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Abstract

:

Magneto-dielectric composites are interesting advanced materials principally due to their potential applications in electronic fields, such as in microstrip antennas substrates. In this work, we developed superparamagnetic polymer-based films using the biopolymeric matrices chitosan (Ch), cellulose (BC) and collagen (Col). For this proposal, we synthesized superparamagnetic iron oxide nanoparticles (SPIONs) functionalized with polyethyleneimine with a cheap method using sonochemistry. Further, the SPIONs were dispersed into polymer matrices and the composites were evaluated regarding morphology, thermal, dielectric and magnetic properties and their application as microstrip antennas substrates. Microscopically, all tested films presented a uniform dispersion profile, principally due to polyethyleneimine coating. Under an operating frequency (fo) of 4.45 GHz, Ch, BC and Col-based SPION substrates showed moderate dielectric constant (ε′) values in the range of 5.2–8.3, 6.7–8.4 and 5.9–9.1, respectively. Furthermore, the prepared films showed no hysteresis loop, thereby providing evidence of superparamagnetism. The microstrip antennas showed considerable bandwidths (3.37–6.34%) and a return loss lower than −10 dB. Besides, the fo were modulated according to the addition of SPIONs, varying in the range of 4.69–5.55, 4.63–5.18 and 4.93–5.44 GHz, for Ch, BC and Col-based substrates, respectively. Moreover, considering best modulation of ε′ and fo, the Ch-based SPION film showed the most suitable profile as a microstrip antenna substrate.
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1. Introduction


In recent years, with the advancement of technology in the device electronics field, the demand for new materials has grown, with increased focus on the development of light, flexible, biocompatible and high efficiency/volume ratio electrical components that are also compatible with the competitive and demanding market [1,2,3,4]. In this regard, polymer-ceramic composites have shown numerous advantages over ceramic bulks, where can present lower energy-consuming, easier molding and greater integration in manufacture of circuits [5,6,7]. For instance, in telecommunication industry focusing on the nanoscale range, hybrid nanocomposites have been widely requested as dielectric substrates [8], which must have low dielectric permittivity (ε′) (between 2–12) and low dielectric loss (tan δ) [5]. On the other hand, materials with high dielectric permittivity (ε) have been applied in miniaturization of electronic radiator components [2,9], which causes problems such as bandwidth narrowing, low radiation efficiency and mutual coupling [1,10]. In this context, magnetic-dielectric materials with high ε′ and magnetic permeability (µ) have been used to overcome these problems [11].



Magnetic nanoparticles dispersed into polymer matrix have shown a positively contribution for a high permeability (µ) behavior, while also allowing the reduction of the size of microstrip antennas without reducing their performance. According to the literature, magnetic nanoparticles, generally Fe, Fe3O4, CoFe2O4, Y3Fe5O12, NiZnFe2O4, MnxZn(1−x)Fe2O4 and Ba12Fe28Ti15O84, are usually dispersed in a viscoelastic matrix, such as polydimethylsiloxane (PDMS) [2], polyvinyl alcohol [1], polystyrole [12], commercial Rogers® polymer [6,13], chitosan/gelatin [14], galactomannan [15], collagen [12,16] and polyvinylidene fluoride [17]. For example, a Fe3O4/PDMS magnetic-dielectric composite could effectively improve the bandwidth and the yields with an adjustable dielectric property, and could also lower dielectric and magnetic loss under a magnetic field [6,11,18,19]. Indeed, Fe3O4 nanoparticles applied in magneto-dielectric substrates became very attractive, mostly due to their superparamagnetic property, which prevents losses through hysteresis and eddy current induction, with easy and low-cost obtention. However, it is always a challenge to synthesize superparamagnetic iron oxides (SPIONs) with high magnetization, since reducing their size increases oxidation, and consequently decreases magnetization [2].



In this context, an inorganic-organic core-shell architecture would provide more air-stable and monodisperse SPIONs, and consequently a more uniform dispersion into polymer matrices [13,20,21]. For example, molecules as oleylamine and poly(amido-amine) dendrimers have been used in surface coating procedures of Fe3O4 NPs showing nanocomposites with good homogeneity [18,20], while CoFe2O4@oleylamine NPs have also provided uniform dispersion in a Rogers ® polymer matrix [13].



In this work, we developed magneto-dielectric composites based on SPIONs coated with branched-polyethylenimine (bPEI) and involving further dispersion into three different biopolymer matrices: chitosan, collagen and cellulose, which present viscoelastic properties and large bioavailability. After standard characterization, the proposed magneto-dielectric film-form composites were successfully analyzed regarding their magnetic and dielectric losses, and were evaluated in terms of the reflection coefficient S11, to show good bandwidths from 3.37% to 6.34% and a high return loss, which make them suitable for microstrip antennas applications.




2. Materials and Methods


2.1. Biopolymers Obtention


Low molecular weight chitosan (degree of deacetylation 75–85%, Mw = 50,000–190,000 Da) was purchased from Sigma–Aldrich and used without any previous purification procedure. Collagen was extracted from Nile Tilapia skins according to Sun and their co-worker’s methodology with some modification. Previously, the skins were treated with 0.1 mol∙L−1 of NaOH in order to remove non-collagenous proteins, and washed with ethanol to remove lipids. Then, the skin was treated in 0.7 mol∙L−1 of acetic acid under stirring for 24 h for collagen extraction. Further, the extracted collagen was purified and freeze-dried under vacuum for adequate storage [22]. Nanofibrillated bacterial cellulose was kindly donated and obtained according to a previous published methodology that was well-reported by Lima and their co-workers [23]. Briefly, Komagataeibacter xylinus ATCC 53,582 was statically cultured in Hestrin and Schramm (HS) medium [24] at pH 6.0 and 30 °C for 10 days, then the obtained cellulose membranes were washed with hot water (90 °C), following immersion into an alkaline solution (1 mol∙L−1 NaOH and 1% H2O2 v/v) at 80 °C for 1 h. Subsequently, the membranes were rinsed with distilled water until a pH of 7.0 was obtained, and then were dried at 50 °C for 48 h. Further, 1 g of grounded membrane was suspended into 100 mL of 1 mmol∙L−1 solution of 2,2,6,6-tetramethylpiperidinyloxy (TEMPO) and 10 mmol∙L−1 of KBr. Then, 5 mmol of NaClO were added to previously prepared suspension, under stirring (500 rpm) at 25 °C, and the pH was adjusted to 10. After 2 h of stirring, the suspension was washed until it reached a pH of 7.0 and mechanically treated in high-speed blender (25,000 rpm, in three cycles of 10 min). All obtained biopolymers were further used as a polymer matrix in the preparation of film-form composites.




2.2. Synthesis of SPIONs


The SPIONs were prepared by using a three-step synthesis, which was adapted according to the well-stablished ultrasound-assisted co-precipitation method [25]. Initially, a solution containing 1.16 g of FeSO4·7H2O (Vetec Química, Rio de Janeiro, Brazil) and 1.85 g of FeCl3·6H2O (Vetec Química, Rio de Janeiro, Brazil) in 15 mL of deionized water was sonicated for 4 min using an ultrasonic disruptor (Eco-Sonic QR750, 750 W, 20 kHz; Ultronique, São Paulo, Brazil), under an amplitude of 90%. Subsequently, 7.5 mL of 27% w/w ammonium hydroxide (Synth) were added under ultrasound irradiation during 4 min. Finally, 4.5 mL of a solution, briefly prepared by addition of 1.0 g of branched-polyethylenimine (bPEI) (Sigma-Aldrich, St. Louis, MO, USA, Mw = 25,000) in 4 mL of deionized water, were added into the reactional system. After 4 min of ultrasound irradiation, the functionalized SPIONs (referred to as Fe3O4@bPEI) were obtained. In order to remove the excess of remaining chemicals, the SPIONs were washed with deionized water and then redispersed in water and centrifuged at 3000 rpm for 10 min. The free-aggregate ferrofluid supernatant was collected and diluted in deionized water to 40 mg∙g−1 (SPIONs w/w).




2.3. Composite Films Preparation


The composite films were prepared by casting previously prepared Fe3O4@bPEI ferrofluid into the polymer matrix at different proportions (0%, 30%, 50% and 80% of Fe3O4@bPEI to matrix mass), as shown in Figure 1. As each polymer has a chemically different structure, a film preparation procedure was developed according to each polymer’s specificity. For Col-based films, a solution containing collagen (3% w/v) was prepared in acetic acid (3% w/w, Merk, Kenilworth, NJ, USA) and then glycerol (GL) (Vetec Química, Rio de Janeiro, Brazil) was added at a proportion of 20% w/w to collagen mass, in order to provide greater flexibility to the films. Afterwards, we added Fe3O4@bPEI 40 mg∙g−1 at different proportions and stirred for 15 min. Thereafter, the final dispersion was degassed under vacuum to remove air-bubbles, transferred to Petri dishes and dried at room temperature.



For Ch-based films, a chitosan solution (2% w/v) was prepared in 20 mL of acetic acid (2% w/w). Then, GL (20% w/w) was added to the previously prepared chitosan solution and sonicated in an ultrasonic disruptor using a 13 mm probe for 3 min under an amplitude of 60%. Prior to sonication, Fe3O4@bPEI ferrofluid was added to the film-forming suspension in the desired amounts. Furthermore, the dispersion was degassed, and 20 g were transferred to Petri dishes and dried at room temperature.



For BC-based films, a suspension of nanofibrillated bacterial cellulose was prepared in 35 mL of water (1% w/v). Then, GL was added into BC suspension in the proportion of 25% w/w to cellulose mass, slightly higher than other matrices, in order to avoid brittle and poor mechanical strength films. Then, the mixture was stirred for 1 h and sonicated in an ultrasonic disruptor using a 13 mm probe for 3 min under an amplitude of 60%. Finally, the suspension was degassed, transferred to Petri dishes and dried at 70 °C in an air circulation oven. As for Ch-based films preparation, Fe3O4@bPEI ferrofluid was added at different amounts prior to the ultrasonic step.



At this point, 12 different composite films were prepared using collagen (Col), chitosan (Ch) and cellulose (BC) as a biopolymer matrix, where their amount parameter differences are presented in Table 1.




2.4. Characterization


X-ray Diffraction (XRD) and Fourier Transform Infrared Spectroscopy (FTIR) analysis were performed to study the structure of both Fe3O4@bPEI nanoparticles and the prepared film-form composites. The samples were analyzed by using XRD in the range 10°–80°, using a Bruker D8 Advance diffractometer (Bruker AXS, Billerica, MA, USA) operating in a 40 kV voltage and a 40 mA current with CuKα1 radiation (λ = 0.154 nm). Crystalline phases were identified using the ICSD database. FTIR spectra were obtained in the range 4000–400 cm−1 from the macerated film (in KBr pellets) using a Bruker spectrometer (FT-IR VERTEX 70V, Bruker Optics, Billerica, MA, USA).



A Scanning Electron Microscope (SEM) Inspect S50 FEI Instrument was used in order to analyze the morphology and dispersion of SPIONs into composite films. In order to avoid films tearing during measurements, the experiment was conducted using an electron beam of 20 kV with different magnification levels (500× for EDS measurements, 12,000× for film-form collagen–less resistant–and 22,000× for the other films).



Thermogravimetric analysis was performed to determine the decomposition temperature of the samples using 5.3 mg of each sample in a Mettler Toledo TGA/SDTA 851e instrument with a N2 flow (50 cm3∙min−1), heating rate of 10 °C/min and temperature range of 30–900 °C.



The magneto-dielectric biocomposite films were also analyzed regarding microwave dielectric properties by using Kent’s cavity perturbation method [26,27], which involved using a Vector Network Analyzer (Agilent N5230C, Agilent Technologies, Santa Clara, CA, USA) and a harmonic coaxial split-cavity with a 0.4 to 4.5 GHz resonant frequency range; magnetic properties were analyzed using a Vibrating Sample Magnetometer (Cryogenic VSM 5 T system, Cryogenic Limited, London, UK) under a magnetic field of up to ±7 kOe at room temperature.



Prototypes of the microstrip antennas were designed and manufactured using a conductive silver tape stick for a rectangular and circular form-type. The rectangular ground plane (30 × 25 mm2) and the circular patch (diameter 13 mm) of prototype are shown in Figure 1. Circular and rectangular electrodes were connected to a coaxial SMA connector (50 ohm) using a microstrip (length of 10.6 mm) to feed the patch. The dimensions of these components were chosen according to devices operating at around 5.0 GHz. These antennas were characterized using a Vector Network Analyzer (Agilent N5230C).





3. Results


3.1. Microstructural Analysis


The synthesis of the Fe3O4@bPEI NPs used in this work was performed according to a protocol recently published by our group [25], with an extensive characterization, including its structural, morphological, magnetic, colloidal and relaxivity properties. As already reported, Fe3O4@bPEI NPs were successfully obtained with a cubic structure of inverse spinel (Fd3m) and an average crystallite size of around 10.2 ± 0.2 nm, where bPEI coating provided a well-stable ferrofluid with surface positively charged particles of around +44.5 ± 6.0 mV and an average hydrodynamic radius in the range of 109.1 ± 5.0 nm, as well as a polydispersity index value of 0.060 ± 0.018 compared to monodisperse systems. Indeed, all these colloidal parameter results were very attractive for using Fe3O4@bPEI NPs as a filler in a polymer matrix, giving the possibility to explore and develop a “new-generation” of biocomposites for antenna applications. Therefore, this work will focus on the characterization discussion of prepared magneto-dielectric composite films using different matrices, as illustrated in Figure 1.



3.1.1. XRD


Figure 2 shows XRD patterns obtained for all prepared biocomposite films and Fe3O4@bPEI NPs. All films (Figure 2a–c) showed diffraction peaks at 2θ = 18.6°, 30.3°, 35.6°, 43.3°, 53.7°, 57.3°, 62.8° and 74.7°, which can be indexed to (111), (220), (311), (400), (422), (511), (440) and (533) planes of the cubic spinel structure of magnetite, respectively, according to JCPDS file no. 01-088-0315, as shown in Figure 2d.



For Ch-based films, in all proportions (Figure 2a), XRD patterns presented a peak at 2θ = 11.5° attributed to hydrated chitosan crystals, a weak peak at 15.1° assigned to a very small amount of the anhydrous crystals, a peak at 18.1° related to the presence of regular crystal lattice of the matrix and a broad peak around of 21° indicating the existence of an amorphous structure, according to JCPDS file no. 00-040-1521 [28,29,30]. Indeed, as observed for Ch0 film (Figure 2d), the Ch-based composites also had an amorphous halo, which is related to chitosan fragments with no long-range ordering, and becomes less intense as the SPIONs content increases. It was also noticed that the characteristic peaks of chitosan decrease in intensity when the magnetite increment increases into the matrix. Although the peak at 2θ = 18° can be also assigned to the magnetite lattice, its relative intensity did not increase with the SPIONs increment. Actually, the opposite behavior was observed, indicating the predominant contribution of chitosan for this diffraction. Interestingly, the intensity for this peak was greater than that observed at 2θ = 21°, indicating that there was an improvement in the crystalline order of the matrix in the composites, which could be related to the ultrasonic treatment in the films.



A broad peak at 2θ = 20.8° was also observed in Col-based films (Figure 2b,d), which can be assigned to diffuse scattering in many layers of collagen fibbers, and which characterizes a single left-handed helix chain [22]. The composites also presented a halo, related to the amorphous phases of the collagen matrix.



Peaks at 2θ = 14.6°, 16.8° and 22.8° were observed to BC-based composites and assigned to (101),    (  10  1 ¯   )    and (002) planes, respectively, according to JCPDS file 00-50-2241 (Figure 2d). The sharp peaks (101) and (002) indicate the high crystallinity of BC in the film-form (0.773 on the Segal crystallinity index [31]), which is in agreement with results found in other studies [32,33]. Indeed, for BC-based films in all proportions, the peaks observed in the XRD patterns are characteristics of cellulose type I-alpha with a triclinic unit cell, according to the Z-discriminant function proposed by Wada and Okano [34]. This polymorph is predominant in cellulose produced by bacteria [33]. In addition, the absence of peaks at 2θ = 12° or 20° in composites, related to type II cellulose, indicates that the film-formation method did not change the crystalline phase of the polymer [35].




3.1.2. FTIR


The infrared spectra for all composites and their single components are presented in Figure 3. All Ch films (Figure 3a) showed a wide band centered at 3286 cm−1 assigned to hydrogen bonds in –OH groups, overlapped by contributions due to the symmetrical stretching of the amine N-H bonds [36]. Bands at 2920, 2865, 1405 and 1258 cm−1 were related to symmetrical and antisymmetric C-H vibrations of CH2 [37]. A small shoulder at 1632 cm−1 and the bands at 1554 and 1327 cm−1 can be associated to C=O stretching modes (amide I), N–H deformation modes (amide II) and C–N stretching modes (amide III), respectively [38,39]. The band near to 1026 cm−1 was assigned to stretching vibration C–O of ether and primary alcohol, and can be associated with the presence of glycerol and the piranosydic bonds of chitosan [14,40]. Additionally, the asymmetric stretching mode of the C–O–C bridge was observed at 1153 cm−1 [40].



However, a spectral difference was noticed between Ch-based composites and film-form pure chitosan, where it is possible to observe that increasing magnetite content in the composite led to the band at 557 cm−1 becoming more defined, which was assigned to Fe-O stretching modes at octahedral and tetrahedral sites in the SPIONs [40]. In this context, the progressive reduction in the intensity of the bands at 2920, 1258 and 1327 cm−1 and the displacement of the bands at 1327 and 1258 cm−1 to higher wavenumbers were also observed, indicating strong interactions between amine groups on SPIONs surface and amide and hydroxymethyl groups from chitosan in the film [36].



All spectra of Col-based films (Figure 3b), including film-form pure collagen (Figure 3d), showed characteristic bands of amide A, amide B, amide I, amide II and amide III. The amide A band, assigned to N–H stretching with hydrogen bonds, was observed at 3278 cm−1, while amide B band was observed at 2924 cm−1, related to the asymmetric stretching C-H of CH2 [22]. Amides I, II and III were observed at 1634, 1537 and 1236 cm−1, respectively, at lower frequencies than those reported by Chen et al. (2016), indicating the presence of stronger hydrogen bonds in the obtained films [41]. In these spectra, bands at 2853, 1449, 1334 and 1031 cm−1 can be related to symmetrical stretching CH2, to CH2 bending, to CH2 wagging of the proline and to C–O stretching from glycerol, respectively [42]. Fe–O stretching mode of magnetite was observed at 551 cm−1, overlapped by a band due to skeletal stretching of collagen [42]. Additionally, the ratio of the intensities between 1236 and 1449 cm−1 bands with a value around 1 confirmed the maintenance of the triple helix of the collagen [41].



BC-based films spectra are shown in Figure 3c. Hydrogen bonds between cellulose molecules and O–H stretching were indicated by a 3339 cm−1 band. The bands at 2891, 1427 and 1361 cm−1 were assigned to stretching and bending vibrations of CH, while the band at 1605 cm−1, characteristic of carboxylate ions, confirmed the oxidation of cellulose when using TEMPO [33,43]. The existence of benzene ring mixed with the CH in-plane bending justified the band at 1315 cm−1, while C–O–C antisymmetric stretching was evidenced in the band at 1161 cm−1 [33,44]. The bands at 1108, 1055, 1031 and 663 cm−1 were assigned, respectively, to C–C stretching of polysaccharide rings, C–O stretching, C–O bending of the C–OH of carbohydrates and C–OH out-of-plane bending vibrations [44]. Additionally, Fe–O vibration of magnetite was observed at 557 cm−1 and the reduction of 663 cm−1 band in the composites indicated strong cellulose-SPIONs interactions.




3.1.3. SEM


All SEM micrographs are shown in Figures S1–S3 in the Electronic Support Information (ESI). Figure 4 shows the SEM images only for Ch, Col and BC30 samples, i.e., composite films with 30% of SPIONs. Ch30 micrograph (Figure 4a) presented a typical granular surface, whereas in Col30 image (Figure 4d) wrinkles were observed, which could be formed during air-drying process due to the low mobility of film-form collagen matrix. BC30 image (Figure 4g) showed a fibrous structure where a relief surface was also observed. The SPIONs dispersion into biopolymer matrix for all samples was observed using Fe-mapping by Energy Dispersive Spectroscopy (EDS), as shown in Figure S3 (ESI). Figure 4c,f,i presents Fe mapping only for Ch, Col and BC30 samples. In general, all micrographs show well-dispersed Fe3O4@bPEI NPs through the biopolymers matrix, where darker regions coincide with the relief on composites surface, indicating no clusters formation of SPIONs. Indeed, additional concerns can be taken in comparison to some works in the literature. For instance, in this work the use of a very stable colloidal dispersion SPION could provide well-distributed NPs throughout the polymer matrix, i.e., without any presence of agglomerates, which was not observed in other studies with Y3Fe5O12 and NiZnFe2O4 using polymer matrices such as collagen, chitosan and galactomannan [14,15,16]. It is also interesting to mention that the better the NPs dispersion into composite, the greater the number of matrix-fill interfaces, and the greater the dielectric constant [45]. Furthermore, the filling agglomeration generates porous regions that easily trap moisture and increase undesired dielectric losses [46]. Another relevant advantage, considering the use of colloidal dispersions, is the apparently increase of mechanical strength resistance of the film towards fracture and high flexibility, even with high proportion of SPIONs in composite composition.





3.2. Thermogravimetric Analysis


Thermogravimetric analysis (TGA) was performed to observe thermal degradation and to determine the relative weight loss of composite films. Figure 5 shows degradation curves of Ch, Col and BC80 composite films, i.e., biopolymer-based films with 80% of SPIONs, as well as pure biopolymers film-form and pure SPIONs. In addition, Table 2 shows all degradation events of each analyzed sample, where TR is the event temperature range (°C), TM is maximum weight loss temperature (°C), WL is the weight loss (%) and RW is the residual weight (%).



For analyzed composite samples at temperatures of up to 330 °C, Ch80 and Col80 showed lower weight loss, whereas Ch80 presented highest weight loss. Similar profiles were observed for pure matrix and composite films. However, all composite films proved to be more stable than their respective pure matrices. Interestingly, among analyzed composite films, Col80 had the slowest weight loss, which might be due to the thermal energy that is absorbed by the material in denaturation processes (melting processes), without accelerated formation of gaseous elements [47].



When considering first events, through derivative thermogravimetry (DTG) curves, all composites showed a TR in the range from 30 to 125 °C, with TM values at 52, 55 and 60 °C for Col80, BC80 and Ch80, respectively. These events were also observed in pure biopolymers film-form, which could be related to the moisture loss into matrices [16,40]. Indeed, the lower weight loss of composites indicates a reduced water affinity in comparison to their pure matrix films. However, Ch80 and Col80 samples proved to have more ability to retain water (see Table 2), which may be associated with the presence of strong ion-dipole interactions between water and residual acetate in their structures. Although cellulose presents carboxylate groups in its structure, this is possibly linked to amine groups on SPION surfaces.



The second event, assigned to the loss of glycerol of composite films, showed TM values at 173, 189 and 217 °C for Ch80, BC80 and Col80, respectively [48]. For Col80, a higher TM was observed showing a better interaction between glycerol and Col80 film. According to Li and Li, besides glycerol generally promoting a better dissolution of aggregates into polymer matrix, it also increases the temperature of collagen denaturation due to formation of excimers of tyrosine residues [49]. Probably, these interactions complicate the weight loss of glycerol during the temperature range of the second event. However, this profile may only be related to Col0 film, i.e., when there is no presence of SPIONs, once the weight loss of glycerol is faster for Col80, when the formation of excimers is replaced by interactions between collagen and bPEI from SPIONs.



The third event occurs at TM values of around 288, 300 and 333 °C, respectively, for Ch80, Col80 and BC80, which is related to the degradation of polymer chains of matrices and polyethyleneimine into composites (Figure 5b) [16,36,44]. Higher TM values for Ch80 and BC80 composites indicate a greater thermal stability in comparison to their pure matrix-based films. It is also important to relate the significant contribution of bPEI to the higher thermal stability of all prepared biocomposite films, since the degradation curve for SPIONs (see Fe3O4@bPEI sample in Figure 5b and Table 2) showed a lower rate of weight loss.




3.3. Dielectric and Magnetic Properties


3.3.1. Microwave Dielectric Spectroscopy


The obtained data from microwave dielectric spectroscopy is shown in Figure 6. All results were determined while considering the thickness factor and performance of composites during each measurement.



In general, Ch-based composite films presented the lowest dielectric permittivity with ε′ values of around 6.9–5.2 (Figure 6a), whereas Col-based films exhibited the lowest loss tangent with tan δ values of around 0.218–0.145 (Figure 6b). These two different profiles can be attributed to the porosity structure of chitosan, as shown in SEM images, which may provide a more aerated film, with lower permissibility in comparison to a chitosan matrix. In addition, the low mobility of collagen chains contributes to these results. The ε′ values for all composites significantly decrease with increasing frequency, and BC-based composite films present the greatest variation. This behavior is in accordance to those observed in other works for collagen and some polysaccharides [15,50,51], which can arise from the inability of the dipoles to become biocomposite films or reorient themselves when the direction of applied field changes more quickly [52]. In this work, using a frequency range of 0.4–4.5 GHz, dipolar orientation is the predominant mechanism of dielectric polarization and the greatest reduction in ε′ values for BC-based composites suggests the lower mobility of the BC matrix in comparison to Ch and Col, as well as the dielectric relaxation process being related to the increase in tan δ values.



Figure 6d shows the variation of ε′ at 4.45 GHz with SPIONs content (0, 30, 50 and 80% w/w) in the matrix, which showed the dielectric property increasing by SPION increments into composite films, as recorded by Bibikov et al. (2013) [53]. Chemically, the resistive ceramic structure of Fe3O4@bPEI NPs positively contributes to higher ε′ values due to polar amine groups from bPEI molecules. However, for BC-based films, ε′ increases with the increasing of SPIONs content into a cellulose matrix, which was smaller than the other matrices (see the curve in Figure 6d), resulting in a different interaction-type between SPIONs and the cellulose matrix.



Specifically, for the cellulose matrix, the presence of both negatively (carboxylates from oxidized cellulose) and positively (protonated amines from SPIONs) charged species provided an electrostatic interaction between the molecules, which could reduce the mobility of these dipolar components under an electric field, consequently suppressing the expected increase regarding polarizability. For chitosan and collagen, the presence of larger cationic species with low mobility and smaller anions with high mobility provide a higher polarizability. Nevertheless, all obtained composites showed permittivity values in the range of 5.0 ≤ ε′ ≤ 9.0, usually related to application as microstrip antenna substrates [54].



The applied-efficiency of biopolymer-based composite films as a substrate of microstrips is also governed by tan δ, which can indicate undesirable dissipation of electrical energy. These results are presented in the inset of Figure 6a–c. For chitosan and collagen-based films, although the higher contents of filler improves by ε′, this increasing can also increase dielectric losses, which can be explained by the increase of the number of interfaces between different materials [5]. However, the Ch30 sample showed a smaller tan δ value when compared to Ch0, indicating that SPION may fill empty spaces, consequently improving the structural organization of the chitosan matrix, as indicated by XRD.



A different profile was observed for BC-based films, where higher amounts of SPIONs provided lower dielectric losses. Melone et al. reported the formation of crosslinking bonds between TEMPO-oxidized cellulose molecules with bPEI chains under thermic treatment, which may have decreased dielectric losses in this matrix [55]. Interestingly, cellulose composites showed a non-linear behavior of tan δ with the frequency, which can be related to a specific relaxation process of the matrix. However, for application in microwave operating devices, even BC-based films with fewer dielectric losses are less advantageous than Col and Ch-based composites, which presented the lowest losses (less than 0.26).




3.3.2. Vibrating Sample Magnetometer


VSM results of all composite film samples and SPIONs are presented in Figure 7. Only a narrow hysteresis loop was observed for Fe3O4@bPEI (Figure 7a), which evidences a nearly superparamagnetic behavior. Indeed, these results were already expected, since the full characterization of Fe3O4@bPEI NPs used in this work were previously published by our group, where we provided an extensive magnetic characterization [25]. In addition, in that study we also proved through ZFC-FC analysis the superparamagnetism of Fe3O4@bPEI NPs with no temperature blocking up to 300 K [25]. Indeed, the remanence observed in the measurements could be attributed to several factors, such as artificial broadening due to electric currents trapped in superconducting coil of the magnetometer, as well as interparticle polar interactions [25,56]. In fact, a decrease on remanence can be seen in the composites, mainly for Ch30 and Ch50 samples, indicating a reduction on the interparticle interactions related to a greater dispersion of SPIONs in the matrix. Actually, a superparamagnetic property is highly needed to achieve a magneto-dielectric profile in order to avoid losses induced by coercivity and Foucault’s current, as previously mentioned [2].



Figure 7b–d shows magnetization curves at room temperature for biopolymer-based composite films. As expected, the composites exhibited lower Ms values in comparison to Fe3O4@bPEI with saturation magnetization (Ms) of 66.0 emu/g (Figure 7a). Ch-based films showed Ms values of 10.8, 17.4 and 24.3 emu/g for Ch30, Ch50 and Ch80, respectively, whereas Col-based composites presented Ms values around 11.5, 18.8 and 24.0 emu/g, and BC-based films 12.6, 19.8 and 25.5 emu/g, respectively from 30% to 80% of SPIONs in the films. However, it is possible to observe that Ms values are directly proportional to SPIONs content in the film composition. Actually, for each composite, the Ms value is close to one calculated by multiplying Fe3O4@bPEI Ms value and its weight percentage in the films. For instance, BC30 has 30 mg of SPIONs for each 100 mg of bacterial cellulose and 25 mg of glycerol, approximately 19.3% w/w of Fe3O4@bPEI. Therefore, MsBC30 = 19.3% × 66.0 emu/g = 12.7 emu/g. This profile suggests that the films were formed by physical mixing only, which did not affect the structure and magnetic properties of SPIONs, as is also supported by FTIR and XRD results.





3.4. Design and Characterization of the Microstrip Patch Antennas


All prototypes of circular microstrip antennas (Figure 8) were developed with a patch diameter of 13 mm in a rectangular substrate of 30 × 25 mm2, which was chosen according to devices operating at around 5.0 GHz. The results of reflection coefficient (S11) measurements are shown in Figure 9. S11 spectra for all samples showed minimal S11 values below −10 dB, which are required for a good antenna operation. In these conditions (S11 < −10 dB), the antennas are well-matched and more than 90% of input power is accepted by the antenna to radiate [57].



The operation frequencies (fo), calculated and experimental obtained, as well as experimental bandwidths (BW), of all microstrip antennas are shown in Table 3. Experimental fo values were acceptable according to values calculated by Equation (1), where c is the velocity of light in the vacuum, a is the patch diameter and h, μ′ and ε′ are the thickness, the magnetic permeability and dielectric permittivity of the substrate, respectively [54]. In order to simplify the calculations for these antennas, due to the μ′ values at 5 GHz not being known, it was assumed that μ′ = 1.


   f o  =   1.8412 c   2 π a    {  1 +   2 h   π a  μ ′   ε ′     [  l n  (    π a   2 h    )  + 1.7726  ]   }     1 2       μ ′   ε ′       



(1)







In circular microstrip antennas with thin substrates, two factors significantly affect fo, a and ε′, where fo is inversely proportional to     ε ′    . The increase of SPIONs content in the composites results in higher values of ε′, consequently displacing fo of microstrips to lower values. Therefore, that behavior profile can provide a great possibility of miniaturization of the antennas. However, as shown in Table 3, some deviations from Equation (1) were obtained, which can be related to air gaps between substrate and ground plane and patch. Indeed, there might be some contribution of error patch cutting in these shifts.



Figure 9d shows fo values of antennas versus composition of their respective substrates in the composite film. Interestingly, it is possible to adjust the operation frequency of microstrips with the substrate content. For instance, a chitosan matrix showed the largest tunability with the composition, making it possible to work in fo from 5.55 to 4.69 GHz, while varying the SPIONs increment from 0 to 80%. Although collagen films have permittivity values in the range of chitosan films, a higher thickness variation could negatively contribute (with a higher h and lower fo) to fo adjustability of collagen devices. Furthermore, according to dielectric characterization, chitosan composites presented the lowest losses, showing the most attractive profile as a substrate for applications in microwave technologies.



Usually, a frequency range, the so-called bandwidth (BW), is considered as being acceptable to antenna operation, maintaining its performance. Taking S11 values < −10 dB as a limit, the BW values of all prepared microstrip antennas are shown in Table 3. BW were calculated through Equation (2), where Δf is the difference (modulus) between the two frequencies at S11 = −10 dB, and fo is the frequency at lower S11.


  B W =     Δ f    f o       



(2)







Controversially, there was no significant reduction in BW values of the prototypes, related to the increase of ε′ with the addition of SPIONs in the films. The increment of Fe3O4@bPEI NPs provided a broader bandwidth for Ch and Col-based composites, which was associated to the increased permeability of these composites [58,59]. Interestingly, this behavior was not observed for BC-based films, showing broader BW when compared to pure BC film-form.



Herein, for microstrip antennas prototypes developed in this work, device miniaturization applications should be also considered for short-range wireless local area networks (WLANs), such as Wi-Fi, which operates at low (2.40–2.48 GHz) and high (5.15–5.8 GHz) frequencies ranges [60]. For operations at a higher frequency range, antenna devices can be developed using substrates based on chitosan films with up to 50% of SPIONs, collagen until 30% of filler and pure BC film-form. However, the inapplicability of the other biopolymer-based composites is not taken into consideration, since their properties can be adjusted with a magnetic field [61,62]. Another possibility is adjusting the dimensions of ground plane and patch of prototypes. Indeed, fo values of all composites are presented in the C band, which is used for other several applications.



Therefore, the proposed biopolymer-based composite films are applicable in a wide range of public safety communications and astronomy radio services [63]. However, composite films based on a chitosan matrix showed a greater profile for application in microwaves, as they presented lower dielectric losses and a better modulation of film properties with SPIONs weight percentages.





4. Conclusions


In summary, the addition of Fe3O4@bPEI NPs to biopolymer matrices, chitosan, collagen and bacterial cellulose, allowed the obtaining of composites with good dispersion and homogeneity, which were well-characterized by SEM and Fe mapping involving EDS. In addition, the obtaining process of composites maintained the chemical integrity of polymer matrix, which was indicated by FTIR and XRD. TGA results also showed that at usual temperatures only water weight loss was observed, attesting to the thermal stability of synthesized composites.



The substrates showed ε′ in the range of 2–12 at frequencies above 1 GHz, depending on the filler content in the matrix, which was interesting for application in devices such as microstrip antennas. Other than in cellulose composites, the substrates showed tan δ decreasing with the frequency increasing, thereby indicating its most suitable application in high-frequency devices. In addition, all biocomposite films showed a superparamagnetic behavior, which is highly needed to avoid magnetic losses in antennas.



In this work, prototypes of microstrip antennas were obtained with appreciate return losses and bandwidths. In addition, the operating frequency of the devices were modulated merely by varying the substrate composition, while microstrips with chitosan-SPIONs substrates showed the best modulation capacity and the smallest tan δ. Therefore, the proposed biocomposite films are suitable candidates for application in the wireless communication of devices on the microwave frequency, since their eco-friendly and cheap processing provided good dielectric properties, apparent flexibility, lightness and biodegradability.
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Figure 1. Representative illustration of biocomposite films preparation. 
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Figure 2. X-ray patterns of (a) Chitosan films; (b) Collagen films; (c) Bacterial cellulose films; and (d) Pure components of biocomposite films. 
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Figure 3. Fourier Transform Infrared Spectroscopy (FTIR) spectra of (a) Chitosan films; (b) Collagen films; (c) Bacterial cellulose films; and (d) Pure components of biocomposite films. 
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Figure 4. Micrographics and Fe mappings obtained by using Energy Dispersive Spectroscopy (EDS) for 30% superparamagnetic iron oxide nanoparticles (SPIONs) composites: (a–c) Ch30; (d–f) Col30; and (g–i) BC30. 
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Figure 5. Decomposition curves of pure biopolymers film-form, composite films with 80% of SPIONs and Fe3O4@bPEI NPs: (a) thermogravimetric analysis (TGA) and (b) derivative thermogravimetry (DTG) curves. 
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Figure 6. Variation of ε′ and tan δ (inset graph) of biocomposites with applied frequency: (a) Ch-based composite films; (b) Col-based composite films; and (c) BC-based composite films. (d) Variation of ε′ at 4.45 GHz vs. X amount of SPIONs (% w/w) in the matrix. 
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Figure 7. Magnetization curves of: (a) SPIONs; (b) Ch-based films; (c) Col-based films; and (d) BC-based films. 
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Figure 8. Microstrip antennas developed with substrates based on Ch (a–d, 0–80% of SPIONs, respectively), Col (e–h, 0–80%) and BC (i–l, 0–80%). 
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Figure 9. Measured reflection coefficient S11 of microstrip antennas prototypes of (a) Ch-based films (0–80% of SPIONs); (b) Col-based films (0–80% of SPIONs); and (c) BC-based films (0–80% of SPIONs). (d) Variation of operation frequency in function of the composition of microstrip substrate. 
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Table 1. Composition and thickness of prepared magneto-dielectric biocomposite films.
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	Samples
	GL (%)
	SPION (%)
	Thickness (μm)





	Ch0
	20
	0
	88



	Ch30
	20
	30
	67



	Ch50
	20
	50
	61



	Ch80
	20
	80
	66



	Col0
	20
	0
	43



	Col30
	20
	30
	127



	Col50
	20
	50
	148



	Col80
	20
	80
	155



	BC0
	25
	0
	29



	BC30
	25
	30
	47



	BC50
	25
	50
	54



	BC80
	25
	80
	65
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Table 2. Degradation events for pure biopolymers film-form, composite films with 80% of SPIONs and Fe3O4@bPEI (SPIONs).
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Samples

	
1st Event

	
2nd Event

	
3rd Event

	




	
TR

	
TM

	
WL

	
TR

	
TM

	
WL

	
TR

	
TM

	
WL

	
RW






	
Ch0

	
30–119

	
62

	
14.76

	
119–212

	
177

	
13.77

	
212–402

	
284

	
36.85

	
3.59




	
Ch80

	
30–106

	
60

	
8.05

	
106–218

	
174

	
10.61

	
218–390

	
288

	
21.26

	
38.18




	
Col0

	
30–119

	
62

	
8.64

	
119–233

	
191

	
13.66

	
233–500

	
315

	
51.16

	
0.16




	
Col80

	
30–124

	
52

	
6.68

	
124–239

	
217

	
8.72

	
239–423

	
300

	
18.68

	
37.86




	
BC0

	
30–108

	
60

	
7.57

	
108–224

	
203

	
17.16

	
224–375

	
329

	
44.71

	
2.61




	
BC80

	
30–107

	
55

	
5.80

	
107–215

	
189

	
7.06

	
215–371

	
333

	
33.12

	
38.18




	
Fe3O4@bPEI

	
30–151

	
54

	
3.02

	
151–280

	
244

	
3.35

	
280–434

	
342

	
5.52

	
86.97
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Table 3. Calculated and experimental operating frequencies and bandwidths for prepared microstrip antennas.
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	Samples
	ε′ (4.33 GHz)
	fo (GHz) Calc.
	fo (GHz) Exp.
	Error (%)
	BW (%)





	Ch0
	5.2
	5.89
	5.55
	6.12
	5.47



	Ch30
	6.1
	5.44
	5.41
	0.55
	3.40



	Ch50
	6.8
	5.18
	5.23
	0.96
	5.35



	Ch80
	8.3
	4.67
	4.69
	0.43
	5.58



	Col0
	5.9
	5.55
	5.44
	2.02
	6.36



	Col30
	7.2
	5.02
	5.33
	5.82
	3.27



	Col50
	7.5
	4.90
	5.03
	2.58
	4.81



	Col80
	9.1
	4.46
	4.93
	9.53
	5.61



	BC0
	6.7
	5.20
	5.18
	0.39
	5.57



	BC30
	7.3
	4.98
	4.97
	0.20
	6.34



	BC50
	7.5
	4.92
	4.72
	4.24
	5.65



	BC80
	8.4
	4.66
	4.63
	0.65
	6.10
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