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Abstract. 
This work aims to evaluate the effect of inclusion of different contents of candeia (Eremanthus erythropappus) essential oil (whose alpha-bisabolol is the main terpene) on the properties of polylactic acid (PLA) nanostructured mats and their relationship with fiber morphology and structure. The interaction occurring between the PLA and the candeia essential oil was confirmed by thermal and microscopy analysis. Addition of candeia essential oil increased nanofiber diameter and decreased the glass transition and melting temperatures of the nanofibers, suggesting lower energy input for processing. Scanning electron microscopy (SEM) images provided evidence of a homogeneous structure for the nanostructured mats. X-ray diffraction did not show differences in the crystallization of the nanofibers. This ongoing research confirms the possibility of incorporation of candeia essential oil in the production of nanofibers that will be studied for multipurpose applications.
 


1. Introduction
Candeia (Eremanthus erythropappus) is a forest species whose wood is popularly used as fence post, due to its high natural durability, and currently is the raw material for production of the essential oil, whose main terpene is the alpha-bisabolol, which confers antibacterial properties that are required in the manufacture of pharmaceuticals, fragrances, and cosmetics [1–4]. The higher incidence of this species in the state of Minas Gerais, Brazil, is predominantly in mountainous locations, rocky and poor soil conditions, which are not obstacles to its development. It is very common to find large candeia forests in places where it would be difficult to develop other arboreal species or agricultural crops [5]. Because of its economic importance, the species has been extensively explored in Minas Gerais, which has been causing a strong reduction of its natural occurrence.
Nanostructured materials obtained from renewable resources have been used for healthcare, production, and processing of food [6], agriculture [7], environmental protection [8], and forestry [9]. The application of nanomaterials across various sectors led to both environmental and economic benefits, including enhanced product quality and more sustainable technologies [8].
A fibrillar or nanofibrillar pattern leads to the possibility of tailoring a wide variety of network-like structures with small pore size (compared to commercial nonwoven fabrics in macroscale). The small fiber diameter and large aspect ratio lead to exceptionally high surface to volume (mass) ratio, which makes the electrospun nanofibers desirable for several applications. Nanofibers obtained from biopolymers are of particular interest for potential applications in medicine, drug delivery, and agriculture [10, 11]. Biomedical applications of such nonwoven nanofibers comprise wound dressing and release of drugs like antibiotics and anti-inflammatory [12]. Applications of nanofibers in agriculture could include water treatment [13], the estrous control of livestock animals [14], and crop protection [15]. The actual stage of several technologies requires the development of entirely new approaches for the construction of two- and three-dimensional nanoarchitectures [15]. In many cases, these nanostructures can be obtained by electrospinning [16].




The electrospinning is a simple method that uses electrical forces for obtaining polymer fibers with nanometer scale diameters, leading to high specific surface area and highly porous structures for myriad applications [17]. This method permits obtaining nanofibers straightforwardly, continuously, and cost-effectively [18]. Electrospinning is based on the application of a high voltage across a conductive needle attached to a syringe containing the polymer solution and a conductive collector. The majority of scientific papers related to electrospinning of biodegradable polymers have been focused on synthetic materials, mostly on polylactic acid, polyglycolic acid, and polycaprolactone and their copolymers [19]. In comparison with synthetic counterparts, biopolymers generally present improved biocompatibility and are eco-friendly [20–22].
The PLA is an aliphatic polyester of high molecular weight, which can be achieved by direct polycondensation of lactic acid as the opening polymerization of the cyclic dimer of lactic acid. These methods allow obtaining polymers of high molar mass. The lactic acid monomers used to produce PLA are obtained from the fermentation of wheat, corn, sugarcane, or potato [23]. The poly(L-lactic acid) and poly(L-lactide) have the same structural formula and these two distinct names refer exclusively to a monomer used in the synthesis and may be abbreviated by the acronym PLA [24]. PLA has high mechanical performances when compared to polyethylene, polypropylene, and polystyrene and is hydrolysable in the presence of water, yielding oligomers and monomers with low molecular weight. Besides, PLA can be produced at costs comparable to those of polymers derived from petroleum [25–27]. According to Oliveira et al. [28], blends with other polymers such as polycaprolactone or polyetherurethane have been used to improve the flexibility of the PLA with low molecular weight plasticizers such as citrate esters, polyethylene glycol, polypropylene glycol, and lactic acid oligomer. However, the use of candeia essential oil as a functional addition in the processing of PLA nanostructured mats was not reported in the literature. Then, the objective of this study was to investigate the effect of adding candeia (Eremanthus erythropappus) essential oil at different concentrations (5, 10, and 15% by mass) on the properties of nanostructured PLA mats obtained by electrospinning.
2. Materials and Methods
2.1. Materials
Polylactic acid (PLA) was obtained from Nature Works, 4046D. The HFIP (1,1,1,3,3,3-hexafluoro-2-propanol) was purchased from Chemical Synth (São Paulo, Brazil) and used as a solvent.
The candeia (Eremanthus erythropappus) wood (with 9 years) used for extraction of the essential oil was crop from an artificial plantation located in Carrancas, MG state, Brazil, under the coordinates 21°33′00.21′′ S and 44°42′43.43′′ W and between 896 and 1590 m high, tropical altitude climate, Köppen Cwa, with moderate temperatures, hot and rainy summer, with an average annual temperature of 14.8°C and mean annual precipitation of 1470 mm. Candeia essential oil was obtained by hydrodistillation of candeia wood chips using a modified Clevenger apparatus for 4 h. Chemical composition of the essential oil was performed by gas chromatography coupled to mass spectrometry (GC-MS). The chromatograph used was the model equipped with mass selective detector model 7643 autosampler and MSD 5975C Agilent 7890A.
2.2. Production of the Nanostructured Mats
Four formulations were tested, as presented in Table 1. Definition of the essential oil concentrations was based on previous work [29]. The HFIP solvent was added to each assay tube to take the final concentration of biopolymer to 20% by weight. The formulations were prepared using a polymer (PLA) concentration of 20% (by mass). The formulations were rigorously stirred for several hours (up to 24 h) to ensure the complete dissolution of the constituents. The polymer solutions were spun into nanofibers by electrospinning at room temperature (~24°C) and around 65% relative humidity (RH) and following the procedures described in Oliveira et al. [30] and Mori et al. [11]. A syringe pump (KD scientific, model 781100) was used to feed the polymer solution (20 μL/min) through a needle (Figure 1). High voltage was applied between the needle and the collector, at a constant value (20 kV). The electrospinning parameters were kept constant for all experiments, and the nanofibers were collected on a rotating drum with a working distance of 12 cm. The nonwoven nanofiber mats of each formulation were stored in sealed plastic bags in a desiccator until the characterization tests.
Table 1: Blend design for production of the nanostructured mats.
	

	Sample	Blend ratio (PLA : candeia essential oil)	Mass fraction of PLA (wt%)
	

	PLA (neat)	1.00 : 0.00	100
	PLAO1	0.95 : 0.05	95
	PLAO2	0.90 : 0.10	90
	PLAO3	0.85 : 0.15	85
	







	
	
		
			
				
					
					
					
				
				
				
					
					
					
					
					
					
				
				
			
			
				
				
			
			
				
					
					
					
					
				
				
				
					
			
			
				
			
				
			
				
			
				
			
				
			
				
			
			
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
			
			
				
			
				
			
				
			
				
			
				
			
				
					
						
					
						
					
					
						
					
				
			
		
		
			
				
			
				
		
		
			
				
			
				
		
		
			
		
			
		
			
				
			
				
		
		
			
		
			
				
			
				
		
		
			
		
			
		
			
	


Figure 1: Schematic diagram of the electrospinning setup.


2.3. Scanning Electron Microscopy (SEM)
The morphology of the electrospun nanofibers was analyzed using scanning electron microscopy (SEM, Zeiss, model DSM960). Samples were prepared by cutting the nonwoven nanofiber mats with a razor blade and mounting them on aluminum stubs using double-side adhesive tape. Samples were then gold sputtering coated (Balzers model SCD 050, Balzers Union AG, Balzers). The nanofiber diameters were measured with the aid of image analyses software (Image J, National Institutes of Health). The average nanofiber diameter and diameter distribution were determined from approximately 100 random measurements using representative micrographs.
2.4. Thermal Analysis
Differential scanning calorimetry (DSC, TA Instruments Calorimetric Analyzer, Q100 model) was performed under nitrogen atmosphere, at a flow rate of 20 mL/min and with a heating rate of 10°C/min. Samples were sealed in aluminum pans and heated from −85°C to 230°C for all nanofibers samples. The glass transition temperature (Tg) was obtained by analysis of the second heating cycle.
2.5. X-Ray Diffraction (XRD)
XRD patterns of the electrospun nanostructured mats were recorded using a Shimadzu (XRD-6000) X-ray diffractometer. Scans were carried out from 3° to 35° (2θ) at a scan rate of 5/min using Ni filtered Cu-Kα radiation (wavelength of 0.154 nm) at 50 kV and 20 mA.n. The full-width at half-maximum height (FWHM) of the diffraction peaks was calculated by fitting the X-ray diffraction patterns with a Gaussian-Lorentzian function (Origin 7.5 software, Origin Lab, USA). The -spacing for a given scattering angle, 2θ, was calculated by application of Bragg equation:
								
							where  is the wavelength of the Cu-Kα radiation.
The crystallite size, , was estimated by calculating the broadening of the diffraction peaks according to Scherrer equation:
								
							where  is the Scherrer constant that is dependent upon the lattice direction and crystallite morphology and  is the full-width at half-maximum height given in radians. A  value of 0.9 was used in this study, which is based on values found in the literature for crystals of biopolymers [31, 32].
3. Results and Discussion
3.1. Characterization of the Candeia Essential Oil
The average yield of essential oil was 0.76% in relation to the dry mass of wood, which leads to around 130 Kg per hectare of candeia trees. According to chromatography results, the major components found in the candeia essential oil were alpha-bisabolol (89.8%), alpha-bisabolol oxide (3.9%), eremanthin (1.6%), spathulenol (0.9%), β-selinene (0.2%), and δ-selinene (0.2%) (Figure 2). These six chemical components represent around 97% of the candeia essential oil.




	
	
		
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
			
				
			
				
			
				
			
				
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 2: Chromatogram of essential oil of candeia wood: 1 = alpha-bisabolol; 2 = alpha-bisabolol oxide; 3 = eremanthin; 4 = spathulenol; 5 = β-selinene; and 6 = δ-selinene.


3.2. Scanning Electron Microscopy (SEM)
SEM images (Figure 3) confirmed the interaction between the candeia essential oil and PLA, because no delamination or phase separation was observed in the structure of an individual nanofiber. This interaction occurred between the candeia essential oil and PLA through the hydroxyls in the lactic acid and terpenes and sesquiterpene alcohols (components of the candeia essential oil). The nanofibers are relatively uniform in thickness, randomized and distributed forming a nonwoven web, with homogeneous morphology of this nanostructured mats and absence of agglomerates.
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Figure 3: Scanning electron microscopy (SEM) images of the nanostructured mats: (a) PLA (neat PLA); (b) PLAO1 (5% of candeia essential oil and 95% of PLA); (c) PLAO2 (10% of candeia essential oil and 90% of PLA); and (d) PLAO3 (15% of candeia essential oil and 85% of PLA).


Table 2 presents the average diameters and the beads content formed during electrospinning, while Figure 4 depicts the diameter distribution of the electrospun nanofibers of the different formulations. The addition of candeia essential oil seems to decrease the formation of beads. The diameter of the electrospun nanofibers ranges from 10 to 360 nm (Figure 4) and the length exceeds 10 μm. The dimensions of these micro/nanofibrils are similar to that obtained via electrospinning by del Valle et al. [33]. About 53% of the nanofibers obtained with pure PLA are lower than 100 nm in diameter, while nanomats obtained with addition of 5% (PLAO1), 10% (PLAO2), and 15% (PLAO3) of candeia essential oil presented around 42%, 30%, and 25% of the nanofibers with diameters lower than 100 nm, respectively. The increase in the concentration of candeia essential oil led to increase of the diameter of the nanofibers. This may be because of the electric conductivity of the solution that decreased with the addition of essential oil and resulted in increase of the nanofibers diameter. Low conductivity of the solution results in insufficient elongation of the jet by the electric forces and leads to production of large nanofiber diameters [34, 35]. Diameter of the nanofibers may also be affected by the solution viscosity that can be explained in terms of the interaction forces taking place between the essential oil and PLA. Depending on the type and intensity of these interactions, rheology of the polymer solutions may change [14]. Normally, higher viscosities lead to large fiber diameters [36, 37]. The different structural arrangements of the polymer chains in the nanofibers ultimately may also affect the releasing of the essential oil [38]. In the present case, the increase of the essential oil led to a small decrease of the viscosity, which probably did not affect the diameter of the nanofibers.
Table 2: Average diameter and standard deviation of the electrospun nanofibers and bead content in the nanofiber mats.
	

	Electrospun nanofibers	Diameter (nm)	Bead content (bead/m2)
	

	PLA (neat)	107 ± 42	0.06
	PLAO1	123 ± 47	0.02
	PLAO2	147 ± 51	0.01
	PLAO3	152 ± 53	0.01
	


PLAO1: 5% of candeia essential oil and 95% of PLA; PLAO2: 10% of candeia essential oil and 90% of PLA; PLAO3: 15% of candeia essential oil and 85% of PLA.
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(d)
Figure 4: Diameter distribution histograms of the nanofibers: (a) PLA (neat PLA); (b) PLAO1 (5% of candeia essential oil and 95% of PLA); (c) PLAO2 (10% of candeia essential oil and 90% of PLA); and (d) PLAO3 (15% of candeia essential oil and 85% of PLA).


3.3. Thermal Analysis
The addition of candeia essential oil decreased the glass transition temperature of the nanofibers, suggesting a plasticizing effect of the essential oil on the PLA (Figure 5). The melting temperature is related to the crystallinity of the studied nanofibers. It was observed that the increase of the essential oil concentration decreased the melting temperature of the nanofibers (Figure 5, Table 3) suggesting lower energy input for processing. The increase in the melting enthalpy with the presence of essential oil can also be associated with the plasticizing effects previously mentioned. Thermal degradation of the polymer is result of the molecular degradation with heating. At high temperatures the long chain polymers begin to suffer molecular hydrolysis leading to changes of the polymer properties [39]. In other PLA systems, it was possible to detect a more gradual change in the glass behavior, where the existence of two independent (inter- and intraspherulitic) mobile amorphous phases was suggested [40, 41]. The glass transition dynamics of both amorphous and semicrystalline PLA were also investigated by Mano et al. [42]; and in that case no significant variation of the stiffness index was observed.
Table 3: Thermal properties of the different formulations of the nanostructured mats of PLA/candeia essential oil.
	

	Electrospun fibers	 (°C)	 (°C)	 (J/g)	 (°C)	 (J/g)	 (°C)	 (J/g)
	

	PLA (neat)	60	150	22	119	8	153	0.4
	PLAO1	49	147	30	80/122	10/6	147	8
	PLAO2	46	146	28	85/124	18/2	146	3
	PLAO3	42	145	30	78/121	13/3	145	5
	



                 = glass transition temperature;  = melting temperature at the first cycle;  = melting enthalpy at the first cycle;  (°C) = crystallization temperature at the first and second cycles (separated by /);  = crystallization enthalpy at the first and second cycles (separated by /);  = melting temperature at the second cycle;  (J/g) = melting enthalpy at the second cycle; PLAO1 = 5% of candeia essential oil and 95% of PLA; PLAO2 = 10% of candeia essential oil and 90% of PLA; PLAO3 = 15% of candeia essential oil and 85% of PLA.
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(c)
Figure 5: DSC curves showing the effect of candeia essential oil addition on (a) glass transition temperature, (b) cold crystallization, and (c) merging of the electrospun PLA nanofibers. PLAO1: 5% of candeia essential oil and 95% of PLA; PLAO2: 10% of candeia essential oil and 90% of PLA; PLAO3: 15% of candeia essential oil and 85% of PLA.


Table 3 presents the values of glass transition temperature (Tg), melting temperature (Tm), and crystallization temperature (Tc), which decreased with increasing of the content of candeia essential oil. Balogh et al. [43] also observed this behavior with the inclusion of carvedilol in an amorphous methacrylate terpolymer matrix. The crystallinity of the nanofiber increased with the addition of candeia essential oil, as evidenced by the results of DSC. Choi and Park [44] observed the reduction of the glass transition temperature with the addition of epoxidized soybean oil in poly-3-hydroxybutyrate-co-valerate (PHBV) nanofibers.
Nanostructured mats formulated with candeia essential oil presented one crystallization process in the first heating cycle and another one in the second cycle. This phenomenon is not observed for the PLA neat mats. The values of temperature and enthalpy of crystallization for the first and second cycles are separated by slashes (/) in Table 3. We also noted the merge of the PLA in the two heating cycles. The glass transition temperature (Tg) was obtained by analysis of the second heating cycle. Mano et al. [42] concluded that crystallinity in PLA has two main effects on the overall glass transition dynamics: (i) shift of the glass transition temperature to higher values and (ii) broadening of the distribution of relaxation times. The influence of the geometrical confinement on the glass transition behavior may be analyzed under the framework of the Adam and Gibbs theory [45], using the concept of the cooperatively rearranging regions (CRR). They are defined as the smallest regions around a relaxing entity that can undergo a transition to a new configuration state without requiring simultaneous configuration changes outside its boundaries.
3.4. X-Ray Diffraction
Figure 6 depicts the X-ray diffractograms of the nanostructured mats. The interplanar distances were not affected by the presence of candeia essential oil, even in the high concentration (PLAO3), as confirmed by Table 4. Oliveira et al. [46] reported the results of their work to increase the molecular weight of PLA, which leads to increased viscosity of the solutions and the average diameter of the fibers obtained. Furthermore, according to those authors, fibers obtained from lower molecular weight PLA have lower crystallinity. These results show that controlling the molecular weight and concentration of polymer in solution can control the morphology of the fibers obtained, as well as their degree of crystallinity.
Table 4: Interplanar distances () and crystallite diameters () of the crystalline parts of the electrospun nanofibers.
	

	Electrospun fibers	 (Å)	 (Å)	 (Å)	 (nm)	 (nm)	 (nm)
	

	PLA (neat)	4	2	3	2	6	5
	PLAO1	4	2	3	2	6	5
	PLAO2	4	2	3	2	6	5
	PLAO3	4	2	3	2	6	5
	


Subscripted: peak number: 1 (14°), 2 (17°), and 3 (25°); PLAO1: 5% of candeia essential oil and 95% of PLA; PLAO2: 10% of candeia essential oil and 90% of PLA; PLAO3: 15% of candeia essential oil and 85% of PLA.
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(d)
Figure 6: X-ray diffractograms (XRD) of the nanostructured mats: (a) PLA (neat PLA); (b) PLAO1 (5% of candeia essential oil and 95% of PLA); (c) PLAO2 (10% of candeia essential oil and 90% of PLA); and (d) PLAO3 (15% of candeia essential oil and 85% of PLA).


4. Conclusion
The nanofibers produced with polylactic acid (PLA) and candeia (Eremanthus erythropappus) essential oil were successfully obtained by electrospinning. Thermal analysis and morphological characterization of the electrospun nanofibers showed that the interaction between PLA and candeia essential oil occurred. The images obtained by scanning electron microscopy show nanofibers with similar structure and homogeneous morphology in nanostructured nonwoven mats. The addition of essential oil increased the nanofiber diameter and decreased the glass transition and melting temperatures of the nanofibers, showing the plasticizing effect of the essential oil in the PLA matrix. X-ray diffraction did not show differences in the crystallization of the nanofibers. This work confirms the possibility of incorporating the candeia essential oil for producing electrospun nanofibers. The thermal properties of these nanofibers, combined with the chemical activities of the oil and its compatibility with hydrophobic polymeric matrices, open new perspectives for the development of new basis of polymeric materials for various applications, such as antibacterial applications, cosmetics, and controlled release of drugs.
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