [44]. It is a semi-crystalline polymer with a low melting point of 59-

64°C, a glass-transition temperature of -60°C, and a rubbery state at room temperature 

[45].  

 
Figure 2.  Ring opening polymerization of ε-caprolactone to polycaprolactone. 
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At ambient temperature, PCL exhibits solubility in organic solvents such as 

chloroform, dichloromethane, carbon tetrachloride, benzene, toluene, cyclohexanone, and 

2-nitropropane. The substance exhibits a reduced solubility in 2-butanone, ethyl acetate, 

dimethylformamide, and acetonitrile, while it is deemed insoluble in alcohol, petroleum 

ether, and diethyl ether [46]. PCL has been observed to enhance stress crack resistance, 

dyeability, and adhesion when combined with other polymers. Its compatibility has been 

explored with various polymers, including cellulose propionate, cellulose acetate 

butyrate, polylactic acid, and polylactic acid-co-glycolic acid, to regulate the drug release 

rate from microcapsules [47]. 

PCL is the most biomedically suited polymer that is designed for long-term drug 

delivery systems due to its biophysical properties [48]. The utilization of PCL fiber in 

three-dimensional scaffolds for tissue engineering purposes has been the subject of recent 

investigation [48]. Previous studies show that modifying a polymer for drug delivery 

purposes alters its properties, including but not limited to ionic property, crystallinity, 

solubility, and degradation pattern [48]. PCL is an aliphatic, bio-degradable polyester 

commonly used for implantable biomaterials due to its non-toxic and crystallizable 

nature. The non-toxic and biodegradable properties of PCL render it suitable for various 

applications, including but not limited to drug delivery systems and medical, 

pharmaceutical, and tissue engineering [49]. The non-toxicity and biodegradability make 

PCL suitable for tissue engineering. The biodegradability of a solid polymer is influenced 

by its chemical structure and the degradation rate of semi-crystalline PCL that is 

primarily influenced by its crystallinity [50]. According to existing literature, the 

viscoelastic properties, crystallinity level, and crystals' size in electrospun mats are 
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affected by the orientation of molecules [51]. Hence, investigating the crystal kinetics of 

PCL nanofibers in depth is a compelling area of academic inquiry. 

2.3.1 Application of Nanofibers 

The biodegradability, biocompatibility, pliability, good solubility, low melting 

point, and exceptional blend compatibility of PCL have significantly influenced extensive 

research into its applications in biomedical fields [47, 52, 53]. PCL fibers have been 

utilized in various biomedical applications, including but not limited to sutures, 

pharmaceuticals, and tissue engineering.  

2.3.2 Pharmaceuticals 

Pharmaceutical substances have been extensively utilized to enhance well-being 

and extend lifespans. Drug delivery systems have been developed to facilitate the 

targeted release, activation, and localization of drugs to specific sites within the body. 

The year 1970 marked the development of a polymer known as poly(lactic-co-glycolic 

acid) (PLGA), which was designed to be biodegradable and utilized for the controlled 

release of narcotics. The permeability of PCL to numerous drugs, its biocompatibility, 

and its ability to be eliminated from the body upon bio resorption render it a viable option 

for employment as a controlled drug delivery system. Furthermore, in comparison to 

other polymers, its biodegradation rate is comparatively slower, rendering it more 

appropriate for extended delivery purposes. The degradation kinetics of PCL may be 

influenced by its compatibility blends with other polymers or inorganic nanoparticles 

which can be customized to achieve specific release profiles [54, 55]. Drug delivery 

systems utilizing nanoparticle-incorporated PCL have been developed to facilitate the 

controlled release of therapeutic agents within the human body. These systems include 
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various types of vehicles, such as nanospheres, microspheres, microcapsules, microfibers, 

and nanofibers. 

2.3.3 Tissue Engineering 

 The field of tissue engineering involves the application of engineering principles 

and techniques to develop biological substitutes that can restore, maintain, or improve 

tissue function. The interdisciplinary domain of tissue engineering pertains to the 

application of engineering and life sciences principles in creating biological replacements 

that aim to reinstate, sustain, or enhance tissue function or an entire organ [56]. The 

deprivation of an organ or tissue can adversely affect a patient's health. According to 

Langer et al [56], the annual cost of healthcare in the United States is significantly 

impacted by the loss of tissue or organs, accounting for approximately 50% of the total 

cost, which amounts to over 400 billion dollars. As a result of this prominent concern, 

there have been noteworthy scientific developments in biomaterial research aimed at 

generating novel tissues and organs. Such developments have been achieved by 

constructing tissues utilizing a blend of matrix scaffolds, cells, and biologically active 

molecules [49]. 

 Various scaffolds have been utilized in tissue engineering research within 

biomaterials. The scaffolds necessitate specific attributes, including a three-dimensional 

and extensively porous structure that features an interconnected pore network to facilitate 

cell growth and transport nutrients and metabolic waste. Additionally, they must be 

biocompatible and bioresorbable, with a degradation and resorption rate that can be 

controlled to align with cell and tissue growth in vitro and/or in vivo. The scaffolds must 

also possess surface chemistry appropriate for cell attachment, proliferation, 
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differentiation, and mechanical properties that correspond to those of the tissues at the 

implantation site [57].  

 The manipulation of physical properties, such as degradation rate and mechanical 

strength, gives synthetic polymers an advantage over natural polymers. PCL is 

considered the most suitable candidate for scaffold fabrication among the various 

categories of biodegradable polymers. The versatility of PCL as a bioresorbable polymer 

and its rheological properties enables the production of a diverse array of scaffolds. PCL 

can be utilized to produce 3D polymeric scaffolds with increased porosity and surface 

area, akin to its application in the textile industry. The utilization of this particular 

manufacturing technique in tissue engineering is attributed to its notable surface area 

advantage during application. The scaffolds are fabricated into slender meshes, thereby 

augmenting their permeability. Achieving the best mechanical and chemical properties 

for the suitable application, it is reported that tailored composite nanofibers have 

exhibited significant potential for biomedical applications in addition to polymeric 

nanofibers [42, 58]. 

2.4  Magnesium Oxide (MgO)  

Magnesium (Mg) is essential for the optimal functioning of nerve tissue and 

recovery from nerve damage, as indicated by previous studies [30, 31, 59]. The selection 

of MgO in this research was based on its advantageous biodegradability and 

biocompatibility properties. Studies have shown that elevating the level of crystallinity 

can prolong the degradation and drug release kinetics of polycaprolactone (PCL) [60, 61]. 

For example, adding MgO in a polymer tailored to possess specific properties suitable for 

drug delivery, as reported in the literature [48]. According to Daniel et al. [62], 
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incorporating MgO nanoparticles in various polymer composites has been implemented 

to enhance their antibacterial properties. MgO possesses several characteristics that 

render it a highly desirable nanomaterial, including but not limited to its low density, high 

strength-to-weight ratio, biodegradability, and biocompatibility. The characteristic 

mentioned above renders MgO a compelling nanomaterial with diverse applications in 

the biomedical sector. MgO has diverse applications beyond the biomedical sector, 

including but not limited to the agricultural, anti-microbial, and environmental industries. 

The selection of MgO for this study was based on its safety profile, which the FDA has 

endorsed. 

2.5 Nanocrystalline Phase in Electrospun Fiber 

 Electrospinning has been the most prevalent technique for producing nanofibers. 

Due to the rapid stretching of the electrical jet and evaporation of the solvent during the 

Electrospinning (ES) process, a portion of the polymer remains non-crystalline. The non-

crystalline polymer chain eventually becomes entrapped between the growing crystals 

[63]. Recent research by Soleimani et al. [18] on the structure-property relationship of 

randomly aligned polylactide, revealed that spun fibers consist of crystalline and 

mesomorphic phases as well as oriented but mobile amorphous chain segments.  

Therefore, the interpretation of the non-crystalline phase of electrospun fibers is 

of interest and can enhance the phase confinement effect in nanofibers. In addition, such 

research necessitates approaches to molecular orientation and molecular simulation to 

characterize the freeze-in stress that influences the nucleation mechanism and crystalline 

structure. The molecular orientation of electrospun nanofibers is a crucial characteristic 

that has a direct impact on the microstructure and properties of both the individual fibers 
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and the scaffold. Fiber orientation in tissue engineering has garnered increasing attention 

due to its potential to facilitate fiber-guided cell growth. Thermal analysis is a method to 

scrutinize the alterations in the structural composition of semi-crystalline polymer fibers. 

The objective is to evaluate the impact of fiber conformation on mobility. Recently, Xu et 

al. [32] reported the presence of cylinder-like structures in ES polycarbonate fibers, 

which resemble the super molecular structure that was initially hypothesized by Arinstein 

et al. [64]. Similarly, Ma et. al. [63] also reported that the entrapment of non-crystalline 

polymer chains occurs during crystallization, wherein they become embedded between 

the growing crystals within or outside the lamella structure, as illustrated in Figure 3. The 

present study examined the crystal kinetics of said crystals that undergo growth while 

confined. However, several aspects of the relationship between structure and property 

still require further investigation. Therefore, it is crucial to comprehensively examine the 

internal structure of polymeric nanofibers to enhance their efficiency, a domain that has 

yet to be extensively explored. 
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Figure 3. Schematic diagram of phase structure and molecular orientation for spun 
Polylactic acid (PLA) and crystallized fibers [63]. 
 

2.5.1 Analysis Methods 

The non-isothermal crystallization in bulk-PCL, PCL, and MgO-PCL nanofibers 

is accurately investigated through DSC. It has been demonstrated that augmenting the 

level of crystallinity can result in a favorable outcome of prolonging the kinetics of 

degradation/drug release in PCL. The manifestation of this phenomenon has been 

exhibited in thin layers and small spherical particles. The post-drawn nanofibers have yet 

to be investigated regarding their crystallization kinetics, optimal temperature, and 

overall alterations in crystallinity. In general, isothermal crystallization kinetics is 

analyzed by Avrami model [65]. However, in non-isothermal process crystallization 

temperature changes with time and therefore, modified Avrami models such as Jeziorny 

[66]and Mo's model [66, 67], have been utilized to investigate the intricacies of non-

isothermal crystallization dynamics. The Kissinger [67] and Friedman  [68] models are 
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widely used to determine the activation energy of a polymer that is confined within 

electrospun nanofibers. 

2.5.2 Crystallization 

Crystallization is a phenomenon characterized by the transition of a substance from a 

liquid state to a solid state. However, the phenomenon of nanoconfinement significantly 

impacts the process of crystal formation, leading to modifications in the behavior of 

crystallization. Samanta et al. [67] reported that the crystallization temperature of a 

confined PEO sample was lower than that of bulk PEO. The findings from their study 

suggests that the change in degree of crystallinity is a structural attribute that impacts the 

surface characteristics relevant to drug loading and release kinetics. Hence, 

comprehending the crystallization mechanism of nanofibers is of utmost importance in 

customizing scaffolds for biomedical purposes. 

2.5.3 Non-isothermal Crystallization 

The present focus of research in polymer processing is to gain a comprehensive 

understanding of the non-isothermal crystallization behavior of polymers because such 

processing is typically conducted under non-isothermal conditions [67]. Various 

industrial processes, such as extrusion, injection molding, film blowing, and foaming, 

occur within a thermal environment that undergoes continuous fluctuations, commonly 

called non-isothermal conditions. Several models, including Ozawa, Avrami, and Mo's 

method, developed to assess non-isothermal crystallization using experimental data 

obtained from DSC are discussed in the following section. 
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2.6 Crystallization Kinetics 

Differential scanning calorimetry (DSC) measurements were employed to 

examine the behavior of bulk-PCL, PCL, and MgO-PCL nanofibers. The Avrami model 

is a widely used theoretical framework to explain crystal kinetics for isothermal 

crystallization [65]. The current study pertains to the process of non-isothermal 

crystallization. It utilizes Jeziorny's [66], Ozawa's [69, 70], and Mo's [66, 67] methods, 

which will be elaborated upon in the following sections. Furthermore, the methodologies 

proposed by Kissinger and Friedman are examined to determine activation energy in bulk 

and confined polymer nanofibers. 

2.6.1 Avrami 

Avrami equation describes how phase changes occur in solid materials as relative 

function of time X(t). Relative crystallinity is described as shown in Equation (1) [65]: 

1 − 𝑋𝑋(𝑡𝑡) = 𝑒𝑒−𝑍𝑍𝑡𝑡𝑡𝑡𝑛𝑛         (1) 

where Zt is Avrami crystallization rate, t is crystallization time and n is Avrami exponent. 

Zt and n parameters can be calculated by transforming Equation (1) into a traditional 

linear form of Equation (2):  

𝑙𝑙𝑙𝑙𝑙𝑙{−𝑙𝑙𝑙𝑙[1 − 𝑋𝑋(𝑡𝑡)]} = log𝑍𝑍𝑡𝑡 + 𝑙𝑙 𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡      (2) 

Plotting log{- ln[1-X(t)]} against log t, Zt, and n parameter, can be solved linearly 

as intercept and slope, respectively. In this study, Equation (2) is used to generate non-

isothermal crystallization plots of bulk-PCL, PCL, and MgO-PCL nanofibers at different 

cooling rates.  
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2.6.2 Jeziorny Method   

The Jeziorny model postulates a constant crystallization temperature and adjusts 

Avrami parameters to evaluate non-isothermal crystallization kinetics in polymers. This 

is achieved by assuming a constant cooling rate, as demonstrated in Equation (3). The 

corrected crystallization rate constant is shown below: 

log𝑍𝑍𝑐𝑐 =  log𝑍𝑍𝑡𝑡 𝛽𝛽⁄          (3) 

where Zc parameter can describe the non-isothermal crystallization kinetics that has been 

corrected in order to consider the effect of the cooling rate when the experiment was 

performed for polymers (also known as modified crystallization rate constant) and 𝛽𝛽 is 

the cooling rate. Jeziorny parameters Zc, Zt and Avrami exponent, n can be determined by 

plotting 𝑙𝑙𝑙𝑙𝑙𝑙 {−𝑙𝑙𝑙𝑙[1 − 𝑋𝑋(𝑡𝑡)]} against log t using the following Equation (4). 

𝑙𝑙𝑙𝑙𝑙𝑙 {−𝑙𝑙𝑙𝑙[1 − 𝑋𝑋(𝑡𝑡)]} = n log t + log𝑍𝑍𝑡𝑡      (4) 

2.6.3 Mo’s Method 

Mo’s equation was developed by combining Avrami Equation (2) and Ozawa 

Equation (5) that resulted in Equation (6): 

𝑙𝑙𝑙𝑙 {−𝑙𝑙𝑙𝑙[1 − 𝑋𝑋(𝑡𝑡)]} = ln 𝐾𝐾(𝑇𝑇)−𝑚𝑚 𝑙𝑙𝑙𝑙β      (5) 

log𝑍𝑍𝑡𝑡 + 𝑙𝑙 log 𝑡𝑡 = log𝐾𝐾(𝑇𝑇) −𝑚𝑚 log𝛽𝛽      (6) 

By solving log 𝛽𝛽, we get: 

log𝛽𝛽 =  1
𝑚𝑚

log �𝐾𝐾(𝑇𝑇)
𝑍𝑍𝑡𝑡
� −  𝑛𝑛

𝑚𝑚
log 𝑡𝑡       (7) 
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Let 𝐹𝐹(𝑇𝑇) =  �𝐾𝐾(𝑇𝑇)
𝑍𝑍𝑡𝑡
�
1 𝑚𝑚⁄

  and 𝛼𝛼 =  𝑛𝑛
𝑚𝑚

;  

The final equation is transformed to: 

log𝛽𝛽 = log𝐹𝐹(𝑇𝑇) − 𝛼𝛼 log 𝑡𝑡        (8) 

where F (T) is the cooling rate value chosen at a crystallization time when the system has 

a certain degree of crystallinity and α is the ratio of Avrami exponent and Ozawa 

exponent. Avrami exponent (n) and Ozawa exponent (m) hinge on the type of nucleation 

and growth mechanism. 

2.6.4 Kissinger Equation 

The Kissinger Equation is a mathematical formula used in thermal analysis to 

determine the activation energy of a reaction. Activation energy is the minimum energy 

necessary for the reacting species to successfully undergo a particular reaction. The 

present investigation concerns a particular reaction that entails conveying 

macromolecular fragments to the surface of crystals within the polymers [71]. The 

activation energy during a polymer's phase transition is influenced by two factors: the 

dynamic factor, which pertains to the activation energy (ΔE) required for the 

transportation of crystalline units across the phase, and the static factor, which pertains to 

the free energy barrier for nucleation [72]. Kissinger equation is widely used for 

estimating the activation energy for non-isothermal crystallization studied by DSC, 

marked as Equation (9). 

𝑑𝑑�𝑙𝑙𝑛𝑛� 𝛽𝛽
𝑇𝑇𝑝𝑝2

��

𝑑𝑑� 1
𝑇𝑇𝑝𝑝
�

=  −∆𝐸𝐸
𝑅𝑅

         ( 9) 
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where 𝛽𝛽 is the cooling rate (K/min), R is the gas constant and Tp is the peak temperature 

at its maximum value. Using Equation (9), the Kissinger method can estimate the ΔE 

from the slope of a straight-line plot ln (𝛽𝛽 /Tp
2) versus 1/Tp.  

2.6.5 Friedman Method 

From the previous section, Vyazovkin et al. [68] suggested that by elimination of 

the negative sign from the cooling rate in the Kissinger equation, leads to the generation 

of ineffective energy values. For melt crystallization, the differential iso-conventional 

approach of Friedman (1964) and the integral iso-conventional method of Vyazovkin 

(2001) are applicable. Due to its dependability and simplicity, the Friedman approach 

will be utilized in this study. Friedman’s equation is expressed as follows: 

ln �𝑑𝑑𝑋𝑋𝑡𝑡
𝑑𝑑𝑡𝑡
�
𝑋𝑋𝑡𝑡

= 𝑐𝑐𝑙𝑙𝑙𝑙𝑐𝑐𝑡𝑡𝑐𝑐𝑙𝑙𝑡𝑡 −
Δ𝐸𝐸𝑋𝑋𝑡𝑡
RT𝑋𝑋𝑡𝑡

        ( 10) 

where dXt/dt is the instantaneous crystallization rate as a function of time for a given 

value of the relative crystallinity (Xt), R is the universal gas constant (J mol-1 K-1), and 

ΔEXt is the crystallization activation energy (kJ mol-1) that corresponds to crystallization 

temperature, TXt at various cooling rates. −ΔEXt/R was determined from the slope 

coefficient plots of ln (dXt/dt) versus 1/TXt and exhibited a straight line.  
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3. MATERIALS AND METHODS 

3.1 Materials 

 In this study, polycaprolactone pellets (CAS# 24980-41-4) with a molecular 

weight of 50,000 estimated by gel permeation chromatology (GPC), were obtained from 

Scientific Polymer Products Inc. (Ontario, New York). Acetone with a molecular weight 

of 50.08 g/mol was obtained from Fisher Healthcare. Magnesium Oxide ( size < 50 nm ) 

(CAS# 1309-48-4) with a molecular weight of 40.3 g/mol was obtained from Sigma 

Aldrich. 

3.2 Sample Preparation 

The electrospun nanofibers were prepared as described in the previous research 

[58]. The concentration of Poly (ɛ-caprolactone) in the solution was 10 wt.% and 5 wt.% 

MgO was incorporated in PCL solution to fabricate MgO-PCL nanofiber composites. The 

drum collector was spun using a direct current (DC) motor. By applying a high voltage 

(10 kV) generated by the Gamma High Voltage power source, the syringe needle was 

electrically energized. This electrically charged syringe needle was positioned above a 

drum collector to capture the PCL-aligned fiber stream. The distance between the needle 

and drum collector was approximately 5 cm. The feeding rate of the PCL solution was 

adjusted to a rate of 0.025 mL/minute. PCL cloths were directly collected on a drum with 

a 2-inch diameter. The rotation speed, distance between the needle and drum, and fiber 

deposition rate onto the drum were optimized. A sterilized sharp razor blade was used to 

cut the cloth into dimensions 18 cm long and 16 cm wide from the drum to be used for 

experimentation. The chemical composition and processing conditions are shown in 

Table 1. Bulk-PCL was prepared using sonication to mix 10 wt.% of Poly (ɛ-
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caprolactone) in Acetone by using sonication. Once blended, PCL solution was dried 

inside a low heat vacuum oven. 

Table 1. Chemical compositions of bulk-PCL, PCL and MgO-PCL nanofibers. 

Sample Chemical compositions Voltage Distance 

    PCL (wt. %) MgO (wt. %) KV cm 

PCL  100 0 10 5 

MgO-PCL  95 5 10 5 

Bulk-PCL  100 0 - - 

 

3.3 Differential scanning calorimetry 

Non-isothermal crystallization kinetic studies were carried out using differential 

scanning calorimetry (DSC-3) from METTLER TOLEDO. DSC results were evaluated 

using a Star-E system software from METTLER TOLEDO. The experiments are carried 

out under a nitrogen atmosphere at a flow rate of 50 mL/min. In order to ensure the 

accuracy of the results, calibration was performed using high-purity indium. The samples 

were weighed and placed in standard 40-µL aluminum crucible pans. The experiment 

was conducted in series running concurrently as shown in Figure 4. The samples were 

heated from 25℃ to 90℃ at 10 K/min, and held at 90℃ for five minutes to remove any 

thermal history. Then the samples were cooled at different cooling rates ranging between 

0.5 – 5 K/min.  

The nanofibers were cut into thin strips along the fiber axis for DSC tests. The 

small fiber mats were then freely placed on the aluminum pan and the lid was then closed 
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by gentle mechanical compression. It allowed the most-free relaxation of the polymer 

chains [63]. 

 
Figure 4. Schematic diagram of time-temperature profiles of DSC. 

3.3.1 PCL solution for Electrospinning  

The mass of PCL required to prepare 10 wt.% PCL solution was calculated using. 

Equation (11). The complete steps for the calculations are shown in Equation (12). The 

density of acetone is 784 kg/m3 therefore in 100 ml solution we have 78.4 g of acetone. 

Therefore, to prepare 100 ml of 10 wt.% PCL solution it requires 8.711 g of PCL pellets.  

10 𝑤𝑤𝑡𝑡. % = � 𝑃𝑃𝑃𝑃𝑃𝑃 (𝑔𝑔)
𝑃𝑃𝑃𝑃𝑃𝑃(𝑔𝑔)+𝐴𝐴𝑐𝑐𝐴𝐴𝑡𝑡𝐴𝐴𝑛𝑛𝐴𝐴(𝑔𝑔)

� × 100      (11)  

Simplify and solve for PCL in grams. 

𝑃𝑃𝑃𝑃𝑃𝑃 (𝑙𝑙) = �𝐴𝐴𝑐𝑐𝐴𝐴𝑡𝑡𝐴𝐴𝑛𝑛𝐴𝐴(𝑔𝑔)×10 𝑤𝑤𝑡𝑡.%
(100−10) 𝑤𝑤𝑡𝑡.%

� = �78.4𝑔𝑔×10 𝑤𝑤𝑡𝑡.%
(100−10) 𝑤𝑤𝑡𝑡.%

� = �78.4𝑔𝑔×10
100−10

� = 8.711 g  (12) 

Cooling at different 
rates 

Time 

Measurement cycle: 
heating at fixed rate 
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An ultrasonic energy Q55 Sonicator as shown in Figure 5 is used to agitate and 

blend PCL pellets solute and acetone solvent.  The solution is ready to proceed to 

electrospinning experiment. 

 
Figure 5. Q55 Sonicator that agitates PCL pellets in Acetone solvent. 

3.3.2 Bulk - PCL 

Bulk-PCL solution of 10 wt.% was dissolved in 100 ml of acetone. Equation (11) 

was used to calculate bulk-PCL required in grams. By using a simplified Equation (12), it 

produced 8.711g of bulk-PCL to be dissolved in 100 ml of acetone. The solution was 

blended and dried in a Fisher Scientific Isotemp 285 vacuum oven for 24 hours, as shown 

in Figure 6. 
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Figure 6. Isotemp 285 Vacuum Oven. 

3.3.3 MgO – PCL 

The mass of MgO required to prepare 5 wt.% MgO in 100 ml of acetone was 

calculated by using Equation (13). The detailed step of the calculation is expressed in 

Equation (14). From the calculation, 4.13g of MgO was mixed with 100 ml of acetone. 

An ultrasonic energy Q55 Sonicator as shown in Figure 5, was used to uniformly disperse 

the nanoparticles in acetone. Finally, 95 ml of 10 wt.% PCL solution was mixed with 5 

ml of the 5 wt.% MgO solution by volume. The mixture was agitated using a sonicator to 

make homogeneous solution before using it for electrospinning. 

Acetone = 100 ml or 78.4g 

5 𝑤𝑤𝑡𝑡. % = � 𝑀𝑀𝑔𝑔𝑀𝑀 (𝑔𝑔)
𝑀𝑀𝑔𝑔𝑀𝑀(𝑔𝑔)+𝐴𝐴𝑐𝑐𝐴𝐴𝑡𝑡𝐴𝐴𝑛𝑛𝐴𝐴(𝑔𝑔)

� × 100      (13)  

Simplify and solve for MgO in grams 

𝑀𝑀𝑙𝑙𝑀𝑀 (𝑙𝑙) = �𝐴𝐴𝑐𝑐𝐴𝐴𝑡𝑡𝐴𝐴𝑛𝑛𝐴𝐴(𝑔𝑔)×5 𝑤𝑤𝑡𝑡.%
(100−5) 𝑤𝑤𝑡𝑡.%

� = �(78.4𝑔𝑔×5) 𝑤𝑤𝑡𝑡.%
(100−5) 𝑤𝑤𝑡𝑡.%

� = �78.4𝑔𝑔×5
100−5

� = 4.13𝑙𝑙 (14) 
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3.4  Characterization 

 Bulk-PCL, PCL and MgO-PCL nanofibers were characterized by using DSC, 

XRD, FTIR, SEM and contact angle measurement. 

3.4.1 Differential Scanning Calorimeter (DSC) 

A differential scanning calorimeter (DSC-3) from METTLER TOLEDO as shown 

in Figure 7, was used to investigate how heat flow occurred in bulk-PCL, PCL and MgO-

PCL nanofibers when they are heated and rapidly cooled. DSC is integrated with Mettler 

Toledo STARe software that helps in evaluating and interpreting DSC curves. DSC 

temperature is calibrated by using pure zinc or indium. Once the measurement results are 

complete, they are compared to the manufacturer’s value [73, 74] as shown in Table 2. It 

shows that our measured data are within the reference error limits of the accuracy and 

reliability of the equipment. 

Table 2. DSC calibration measurements references. 

Reference Literature Value [ºC] Measured Value [ºC] Error Limits [ºC] 

Indium 156.6 156.3 ±0.3 

Zinc 419.5 419.07 ±0.7 
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Figure 7. DSC equipment (left) and purge gas cylinder (right). 

DSC measurements are carried out by using a sample and a reference standard 40 

micro-liter aluminum crucibles. Below are the steps for preparing the samples for the 

DSC experiments. 

• Cut small pieces of nanofibers and place them inside the crucible. Put a 

cover on the crucible and seal it with a crucible sealing press, see Figure 

8a. The sample weight inside the crucible must not exceed 10 mg. 

• For a reference crucible, an empty crucible is sealed with a crucible 

sealing press. 

• Both crucibles are weighed with a microbalance Figure 8b and placed on 

their appropriate DSC sensors. 
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The DSC measurements were performed by purging the DSC measuring cell. 

Nitrogen gas at 20 mL/min was used to protect the measuring cell while Oxygen at 

50mL/min was used for heating process, see Figure 9. The following section will 

describe the non-isothermal temperature profiles performed on DSC. 

 
Figure 9. Oxygen gas cylinder (left) and Nitrogen purge gas cylinder (right). 

(a) 

Figure 8. Crucible sealing press (left) and micro balance (right). 

(b) 
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3.4.1.1  Non-Isothermal Crystallization 

DSC experiments were performed to investigate the non-isothermal crystallization 

of bulk-PCL, PCL, and MgO-PCL nanofibers. Below are the steps used to investigate the 

time-temperature profile by using DSC: 

1) Samples were heated from 25 to 90 ℃ at a heating rate of 10 K/min and held 

at a constant 90 ℃ to remove their thermal history. Samples were then cooled 

back to their amorphous state at 25 ℃. 

2) For non-isothermal experiments only, step 1 was repeated but using constant 

cooling rates of 0.5, 0.8, 1, 2, 3, 4, and 5 K/min. A total of seven runs were 

performed as one experiment in addition to step 1 was voided. 

3) Repeated steps 1 and 2 twice to have total of three separate experiments with 

new samples. 

4) DSC curve results are shown in Figure10 and are available in DSC STARe 

software ready to be analyzed and evaluated.   

DSC curves are only plotted with respect to sample temperature in non-isothermal 

crystallization. By using STARe software in thermal analysis, the most common 

evaluations (see Figure 11) can be determined: 

• To – The temperature is determined by extrapolating the baseline from the point 

of intersection before the thermal effect. 

• Tendset - The temperature is determined by extrapolating the baseline from the 

point of intersection after the thermal effect. 

• Tp – The measurement value at the extreme point of the peak. 



30 
 

 
 

• Normalized value – Also known as sample Enthalpy (J/g). 

 
Figure 10. Example of non-isothermal crystallization DSC cooling curves with respect to 
sample temperature. 

 
Figure 11. DSC peak characteristics points of onset, peak and endset temperatures. 

3.4.1.2  Crystallinity 

 The DSC curves were analyzed to obtain heat of crystallization. Bulk-PCL, PCL, 

and MgO-PCL nanofiber’s degree of crystallinity were evaluated. Equation (15) was used 
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to calculate individual crystallinities, while Equation (16) was used to calculate the 

crystallinity of the blends.  

𝑋𝑋𝑐𝑐(%) =
𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠𝑙𝑙𝐴𝐴′𝑠𝑠 𝐴𝐴𝑜𝑜 ℎ𝐴𝐴𝑠𝑠𝑡𝑡 𝐴𝐴𝑜𝑜 Crystallization �𝑗𝑗 𝑔𝑔� �

ℎ𝐴𝐴𝑠𝑠𝑡𝑡 𝐴𝐴𝑜𝑜 Crystyllization �𝑗𝑗 𝑔𝑔� �
= ∆𝐻𝐻𝑐𝑐

∆𝐻𝐻𝑐𝑐°
× 100    (15) 

𝑋𝑋𝑐𝑐(%) = ∆𝐻𝐻𝑐𝑐
(1−Ψ)∆𝐻𝐻𝑐𝑐°

× 100        (16) 

where ΔHc is the enthalpy of crystallization, Δ𝐻𝐻𝑐𝑐° is the theoretical enthalpy of 

crystallization of 100% crystalline PCL polymer of which is 139 J/g [75] and Ψ is the 

weight fraction of the polymer. The enthalpy of crystallization units is shown below: 

 
Figure 12. Schematic diagram on how area under the curve is calculated. 

∆𝐻𝐻𝑐𝑐 = 𝐴𝐴𝐴𝐴𝐴𝐴𝑠𝑠 𝑢𝑢𝑛𝑛𝑑𝑑𝐴𝐴𝐴𝐴 𝑐𝑐𝐴𝐴𝑐𝑐𝑠𝑠𝑡𝑡𝑠𝑠𝑙𝑙𝑙𝑙𝑐𝑐𝑐𝑐𝑠𝑠𝑡𝑡𝑐𝑐𝐴𝐴𝑛𝑛 𝑠𝑠𝐴𝐴𝑠𝑠𝑝𝑝 (𝑊𝑊−°𝑃𝑃 𝑔𝑔⁄ )
𝑃𝑃𝐴𝐴𝐴𝐴𝑙𝑙𝑐𝑐𝑛𝑛𝑔𝑔 𝐴𝐴𝑠𝑠𝑡𝑡𝐴𝐴 (°𝑃𝑃 𝑠𝑠⁄ )

=
𝑊𝑊
𝑔𝑔×°𝑃𝑃

°𝑃𝑃 𝑆𝑆⁄
= 𝐽𝐽

𝑔𝑔
    (17) 

where the heat of crystallization (ΔHc) is calculated by dividing the area under the 

crystallization peak (product of heat flow rate and temperature) by cooling rate.  
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3.4.2 X-Ray Diffractometer (XRD) 

 The crystal structure of bulk-PCL, PCL and MgO-PCL nanofibers were examined 

using a Shimadzu X-Ray Diffractometer (XRD-7000 series) equipped with Cu-Kα 

radiation (λ = 0.154 nm). XRD is shown in Figure 12. XRD measurement conditions 

were set as follows: The Cu X-ray tube voltage was set at 40 kV, current at 30 mA, 

divergent and scatter slit at 1º, receiving slit at 0.3 mm, and the scanning speed was set at 

0.5º/min to ensure a more detailed scan. Fast scan speed is used for quick analysis while a 

low scan speed is for detailed scan. The scanning range was 10 - 80º, sampling pitch and 

present time were set at 0.0189º and 2.27 seconds respectively. All three samples were 

performed at ambient temperature. Once the experiments are complete, crystallinity of 

the samples are automatically calculated by Shimadzu XRD software. Crystallite average 

size was calculated by using Scherrer’s method as shown in Equation (18). XRD analysis 

was carried out to compare crystallinity with the DSC results. 
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Figure 13. Shimadzu X-Ray Diffractometer. 

𝐷𝐷𝐻𝐻𝐾𝐾𝑃𝑃 = 𝐾𝐾 × 𝜆𝜆
𝐹𝐹𝑊𝑊𝐻𝐻𝑀𝑀 × cos𝜃𝜃

         (18) 

where DHKL is the integral width (crystallite size), K is Scherrer’s constant (1.05), λ is the 

wavelength of the X-ray (λ = 0.154 nm), FWHM is the angle measuring full width at half 

maximum of peaks and θ is the Bragg angle. 

3.4.3 Fourier Transform Infrared (FTIR-ATR) Spectroscopy  

 The functional groups present in the samples were analyzed by using Fourier 

transform infrared spectroscopy (FTIR-ATR model: Agilent Cary 630 FTIR spectrometer 

with Diamond ATR accessory) as shown in Figure13. The FTIR uses Agilent MicroLab 

PC software to assist in analyzing the results. The FTIR spectra were collected from 4000 

to 650 cm-1 with a resolution of 16 cm-1. 

-
nxuno 
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Figure 14. FTIR model: Agilent Cary 630 FTIR spectrometer with Diamond ATR. 

 

3.4.4 Scanning Electron Microscopy (SEM)  

Morphological characterization of the nanofibers was observed using a JEOL 

EDS scanning electron microscope (model JSM-6010LA). The electrospun nanofibers 

were first removed from the collector and then cut to prepare the test samples. The 

samples were observed at an accelerating voltage of 10 KV.   

3.4.4 Contact Angle 

 The wettability and hydrophobic/hydrophilic were evaluated by Contact Angle 

Meter (model: Cam-Plus Micro/Film) on the sample’s surfaces, see Figure 14. Figure 15 

shows the contact angle which is between the sample’s smooth surface and the tangent 

line where it contacts the distilled water droplet (substrate). A suspended syringe filled 

with distilled water is used to dispense droplets on the tested surface. The contact angle 

meter produces a beam across the projection lens, through an inversion prism and 

dispensed droplet image is projected on a circular angle measured screen (in degrees) at 

the end of the platform. 
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Figure 15. Contact Angle Meter (model: Cam-Plus Micro/Film). 

 

Figure 16. Contact angle formed by dropping a liquid on a smooth flat surface.   

8 
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4. CHARACTERIZATION OF NANOFIBERS 

Crystallinity is a characteristic of a structure that influences surface properties for 

drug loading, and release kinetics. Therefore, understanding the crystallization 

mechanism of nanofibers is crucial for tailoring scaffolds for biomedical applications. In 

this chapter, we have characterized bulk-PCL, PCL and MgO-PCL nanofibers by using 

different characterization instruments such as DSC, XRD, FTIR, SEM, and contact angle 

meter. The results are discussed below. 

4.1 Differential Scanning Calorimeter (DSC) 

 The cooling cycles of DSC curves for bulk-PCL, PCL and MgO-PCL nanofibers 

at different cooling rates are shown in Figures 16-18. It shows a distinct exothermic peak 

attributed to the crystallization temperatures as a function of cooling rates. Additional 

experiments were carried out at a higher cooling rate of 10-30 K/min; however, no 

crystallization peaks were observed. The onset temperature (To) denotes the initial 

temperature at which the crystallization process commences, while Tc signifies the 

temperature at which the maximum of the crystallization peak can be ascertained. Similar 

to other researchers [60, 61, 76], a shift toward higher crystallization temperature was 

noted with a decreased cooling rate. The data suggest that an increase in cooling rates 

results in a reduction of the crystallization temperature. In brief, it has been observed that 

an increase in the cooling rate results in a corresponding increase in the degree of 

supercooling. According to Wang et al. [77], an increase in the cooling rate resulted in a 

leftward shift of the heat flow curves of crystallization. 

Table 3 summarized the onset and crystallization temperature of the bulk-PCL 

sample, PCL, and MgO-PCL nanofibers. The result shows that the nuclei will easily 
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develop and the crystallization process would start at a lower temperature. Likewise, Xu 

et al. [78] also reported that at high cooling rates, the crystallization time allowed for the 

crystalline entities to develop is reduced, and the nuclei present within the melted matrix 

would not be able to develop due to the high motion of the polymer molecules at these 

cooling rates. Moreover, it has been suggested that the molecular chains at high cooling 

rates have less time to diffuse into the crystallite lattice, adjust, and organize their 

configurations into more perfect crystallites [79]. The intensity of that motion at such 

cooling rates could be reduced if the temperature of the exposed material is decreased.  

The date represented in Table 4 showed that crystallization temperature of PCL 

nanofiber (37.54 ℃ ± 0.22) at a cooling rate of 0.5 k/min is lower compared to the 

crystallization temperature of MgO-PCL (41.17 ℃ ± 0.37) at the same cooling rate. This 

was attributed to the nucleating ability of the MgO nanoparticle incorporated fibers that 

ease the crystallization process of the polymer matrix, basically at the interface area 

between MgO-PCL of the composite materials [61, 80]. As a result, such a process 

should occur at earlier temperatures, increasing both Tc and To. Equation (16) reported in 

literature review was used to calculate the crystallinities of the blends, and the results are 

tabulated in Table 4. The data shows the average degree of crystallinity of MgO-PCL (56 

± 0.001%) is much higher compared to the PCL nanofiber (40 ± 0.012%) performed by 

DSC equipment. In addition, the relative crystallinity of bulk-PCL is 60% at a cooling 

rate of 2 K/min. In the next section, crystallinity was also measured with XRD, and the 

results are compared with DSC results as shown in Table 4. 

The higher crystallization of MgO-PCL nanofibers compared to PCL nanofibers 

can be explained as follows: pure polymer contains a minor volume of impurities in the 
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form of unreacted monomers, and these impurities are randomly dispersed throughout the 

domains of the amorphous polymer matrix. Therefore, impurity-free domains will 

crystallize via homogenous crystallization, necessitating a considerably lower nucleation 

temperature. In contrast, PCL nanofibers containing MgO crystallize heterogeneously at 

relatively higher temperatures. Similar consequences were observed for PEO 

encapsulated in PS nanofibers with a glassy surface [67].  

 
Figure 17. Non-isothermal crystallization exotherms of bulk-PCL measured at various 
cooling rates between 0.5 and 4 K/min. 
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Figure 18. Non-isothermal crystallization exotherms of PCL nanofibers measured at 
various cooling rates between 0.5 and 4 K/min. 

 
Figure 19. Non-isothermal crystallization exotherms of MgO-PCL nanofibers measured 
at various cooling rates between 0.5 and 4 K/min. 
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Table 3. Onset and crystallization temperature of bulk-PCL sample, PCL and MgO-PCL 
nanofibers. 
 

TC (℃) To (℃) 

β (k/min) PCL MgO-PCL Bulk-PCL PCL MgO-PCL Bulk-PCL 

0.5 37.54 ± 0.22 41.17 ± 0.4 42.00 ± 0.14 40.25 ± .04 43.49 ± 0.4 43.93 ± 0.8 

0.8 36.21 ± 0.14 39.82 ± 0.24 41.16 ± 0.2 39.14 ± 0.3 42.30 ± 0.3 43.07 ±0.1 

1 35.54 ± 0.14 39.16 ± 0.2  40.75 ± 0.25 38.54 ± 0.23 41.73 ± 0.26 42.69 ± 0.16 

2 33.28 ± 0.1 36.82 ± 0.1 39.31 ± 0.3 36.62 ± 0.24 39.59 ± 0.16 41.20 ± 0.02 

3 31.75 ± 0.1 35.30 ± 0.1 38.22 ± 0.2 35.47 ± 0.3 38.50 ± 0.2 40.18 ±0.1 

4 29.84 ± 0.6 34.01 ± 0.06 37.29 ± 0.15 34.28 ± 0.2 37.58 ± 0.2 39.37 ± 0.1 

 

4.2 X-Ray Diffractometer (XRD) 

The crystal lattice of bulk-PCL, PCL, and MgO-PCL nanofiber composite 

materials were investigated by using XRD. The XRD patterns are shown in Figure 19. 

The Figure shows Bulk-PCL, PCL, and MgO-PCL nanofiber have (110) and (200) 

diffraction peaks at 21.4o and 23.8o respectively which are associated with the well-

known orthorhombic crystal lattice of PCL [81]. Comparably, Rijal et al. [29] performed 

an XRD analysis of PCL/MgO nanofibers and found two strong peaks (21.5 o and 23.6 o) 

that are similar to our experimental results. Abdelrazek et al. [82] also had similar XRD 

results. A full XRD scan from 10° - 80° is provided in Appendix C. Reduction in the 

corresponding peak intensities and peak broadening were also observed in composite 

nanofibers compared to pristine PCL. From XRD results, crystallized sizes were 

calculated for PCL and MgO-PCL nanofibers using Equation (18) to be 20 and 23 nm 

respectively. The crystallinity obtained from XRD using ‘Basic Process’ application 
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window, is tabulated in Table 4, and the result shows that both DSC and XRD give 

similar values.  

 
Figure 20. X-ray diffraction patterns of bulk-PCL, PCL and MgO-PCL nanofibers. 

Table 4. Crystallization summary of bulk-PCL, PCL, and MgO-PCL nanofibers. 

Sample Peak position 

(2 Theta) 

FWHM 

(deg) 

Crystallite Size 

D (nm) 

Crystallinity (X%) 

XRD 

Crystallinity (X%) 

DSC 

MgO-PCL 21.63 0.407 23.17 56.37±1.7 56±0.01 

PCL 21.47 0.4705 20.05 46.73±4.0 40±0.01 

Bulk-PCL 21.19 0.4915 19.18 64.52±0.1 60±0.01 

 

4.4 Fourier Transform Infrared (FTIR) Spectroscopy 

The FTIR characterization was performed using Agilent Cary 630 FTIR 

spectrometer with a Diamond ATR accessory, and the results of PCL and MgO-PCL 

nanofibers are shown in Figure 20 and Table 5. The absorbance intensities of the two 
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spectra were almost identical, which suggests that the infrared beam encountered almost 

the same number of characteristics. The characteristics peaks were located at: 1724 cm-1 

for C=O stretching vibrations; 1470 cm-1, 1395 cm-1 and 1365 cm-1 for CH2 bending 

vibrations; 2940 cm-1 and 2865 cm-1 for stretching vibrations; 1238 cm-1, 1104 cm-1and 

1044 cm-1 for C-O-C stretching vibrations; 1165 cm-1 for C-O stretching vibrations and 

1290 cm-1 for C-C for stretching vibrations. This is because when most molecular chains 

are oriented in a specific direction the infrared beam encounter a large number of C-O-C, 

C-O, and C-C bond as a result, higher absorbance intensities are observed. From the 

results, the compound appears to be saturated because of no visible C=C stretch, and no 

unsaturated C-H absorption above 3000cm-1. Similar to the vibration wave number 

reported by Abdelrazek et al. [82] we also observed higher absorbance intensities for 

PCL nanofibers compared to MgO-PCL nanofiber which suggests that the molecular 

chains are oriented along the axis of PCL nanofibers. 
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Figure 21. FTIR result of PCL and MgO-PCL nanofiber composite. 

Table 5. Vibrations and wave numbers displayed by PCL nanofibers. 

Description of vibrations Wavenumber (cm-1) Reference 

CH2 stretching 2940, 2865 [83] 

C=O stretching 1724 [83] 

CH2 bending 1470, 1395, 1365 [83] 

C-C stretching 1290 [83] 

C-O-C stretching 1238, 1104, 1044 [83] 

C-O stretching 1156 [83] 
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4.5 Scanning Electron Microscopy (SEM) 

In Figure 21, PCL nanofibers are depicted as SEM images. The images 

depict non-aligned electrospun nanofibers. According to the SEM findings, 

scaffolds have high porosity and interconnectivity. These scaffold characteristics 

provide ample surface area for cell adhesion. In this work, we did not calculate 

the size of the nanofibers or the porosities of the scaffold. However, Morshed et 

al. [58] did an SEM analysis and reported that the fiber diameter is approximately 

300nm. Additionally, Sajeev et al. [84] reported the average porosities of PCL 

samples ranged from 10-20 microns. Figure 21b shows the SEM images of PCL 

nanofibers containing MgO. Nanofibers containing MgO exhibited a rigid 

structure with a homogeneous and smooth surface. However, the presence of the 

nanofibers was not clearly visible, therefore, to obtain a clearer image of the MgO 

-PCL nanofibers, more SEM images must be acquired. As morphology is not 

within the ambit of our work, we did not capture additional images. 

 
Figure 22. SEM images of electrospun nanofiber of a) poly(ε-caprolactone) (PCL) and b) 
MgO incorporated PCL. 

(b) (a) 
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4.4 Contact Angle 

The contact angle meter is used to measure the contact angle (θ) that characterizes 

its surface wettability for PCL and MgO-PCL nanofibers by using distilled water. The 

contact angle for PCL and MgO-PCL nanofibers are 83.5 º ± 0.5, and 106 º ± 0.5. If the 

contact angle is θ ≥ 90°, it’s said to have non-wetting conditions, and its surface is 

hydrophobic. However, if it’s 0° < θ < 90°, it’s said to have wetting conditions, and the 

surface is hydrophilic. The results show that both fibers are hydrophobic, and 

incorporating magnesium into the PCL nanofiber increases its hydrophobicity. Tan et al. 

[85] measured the water contact angle non-NaOH treated PCL membranes were 

measured to be 82.5 º ± 1.0, which is similar to the PCL contact angle of 83.5 º ± 0.5. 

Also, by adding MgO nanoparticles to the scaffold, MgO-PCL nanofiber’s 

hydrophobicity increased by 27%. 

4.5  Conclusion  

 Characterization of PCL, MgO-PCL nanofibers were performed by using DSC, 

XRD, FTIR, and contact angle measurement. From the DSC cooling curves, 

crystallization temperature shifted to the right as the cooling rate decreases, and thus 

required a higher supercooling degree. MgO-PCL nanofiber had a higher crystallization 

temperature due to the nucleating ability of the MgO nanoparticle incorporated fibers that 

ease the crystallization process. XRD results showed the bulk-PCL has the highest 

crystallinity followed by MgO-PCL nanofiber then PCL nanofiber. The surface 

wettability of PCL nanofiber was reduced as MgO was incorporated.  
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5. NON-ISOTHERMAL CRYSTALLIZATION OF ELECTROSPUN POLY 

(ɛ-CAPROLACTON) (PCL) AND MGO INCORPORATED PCL NANOFIBERS 

Differential Scanning Calorimetry (DSC) is used to precisely examine the non-

isothermal crystallization in bulk-PCL, PCL, and MgO-PCL nanofibers. DSC results 

were evaluated using STARe software from METTLER TOLEDO. Due to the 

complexity of the non-isothermal crystallization method, various modified Avrami 

models [39, 86, 87], such as the Jeziorny model [40], Ozawa's model [41], and Lui-Mo's 

model [40, 88], have been developed to comprehend the process better. In the past, these 

models were utilized frequently to comprehend bulk polymeric materials' non-isothermal 

crystallization kinetics behavior [43, 44, 45, 46]. The activation energy of confined 

polymer in electrospun nanofibers was then calculated using the Kissinger and Friedman 

method. 

 5.1: Results and Discussions 

5.1.1: Non-isothermal crystallization 

The relative crystallinity as a function of the cooling rate was obtained from the 

DSC curves shown in chapter 4 (Figures16-18). During the crystallization process at a 

constant cooling rate (β), the relative degree of crystallization X(t) within the matrix of 

confined PCL, MgO-PCL nanofiber and bulk-PCL materials after a given crystallization 

time t, can be determined using the following Equation (19) [89]: 

𝑋𝑋𝑡𝑡 =
∫ (𝑑𝑑𝐻𝐻𝑐𝑐 𝑑𝑑𝑇𝑇⁄ )𝑑𝑑𝑇𝑇𝑇𝑇
𝑇𝑇𝑜𝑜

(1−𝜓𝜓)∆𝐻𝐻𝑐𝑐
         (19) 
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where dHc is the enthalpy of crystallization during the time interval dT, To is the onset 

temperature, T is arbitrary temperature at time t, ψ is the weight fraction of the polymers, 

and ΔHc is the overall enthalpy of 100% crystalline PCL which is taken as 139 J/g [89]. 

Such relative crystallization is usually obtained by the integration of the area under the 

exothermic peak, within the heat flow curves. Moreover, during non-isothermal 

conditions, the crystallization temperatures can be converted to crystallization time [90], 

marked as Equation (20):  

𝑡𝑡 = |𝑇𝑇 − 𝑇𝑇𝑀𝑀| 𝛽𝛽⁄          (20) 

where 𝛽𝛽 is the cooling rate applied for the non-isothermal crystallization. Crystallization 

kinetics is widely analyzed by the Avrami equation [91, 92]. The overall effect of the 

cooling rate of bulk-PCL, PCL, and MgO-PCL nanofiber was investigated to determine 

the overall crystallization time (tc). The following Equation (21) was used to calculate 

each tc of the samples: 

𝑡𝑡𝑐𝑐 = 𝑇𝑇𝑜𝑜−𝑇𝑇𝑒𝑒𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡
𝛽𝛽

          (21) 

where To is the initial crystallization temperature, Tendset is the finishing crystallization 

temperature, and β is the cooling rate considered. As seen from Table 6, demonstrates a 

significant reduction in crystallization time with an increased cooling rate. The above 

outcome is expected due to the accelerated cooling rate impeding the development of 

crystalline structures within the molten matrix, consequently diminishing the duration of 

the materials' crystallization process. Furthermore, it can be observed from Table 6 that 

the composite nanofiber exhibits a reduced crystallization time (tc) in comparison to the 
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pure PCL nanofiber. The acceleration of the crystallization process in MgO-incorporated 

PCL and the consequent reduction in crystallization time can be attributed to the 

inclusion of heterogeneities. In comparison to confined PCL and MgO-PCL nanofibers, 

non-electrospun bulk-PCL exhibits the shortest crystallization time. According to Labet 

et. al. [93], the bulk-PCL exhibits a relative crystallinity of 60% when subjected to a 2 

K/min cooling rate. The level of crystallinity exhibits a reduction in the case of confined 

nanofibers. The restricted mobility of polymer chains within smaller domains is a 

probable cause for the hindered development of crystallinity. The following table 

presents the mean outcomes of three trials. 

Table 6. Crystallization behavior of bulk-PCL and confined PCL and MgO-PCL 
nanofibers. 

Samples 
Cooling 

rate 
(K/min) 

To (°C) Tp (°C) t0.5 

(min) 
Rate (t0.5)-1 

(min-1) 
Overall tc 

(min) 
Crystallinity 

(%) 

PCL 0.5 40.25 37.54 15.14 0.07 9.2  
 0.8 39.14 36.21 15.05 0.07 6.15  
 1 38.54 35.54 10.67 0.1 5.06  
 2 36.62 33.28 6.26 0.17 2.85 46 
 3 35.47 31.75 4.46 0.23 2.46  

  4 34.28 29.84 2.94 0.26 1.97   
MgO-PCL 0.5 43.49 41.17 15.02 0.06 8.28  

 0.8 42.3 39.82 10.16 0.1 5.69  
 1 41.73 39.16 9.2 0.1 4.73  
 2 39.59 36.82 5.01 0.18 2.62 56 
 3 38.5 35.3 4.05 0.25 1.99  

  4 37.58 34.01 2.53 0.22 1.66   
Bulk-PCL 0.5 43.93 42 7.89 0.13 7.74  

 0.8 43.07 41.16 4.76 0.21 4.83  
 1 42.69 40.75 3.87 0.26 3.94  
 2 41.2 39.31 2.5 0.4 2.14 60 
 3 40.18 38.22 1.49 0.67 1.55  

  4 39.37 37.29 0.96 1.04 1.26   
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 Table 6 also displays the characteristics data for non-isothermal crystallization 

exotherms of bulk-PCL, PCL, and MgO-PCL nanofibers. Tp represents the temperature at 

the maximum crystallization rate, t0.5 is the crystallization half-time, and t-1
0.5 is the 

inverse of the crystallization half-time.  

5.1.2: Kinetics of non-isothermal crystallization 

The relative crystallinity versus crystallization time profiles for bulk-PCL, PCL, 

and MgO-PCL nanofibers samples at various cooling rates, are depicted in Figures 22-24 

Each curve demonstrates a time dependence that follows a sigmoidal pattern. The 

leftward shift of sigmoid curves was observed with increased cooling rates. This suggests 

that an increase in the cooling rate reduces the time needed to achieve maximum 

crystallinity. Consequently, an increase in the cooling rate leads to a decrease in the half-

life t0.5 values, as evidenced by the DSC curves. In the context of crystallization, the 

relative degree of crystallization Xt can be ascertained for confined PCL, MgO-PCL 

nanofiber, and bulk-PCL materials by subjecting them to a constant cooling rate (β) 

during the crystallization process and measuring the resulting X(t) after a given 

crystallization time t. This can be achieved through the application of the following 

methodology.  
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Figure 23. Plot of relative crystallinity verses crystallization time for the PCL polymers 
crystallized non-isothermally at various cooling rates. 

 
Figure 24. Plot of relative crystallinity verses crystallization time for the MgO-PCL 
polymer crystallized non-isothermally at various cooling rates. 
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Figure 25. Plot of relative crystallinity verses crystallization time for the bulk-PCL non-
isothermally at various cooling rates. 

The rate of crystallization is defined as the inverse time it takes for crystallization 

to reach 50% and is expressed as: 

𝑅𝑅𝑐𝑐𝑡𝑡𝑒𝑒 (𝑡𝑡0.5)−1 = 1 𝑡𝑡0.5
�         (22) 

Using Crystallization Rate Coefficient (CRC) and Crystallization Rate parameter 

(CRP), the non-isothermal crystallization rates are compared. CRC categorizes polymers 

based on their slope. The steeper the slope, the quicker the crystallization rate. A linear 

fitting is used in CRC plot to determine the slope of a line plotted through cooling rate 

against peak temperature, Tp for bulk-PCL, PCL, and MgO-PCL nanofibers. The steeper 

the slope, the quicker the crystallization rate. CRP also utilized linear fitting slope to 

determine the slope of a line plotted through inverse of half-time against cooling rate for 

bulk-PCL, PCL, and MgO-PCL nanofibers. The higher the slope, the faster the 

crystallization rate. CRP parameter determines the relative position of the crystallization 

rate. Figure 25 demonstrates using the CRC ranking system, that bulk has a steeper slope 
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than nanofibers. Comparing the crystallization rate of nanofibers and bulk-PCL reveals 

that nanoconfinement decreases the crystallization rate, as shown in Figures 25-26: 

 
Figure 26. Plot of cooling rate as a function of the temperature at the maximum 
crystallization rate (CRC). Error bars represent standard deviation from 3 measurements 
on each sample. 

 The error bars were calculated from the averages of three different experiment 

runs (see Appendix A) on each sample. The use of error bars gave confidence of data 

within a defined range.  
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Figure 27 Plot of reciprocal half-time of crystallization as a function of the heating rate 
of the bulk-PCL, PCL and MgO-PCL nanofibers (CRP). Error bars represent standard 
deviation from 3 measurements on each sample. 

Table. 6 shows that the peak temperature Tp (°C) and half-time of non-isothermal 

crystallization t0.5 (min) are reducing with the increase of the cooling rate. The decrease 

of t0.5 values indicates that the samples crystallize faster as the cooling rate is reduced. 

The t-1
0.5 values are found to increase as the cooling rate increases. This indicates that the 

higher the cooling rate, the faster the crystallization rate. 

5.1.3: Non-isothermal mathematical modeling 

Several mathematical models have been developed to describe non-isothermal 

mathematical modeling. Such as; Jeziorny-modified Avrami equation, Ozawa equation, 

Case Average Avrami exponent, Chuah Average Avrami exponent, and Combined 

Avrami/Ozawa Equation and Kissinger activation energy. 

5.1.3.1: Jeziorny Modified Avrami equation  

A widely used Avrami model [66] for describing isothermal crystallization 

kinetics for polymers as shown in Equation (23), is formulated as: 
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1 − 𝑋𝑋(𝑡𝑡) = 𝑒𝑒𝑒𝑒𝑒𝑒 (−𝑍𝑍𝑡𝑡𝑡𝑡𝑛𝑛)        (23) 

where Zt is the Avrami crystallization rate constant and n is the Avrami exponent.  Zt and 

n parameters can be calculated by transforming Equation (23) into a traditional linear 

form Equation (24): 

𝑙𝑙𝑙𝑙𝑙𝑙 {−𝑙𝑙𝑙𝑙[1 − 𝑋𝑋(𝑡𝑡)]} = n log t + log𝑍𝑍𝑡𝑡      (24) 

where a linear relationship can be seen when plotted 𝑙𝑙𝑙𝑙𝑙𝑙 {−𝑙𝑙𝑙𝑙[1 − 𝑋𝑋(𝑡𝑡)]} vs log t. 

Jeziorny model assumes that the crystallization temperature is constant and modifies 

Avrami parameters to analyze non-isothermal crystallization kinetics for polymers by 

assuming that the cooling rate is constant. The corrected crystallization rate constant is 

shown below: 

log𝑍𝑍𝑐𝑐 =  log𝑍𝑍𝑡𝑡 𝛽𝛽⁄          (25) 

where ZC parameter can describe the non-isothermal crystallization kinetics for polymers 

and β is the cooling rate. Jeziorny parameters Zc, Zt and Avrami exponent, n can be 

determined by plotting 𝑙𝑙𝑙𝑙𝑙𝑙 {−𝑙𝑙𝑙𝑙[1 − 𝑋𝑋(𝑡𝑡)]} against log t using the following Equation 

24-25. The n and t values were determined from the slope and intercept of the linear 

plots. 

Jeziorny’s corresponding plots of bulk-PCL, PCL, and MgO-PCL nanofibers are 

shown in Figures 27-29. The result shows a good linear relationship for all samples for 

the primary crystallization stage, therefore Jeziorny method is applicable. The linear part 

was used to calculate n, Zt, and Zc values which are listed in Table 7. Pearson’s 

correlation coefficient R2 for all samples are close to 1 and it supports the linearity of the 
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plots. The n values varied from 1.2 to 1.4 for bulk-PCL, PCL, and MgO-PCL nanofibers 

at different cooling rates. The n values indicate a one-dimensional growth phenomenon 

[94].  On average, Zt values increased with an increase in the cooling rate. This shows 

their symbiotic dependency. 

 
Figure 28. Plot of log{-ln[1-X(t)]} against log of PCL nanofibers according to Jeziorny 
model at various cooling rates. 
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Figure 29 Plot of log{-ln[1-X(t)]} against log of MgO-PCL nanofibers according to 
Jeziorny model at various cooling rates. 

 
Figure 30. Plot of log{-ln[1-X(t)]} against log of bulk-PCL according to Jeziorny model 
at various cooling rates. 
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Table 7 Parameters obtained from Jeziorny method for bulk-PCL, PCL, MgO-PCL 
nanofibers. 

Primary Crystallization Stage 

Samples ß (K/min) n Zt Zc R2 

PCL 0.5 1.44 0.322 0.104 0.97 

 
1 1.29 0.985 0.985 0.97 

 
3 1.31 1.290 1.089 0.98 

  4 1.33 1.966 1.184 0.98 

MgO-PCL 0.5 1.19 -0.156 0.487 0.97 

 
0.8 1.22 0.063 1.198 0.97 

 
1 1.20 0.179 1.512 0.97 

 
2 1.37 0.394 1.573 0.96 

 
3 1.22 0.762 1.795 0.97 

Bulk-PCL 0.5 1.2 -0.176 0.444 0.97 

 
0.8 1.2 0.109 1.369 0.96 

 
1 1.3 0.216 1.644 0.98 

 
2 1.2 0.516 1.811 0.97 

  3 1.3 0.794 1.840 0.97 

 

5.1.3.2 Ozawa method 

Considering the non-isothermal character of the process, the cooling rate (β) is the 

factor that needs to be considered. Ozawa method modifies the Avrami equation to 
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describe all non-isothermal crystallization kinetics for polymers. The mathematical model 

is shown as follows [66, 95]: 

1 − 𝑋𝑋(𝑡𝑡) =  𝑒𝑒𝑒𝑒𝑒𝑒[−𝑘𝑘(𝑇𝑇) 𝛽𝛽𝑚𝑚⁄ ]       (26) 

𝑙𝑙𝑙𝑙 {−𝑙𝑙𝑙𝑙[1 − 𝑋𝑋(𝑡𝑡)]} = ln 𝑘𝑘(𝑇𝑇)−𝑚𝑚 𝑙𝑙𝑙𝑙 𝛽𝛽      (27) 

where k(T) is the kinetics crystallization rate constant and m is the Ozawa 

exponent. k(T) and m parameters can be obtained from the intercept and slope 

respectively. However, during crystallization, the Ozawa method does not consider 

secondary crystallization that occurs in the early stages [60]. 

5.1.3.3: Mo’s method 

Mo and Liu [96, 97] suggested a novel kinetic method by combining Avrami 

equation and Ozawa equation to describe non-isothermal crystallization kinetics [98]. 

Equation (10) is calculated by combining Equation (24) and Equation (27) as described 

below: 

log𝑍𝑍𝑡𝑡 + 𝑙𝑙 log 𝑡𝑡 = log𝐾𝐾(𝑇𝑇) −𝑚𝑚 log𝛽𝛽      (28) 

By solving log β, we get: 

log𝛽𝛽 =  1
𝑚𝑚

log �𝐾𝐾(𝑇𝑇)
𝑍𝑍𝑡𝑡
� −  𝑛𝑛

𝑚𝑚
log 𝑡𝑡       (29) 

Let  𝐹𝐹(𝑇𝑇) =  �𝐾𝐾(𝑇𝑇)
𝑍𝑍𝑡𝑡
�
1 𝑚𝑚⁄

  and 𝛼𝛼 =  𝑛𝑛
𝑚𝑚

;  

The final equation is transformed to: 

log𝛽𝛽 = log𝐹𝐹(𝑇𝑇) − 𝛼𝛼 log 𝑡𝑡        (30) 
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where F (T) is the cooling value chosen at a crystallization time when the system has a 

certain degree of crystallinity and α is the ratio of Avrami exponent and Ozawa exponent. 

Avrami exponent (n) and Ozawa exponent (m) hinge on the type of nucleation and 

growth mechanism. The variations of log 𝛽𝛽 vs. log t, for some specific relative degrees of 

crystallinity X (t), i.e., 20%, 40%, 50%, 60% and 80% and for pure and composite 

nanofibers that are considered in this study, are shown in Figure 30-32. Also, F (T) and α 

can be obtained from the intercept and slope.  

 
Figure 31 Plot of log β versus log t from Mo’s method for non-isothermal crystallization 
MgO-PCL nanofibers. 
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Figure 32 Plot of log β versus log t from Mo’s method for non-isothermal crystallization 
PCL nanofibers. 

 
Figure 33 Plot of log β versus log t from Mo’s method for non-isothermal crystallization 
bulk-PCL. 
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Mo’s model best describes the non-isothermal crystallization kinetics of polymers and 

polymer composites.  

Table 8 Non-isothermal crystallization kinetic parameters of bulk-PCL, PCL and MgO-
PCL nanofibers obtained from Mo’s method. 

Sample Xt (%) 20 40 50 60 80 

Bulk PCL F(T) 3.81 4.91 4.56 5.28 6.25 
 

α 1.12 1.11 1.11 1.11 1.12 

MgO-PCL F(T) 16.25 18.11 18.83 19.57 21.07 
 

α 1.33 1.32 1.32 1.31 1.30 

PCL F(T) 18.84 21.64 22.66 23.70 25.75 

  α 1.475 1.451 1.441 1.433 1.415 

 

Table 8 shows the relationship between α, F (T), and crystallization rate. Bulk-

PCL, PCL and MgO-PCL nanofibers’ values of the slope (α) are at a constant of 1.1, 1.4, 

and 1.3, respectively. The values of α clearly show that at different relative crystallinities, 

the crystallization structures formed are nearly the same. In addition, the variation in the 

values of α for all the bulk-PCL, PCL, and MgO-PCL nanofibers were small, indicating 

that the method of Mo and coworkers (Equation (30)) was strongly in detailing the non-

isothermal process in a process related to PP-clay nanocomposites [100], and PP-surface-

treated SiO2 nanocomposites [101].  

The value of F (T) increases as the relative crystallinity increases. This means that 

a higher cooling rate is required at a set crystallization time to observe a higher 

crystallinity. The F (T) value of pristine PCL nanofibers is higher than MgO-PCL 
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nanofibers value. This shows that MgO-PCL nanofibers require less cooling rate than 

PCL nanofibers to obtain a given relative crystallinity. At a set relative crystallization 

(i.e., Xt = 20%), MgO-PCL nanofibers have a lower F (T) value than PCL nanofibers. 

This indicates that a faster crystallization rate is observed by adding a nucleating agent 

with PCL nanofibers. Also, a polymer in bulk conditions (bulk-PCL) crystallizes faster 

than polymers in a confined state (PCL and MgO-PCL nanofibers). Similar results were 

obtained by Wu et al. [79], and showed composite of 1 wt.% PBT/MMT crystallized at a 

higher rate than that of pristine PBT. 

5.1.4: Activation energy  

The crystallization of polymers is controlled by two factors: one is the dynamic 

factor, which is related to the activation energy ΔE for the transport of crystalline units 

across the phase, and the other is the static factor which is related to the free energy 

barrier for nucleation [72]. The Kissinger method is widely used as a way of estimating 

the activation energy for non-isothermal crystallization studied by DSC. Kissinger’s 

equation is given as follows [102]: 

𝑑𝑑�𝑙𝑙𝑛𝑛� 𝛽𝛽
𝑇𝑇𝑝𝑝2

��

𝑑𝑑� 1
𝑇𝑇𝑝𝑝
�

=  −∆𝐸𝐸
𝑅𝑅

         (31) 

where 𝛽𝛽 is the cooling rate (K/min), R is the gas constant and Tp is the peak temperature 

at its maximum value. Using Equation (31), the Kissinger method can estimate the ΔE 

from the slope of a straight-line plot ln (𝛽𝛽 /Tp2) versus 1/Tp as shown in Figure 33 and 

Table 9. Tianxi Liu et al. [98] states that an ΔE is the total activation energy which 
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consists of the transport activation energy that is required to transport molecular segments 

across the phase boundary to the crystallization surface. 

 
Figure 34 Kissinger’s plot for bulk-PCL, PCL and PCL-MgO nanofibers. 

Table 9 Activation energy values for bulk-PCL, PCL, MgO-PCL nanofibers. 

Samples Ea (kJ/mol) 

PCL -212.01 

MgO-PCL -226.89 

Bulk-PCL -364.74 

 

The activation energies of bulk-PCL, PCL, and MgO-PCL nanofibers are -364.74, 

-212, and -226.3 kJ/mol respectively. MgO-PCL nanofibers (-226.3 kJ/mol) exhibit a 

slightly lower ΔE than PCL nanofibers (-212 kJ/mol). This indicates that adding 5 wt.% 

MgO to PCL facilitated the crystallization of PCL molecular chains and boosted 

crystallization rates due to the nucleation activity of MgO. Furthermore, documented is a 

rise in Ea with increasing weight fractions of MWCNTs between 0.5 and 5% [95]. 
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Nevertheless, Vyazovkin [68] established in 2002 that the Kissinger equation does not 

apply to the cooling processes. For melt crystallization, therefore, the differential iso-

conversional approach of Friedman (1964) and the integral iso-conversional method of 

Vyazovkin (2001) are applicable. Due to its dependability and simplicity, the Friedman 

approach will be utilized in this study [103]. The Friedman equation is expressed as 

follows: 

ln �𝑑𝑑𝑋𝑋𝑡𝑡
𝑑𝑑𝑡𝑡
�
𝑋𝑋𝑡𝑡

= 𝑐𝑐𝑙𝑙𝑙𝑙𝑐𝑐𝑡𝑡𝑐𝑐𝑙𝑙𝑡𝑡 −
Δ𝐸𝐸𝑋𝑋𝑡𝑡
RT𝑋𝑋𝑡𝑡

                                                      (30) 

where dXt/dt is the instantaneous crystallization rate as a function of time for a given 

value of the relative crystallinity (Xt), R is the universal gas constant (J/mol K and ΔEXt 

is the crystallization activation energy (kJ/mol) that corresponds to crystallization 

temperature, TXt at various cooling rates. −ΔEXt/R was determined from the slope 

coefficient plots of ln (dXt/dt) versus 1/TXt, and exhibited a straight line as shown in 

Figures 34-36 at each relative crystallinity. The regression coefficient (R2) has high 

values which supports the effectiveness of the Friedman equation in calculating 

activation energy for various relative crystallinities. 
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Figure 35 Plots ln(dXt/dt) versus 1/Txt of PCL nanofiber at different relative 
crystallinities. 

 
Figure 36 Plots ln(dXt/dt) versus 1/Txt of MgO-PCL nanofiber at different relative 
crystallinities. 
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Figure 37 Plots ln (dXt/dt) versus 1/Txt of bulk-PCL at different relative crystallinities. 

Figure 37 was plotted based upon Friedman equation on the reliance of the 

effective energy on the relative crystallinity. All samples show that the activation energy 

increases as relative crystallinity increases. This suggests that the polymer difficulty of 

crystallization increases as the relative crystallinity increases. Activation energy for all 
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nanofibers have a higher activation energy than bulk-PCL, suggesting that crystallinity is 

reduced due to nanoconfinement of the nanofibers. Also, as relative crystallinity 

increases, temperature reduces, and activation energy increases. Therefore, crystallization 

ability becomes harder as the temperature reduces. Freidman equation proves to be 

accurate as Kissinger’s activation energy equation as shown in Table 9, provides the 

same result. Therefore, the higher the activation energy, the lower the crystallization 
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with 5 wt.% MgO presented lower activation energy than PCL nanofibers. A similar 

trend of activation energy was observed for clay loading on PBT for the isothermal and 

non-isothermal crystallization process [105].  

 

Figure 38 Activation energy dependence on the relative crystallinity for bulk-PCL, PCL 
and PCL-MgO nanofibers. 

5.2: Conclusion 

DSC was used to evaluate the non-isothermal crystallization kinetics of PCL and 

MgO-PCL blends at varied cooling rates. Mo's method was used to examine the profile of 

non-isothermal crystallization kinetics, and its α value for bulk-PCL, PCL, and MgO-

PCL nanofibers samples is constant. This demonstrates that the nucleation and growth 

mechanisms for crystals in each sample, regardless of their relative crystallinity, are 

remarkably comparable. In the meantime, the value of F(T) increases as relative 

crystallinity increases, indicating that a bigger F (T) value makes crystallization more 
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challenging as relative crystallinity increases. Moreover, at a given relative crystallization 

rate, MgO-PCL crystallizes faster than PCL.  

Using the CRC and CRP methods, the non-isothermal crystallization rates of PCL 

and MgO-PCL nanofibers were analyzed based on their compositions and cooling rates. 

In both the CRC and CRP procedures, the MgO-PCL crystallization rate was rated as 

greater. According to CRC and CRP statistics, the following crystallization rates apply: 

Bulk-PCL > MgO-PCL (5/95) > PCL. Friedman's approach determined the Ea values for 

bulk PCL, PCL nanofibers, and MgO-PCL nanofibers. As necessary energy is lost during 

crystallization from a melt, the activation energy is negative. Since the Ea value of 

nanofiber is larger than that of bulk PCL, this shows that nanoconfinement makes it more 

difficult to transfer PCL chain segments to develop crystals.   
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6. FUTURE STUDY 

Isothermal crystallization is a process whereby samples in DSC are heated, 

cooled, and kept under isothermal conditions [106]. The sample's crystallization kinetics 

are investigated using this procedure. However, the offered differential scanning 

calorimeter (DSC-3) from METTLER TOLEDO has restricted capabilities. The samples 

can only cool down to room temperature. As a result, the thermographs for isothermal 

crystallization for the samples were not complete, as shown in Figure 39. 

 
Figure 39 MgO-PCL isothermal data by using 0.8K/min cooling rate. 
 

Flash DSC 2+, which can analyze rapid crystallization from -95 to 1000ºC, was 

recently purchased through external equipment funding. Under nitrogen purge, the Flash 

DSC 2+ conducts calorimetry tests with a Freon intercooler [107] . An image of the new 

cutting-edge equipment is shown in Figure 39. A time-temperature-transformation (TTT) 

diagram can be made with this instrument predicting isothermal kinetics [108]. Figure 40 
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shows the flash DSC sensor in different magnifications [109]. These sensors give the 

possibility to perform heating and cooling of a single nanofiber to understand the 

behavior of a single crystal and its impact on polymer chain mobility.  

 
Figure 40 Mettler Toledo Flash Differential Scanning Calorimetry (FDSC 2+) 1 (A) and 
Freon Intercooler (B). 

 
Figure 41 Flash DSC sensor in different magnifications [109]. 
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Bulk-PCL samples were prepared under atmospheric pressure and vacuum. 

Studies showed crystallinity of samples prepared under vacuum had lower crystallinity, 

see Table 10. Future studies will be performed to investigate crystallization kinetics for 

samples in both isothermal and non-isothermal conditions.  

Table 10 XRD crystallinity results of bulk-PCL of air and vacuum prepared samples. 

Samples Crystallinity (%) 

Bulk/PCL(Air) 64.52 ± 0.090 

Bulk/PCL(Vacuum) 34.86 ± 1.036 
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7. SUMMARY AND CONCLUSIONS 

  The morphology, chemical structure, and thermal properties of nanofibers were 

determined with the help of scanning electron microscopy (SEM), Fourier transform 

infrared spectroscopy (FTIR), differential scanning calorimetry (DSC), X-ray 

diffractometry (XRD), and contact angle. According to the SEM analysis, the orientation 

of the nanofibers was found to be both random and interconnected. The findings indicate 

that the crystallinity of MgO-PCL was greater than that of PCL nanofibers, as 

demonstrated by the similar outcomes obtained through DSC and XRD analyses. The 

findings additionally categorized the percentage of crystallinity as follows: bulk-PCL 

exhibited the highest percentage, followed by MgO-PCL and PCL nanofibers. . The 

findings obtained from Fourier Transform Infrared Spectroscopy (FTIR) indicate that the 

molecular chains exhibit alignment along the axes of Poly(ε-caprolactone) (PCL) 

nanofibers. Comparatively, PCL nanofibers exhibited greater absorbance intensities than 

MgO-PCL nanofibers. The incorporation of MgO was found to decrease the surface 

wettability of PCL nanofiber, as evidenced by contact angle measurements. 

This investigation examined the non-isothermal physicochemical characteristics 

of poly(ε-caprolactone) and magnesium oxide using DSC-3, with cooling rates ranging 

from 0.5 to 5 K/min. Various mathematical models for kinetics analysis, such as 

Jeziorny, Ozawa, and Mo's models, were employed to ascertain the parameters of non-

isothermal crystallization kinetics. The result shows Mo's method best described the non-

isothermal crystallization kinetics profile of bulk-PCL, PCL, and MgO-PCL nanofibers. 

A similar α value of 1.4 was obtained for all samples, implying that the nucleation and 

growth mechanisms for crystals exhibit significant similarity. It was found that the 
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confined polymeric nanofibers crystallized at lower temperatures compared to bulk 

samples. The activation energy obtained through Kissinger and Friedman methodologies 

revealed that bulk-PCL exhibited lower activation energy than nanofibers. The results 

suggest that the crystal development process is hindered by nanoconfinement. Therefore, 

the knowledge of non-isothermal crystallization kinetics under confinement in nanofibers 

will be helpful for the processing of optimized scaffolds, maintaining a balance between 

the degree of crystallinity polymer nanofibers and the resulting properties such as 

wettability or mechanical properties. 
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APPENDICES 

Appendix A:  Non-isothermal crystallization exotherms for all runs. 

Section 4.1 discusses crystallization exotherms in details on each run per sample. 

 
Figure A 1. Experiment 1: Non-isothermal crystallization exotherms of bulk-PCL 
measured at various cooling rates between 0.5 and 5 K/min. 

 
Figure A 2. Experiment 2: Non-isothermal crystallization exotherms of bulk-PCL 
measured at various cooling rates between 0.5 and 5 K/min. 
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Figure A 3. Experiment 3: Non-isothermal crystallization exotherms of bulk-PCL 
measured at various cooling rates between 0.5 and 5 K/min. 

 
Figure A 4. Experiment 1: Non-isothermal crystallization exotherms of MgO-PCL 
samples measured at various cooling rates between 0.5 and 5 K/min. 
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Figure A 5. Experiment 2: Non-isothermal crystallization exotherms of MgO-PCL 
samples measured at various cooling rates between 0.5 and 5 K/min. 

 
Figure A 6. Experiment 3: Non-isothermal crystallization exotherms of MgO-PCL 
samples measured at various cooling rates between 0.5 and 5 K/min. 
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Figure A 7. Experiment 1: Non-isothermal crystallization exotherms of PCL samples 
measured at various cooling rates between 0.5 and 5 K/min. 

 
Figure A 8. Experiment 2: Non-isothermal crystallization exotherms of PCL samples 
measured at various cooling rates between 0.5 and 5 K/min. 
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Figure A 9. Experiment 3: Non-isothermal crystallization exotherms of PCL samples 
measured at various cooling rates between 0.5 and 5 K/min. 

Appendix B: Contact Angle results 

 
Figure A 10. Contact angle result of PCL nanofiber composite. 
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Figure A 11. Contact angle result of MgO-PCL nanofiber composite. 

Appendix C: X-ray diffraction results. 

 
Figure A 12. X-ray diffraction patterns of bulk-PCL, PCL and MgO-PCL nanofibers. 
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Table A 1: X-ray diffraction data results. 
 

Crystallinity 

Sample Exp 1 Exp 2 Exp 3 Average STDEV 

PCL 50.88 42.96 46.36 46.73 3.97469 

MgO/PCL 58.19 56.06 54.84 56.37 1.69669 

Bulk/PCL(Vacuum) 33.75 35.80 35.02 34.86 1.03582 
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