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ABSTRACT 

 
Recycled hematite/OPEFB fiber/polycaprolactone nanocomposites were fabricated for 
microwave absorbing applications in the 1 – 4 GHz range. The aim of the study was to 
compare the magnitudes of the measured and simulated transmission (S21) and reflection 
(S11) parameters of the nanocomposites using the microstrip line technique and the Finite 
Element Method (FEM), since accurate measurement of electromagnetic parameters is 
essential for assessing the attenuation performance of microwave absorbing materials. 
The FEM simulation was carried out on COMSOL Multiphysics® version 5.2 and was 
based on the geometry of the microstrip used for the measurements.  The comparison 
showed that the FEM-simulated S21 and S11 profiles closely matched the measured by a 
mean relative error of 20.6 % for S11 and 1.9 % for S21, indicating a good agreement 
between both techniques. Hence, the microstrip technique for the measurement of 
transmission coefficient magnitudes provides a more reliable solution for characterizing 
the microwave absorption properties of the nanocomposites in the stated frequency range. 
 
Keywords:  Recycled hematite; Finite Element Method; Scattering Parameters; OPEFB 
Fiber 
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INTRODUCTION 
 

The electromagnetic interference (EMI) phenomenon confronting electronic systems 
with civilian and military applications operating in the microwave frequency range has 
attracted solutions from several researchers aimed at improving the quality and reliability 
of such devices. For effective EMI absorption, materials must possess the right mixture 
of low density, low cost, electrical performance, thinness, mechanical properties, 
broadband applications [1,2] and biodegradability.  

In the last few years, much attention has been directed towards the use of ferrite 
materials (spinel, garnet and hexagonal ferrites) for microwave absorption in view of their 
outstanding saturation magnetization, lowered electrical losses, considerable electrical 
resistivity and chemical stability. In this regard, ferrites including zinc ferrite [3], cobalt 
ferrite [4], magnetite [5] and La – Ni substituted barium ferrite [6], have been 
incorporated into composites which have demonstrated enhanced absorption covering a 
wide range of microwave frequency. As a result of the apparent high precursor, synthesis, 
equipment and solvent costs [7,8] of ferrite materials, carbon bio-based materials and 
low-cost recycled hematite (α-Fe2O3) used in conjunction with biodegradable polymeric 
materials have been suggested as suitable alternatives in previous works [9-11] , after 
analyzing their microwave absorption properties through measurements of the complex relative 
permittivity and permeability properties as well as their reflection and transmission coefficients 
or scattering parameters. 

Considering the importance of scattering parameters in describing the interactions 
between electromagnetic waves and materials, their accurate measurement and prediction 
is key to assessing the absorbing characteristics of the materials. In this regard, a wide 
range of numerical solutions such as method of moment (MoM), finite difference time – 
domain method (FDTD) and finite element method (FEM) are available to model these 
interactions [12].  In this work, the scattering parameters of recycled hematite/OPEFB 
fiber/polycaprolactone nanocomposites were measured in the 1-4 GHz range using the 
microstrip line technique. Subsequently, the Finite Element Method, based on the microstrip 
model geometry, was also used to simulate the scattering parameters for the nanocomposites 
in the same frequency range similar to the study by Kim et al. [13]. The aim was to compare 
the results obtained through measurement and simulation.   
  Microwave absorbers need to be lighter and also possess high imaginary (ε″) part of 
complex relative permittivity so as to achieve higher absorbing characteristics. With OPEFB 
fiber of reduced grain size having a high ε″, its incorporation into recycled 
hematite/polycaprolactone blend could provide the desired outcome, while keeping the 
magnetic properties of the nanocomposites. Additionally, it is biodegradable and cheap, and its 
low density could also make the nanocomposites lighter.  

Since numerical methods are more precise, a good agreement with measurements 
could indicate the accuracy and reliability in the determination and prediction of the 
absorbing performance of the materials under study. Furthermore, the simulation could aid 
in minimizing fabrication cost since only nanocomposites possessing optimum absorption 
characteristics would be fabricated. 
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MATERIALS AND METHODS 
	
Synthesis	of	recycled hematite/OPEFB fiber/polycaprolactone nanocomposites	
A 16.2 nm recycled hematite (α-Fe2O3) was synthesized from mill scale waste using 
procedures outlined in Mensah et al. [9]. Portions of 5 to 25 %wt. of the recycled α-Fe2O3 
were subsequently mixed with various %wt. PCL (Sigma-Aldrich, St. Louis, MO, USA) 
and OPEFB fiber (grain size =100 μm)  in a Brabender Extruder (Brabender GmbH & 
Co. KG, Duisburg, Germany) according to Table 1 to synthesize the nanocomposites. A 
fixed mixing ratio of 3:7 for PCL and OPEFB fiber was respectively applied to ensure 
that more fiber was utilized while the Brabender maintained its capacity to melt-blend the 
materials uniformly. Each of the nanocomposites was then placed into 6 cm × 3.6 cm × 
0.20 cm molds and hot-pressed at a pressure of 110 kg/cm2 into flat blocks.    
 
Table 1. Composition of (α-Fe2O3) x (PCL) 0.3(100-x) (OPEFB) 0.7(100-x) samples 

α-Fe2O3 PCL OPEFB Total Mass 

(x %) Mass ± 
0.0005 g 

0.3(100-x) 
% 

Mass ± 
0.0005 g 

0.7(100-x) 
% 

Mass ± 
0.0005 g 

± 0.0005 g 

5.0 1.2500 28.5 7.1200 66.5 16.6300 25.0000 
10.0 2.5000 27.0 6.7500 63.0 15.7500 25.0000 
15.0 3.7500 25.5 6.3800 59.5 14.8700 25.0000 
20.0 5.0000 24.0 6.0000 56.0 14.0000 25.0000 
25.0 6.2500 22.5 5.6300 52.5 13.1200 25.0000 

 
Characterizations - Structure and Composition 
The structure, phase composition and formation of the recycled hematite and 
nanocomposites were investigated using Xray diffraction (XRD) technique on a Philips 
X-pert system (Model PW3040/60 MPD, Amsterdam, The Netherlands) of Cu-Kα 
radiation with respective operational voltage, current and wavelength of 40.0 kV, 40.0 
mA 1.5405 Å. The diffraction patterns were taken in the 2-theta range of 10–80° using a 
scanning speed of 2 °/min. All data were run through Rietveld analysis using PANalytic 
X’Pert Highscore Plus version 3.0 software (PANalytical B.V., Almelo, The Netherlands).  
The recycled hematite sample was identified by matching the diffraction patterns with 
Inorganic Crystal Structure Database (ICSD). 
 
Measurement of Complex Permittivity 
The real (ε) and imaginary (ε″) parts of complex relative permittivity characteristics of 
the samples were determined from Agilent 85070B open ended coaxial (OEC) probe 
measurements in conjunction with Agilent N5230A PNA-L Vector Network Analyzer 
(Agilent Technologies, California, U.S.A.). Measurements were made at room 
temperature and in the 1–4 GHz frequency range by placing the OEC probe onto the flat 
and smooth surfaces of the materials while ensuring that was no air-gap between the 
contact surfaces. In the case of the recycled hematite, the nanopowders were compressed 
into a sample holder with a 2.5 cm top diameter, 2 cm base diameter a height of 3 cm. 
The variations in ε and ε″ with recycled hematite nanofiller content at selected frequencies 
were subsequently examined. 
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Measurement of Scattering Parameters 
The magnitudes of the reflection coefficient (S11) and transmission coefficient (S21) of the 
recycled hematite/OPEFB fiber/polycaprolactone nanocomposites were determined from 
the transmission/reflection line method which was based on the R-T duriod 5880 
microstrip with a signal line of dimensions 6.0 cm × 0.15 cm engraved along its wider 
side. The microstrip had a width of 5.0 cm, length 6.0 cm, thickness 0.15 cm and was 
connected to a two-port Anritsu MS 2024B VNA Master (Anritsu Corporation, 
Kanagawa, Japan). After performing a standard calibration of short, open and load, 
measurements were subsequently performed at 1-4 GHz frequency range by placing the 
nanocomposites flat onto the microstrip surface while ensuring an air-gap free contact 
with the strip line for accurate data acquisition. The variation in S11 and S21 magnitudes 
with frequency range of measurement was then investigated.  
 The simulated values of the scattering parameters were theoretically determined 
using FEM performed on COMSOL Multiphysics software version 5.2 (COMSOL AB, 
Stockholm, Sweden) based on the R-T duriod 5880 microstrip geometry. The procedure 
consisted of creating the model geometry, defining physical parameters and boundary 
conditions followed by meshing the model geometry which was subsequently solved.  
The measured permittivity values of the nanocomposites were used as inputs for the 
software and the S11 and S21 magnitudes were extracted after performing parametric 
studies on the results of the simulation. The variation in calculated S11 and S21 magnitudes 
with frequency range of measurement was also determined. Figure 1 shows created model 
of the microstrip.  

  
Figure 1. FEM generated model of the microstrip 

 
RESULTS AND DISCUSSION 

 
Structure and Composition 
The confirmation of the synthesis of recycled hematite from mill scale and its 
nanostructure characterization was extensively reported in our previous work [14]. Figure 
2 shows the X-ray diffraction patterns of the α-Fe2O3/OPEFB fiber/PCL nanocomposites 
where the broad peak representing cellulose crystallinity within the OPEFB fiber is 
clearly noticeable at 22.4º [15].  Additionally, the diffraction patterns also show the 
presence of the maximum intensity peaks belonging to α-Fe2O3 and PCL consistent with 
previous studies [11,16,17]. It is therefore evident that the patterns comprise the main 
intensity peaks of recycled α-Fe2O3 nanopowders, PCL polymer matrix and OPEFB fiber.  
The significant absence of any changes in the peak positions or the formation of new 
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peaks suggests that there is a weak interaction between recycled α-Fe2O3 nanopowders, 
PCL polymer matrix and the OPEFB fiber. Therefore, the melt-blending of these 
materials to synthesize the nanocomposites was physical in nature and resulting 
properties exhibited reflect those of the individual constituents of the nanocomposites. 
 

 
Figure 2. XRD diffractograms of α-Fe2O3/OPEFB/PCL nanocomposites 

 
Complex Permittivity 
Figures 3 and 4 indicate linear variations in ε and ε″ with recycled hematite nanofiller 
content at selected frequencies. A close observation of Figure 3 shows a general decrease 
in ε with frequency within the 1 GHz to 4 GHz frequency range whereas the ε″ values 
depicted in Figure 4 rather increased with frequency at the same nanofiller content to a 
maximum of 0.63 at 4 GHz. This is significant since materials with high ε″ are preferable 
as they are predicted to absorb more electromagnetic energy[18]. However, both figures 
demonstrated increases in permittivity values with nanofiller content at the selected 
frequencies in accordance with the results of previous research [19,20].  
 This could be attributed to the reduction in the inter-particle distance of the 
nanofiller as its quantity in the polymer matrix increased leading to a decrease in charge 
trapping centers and probability of charge nullification resulting in the permittivity values 
increasing as nanofiller increased. Moreover, the addition of OPEFB fiber into the PCL 
matrix improved the major mechanism of orientation and interfacial polarization which 
resulted in the observed increase in the permittivity values [21]. 
 



 
 

49 

 
Figure 3. Variation in ε with respect to filler content at selected frequencies 

 
 

 
Figure 4. Variation in ε″ with respect to filler content at selected frequencies 

 
Scattering Parameters 
The comparison between the measured and simulated S11 magnitudes for the α-
Fe2O3/OPEFB fiber/PCL nanocomposites is presented in Figure 5 in which evidently, the 
minimum and maximum magnitudes of the parameters coincide at the same frequencies 
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indicating a good agreement between both techniques with increasing recycled α-Fe2O3 
nanofiller content. However, the significant deviation between the two methods beyond 
2.5 GHz can be ascribed to several factors which the simulation process did not consider. 
The FEM simulations presumed ideal conditions including the absence of stray radiation 
and reflections between connectors and samples. But with real measurements, multiple 
reflections with losses together with stray radiation at the boundary between the 
nanocomposites and the microstrip’s SMA launcher could not be averted.  The multiple-
reflections effect at the anterior and posterior surfaces of the nanocomposites, increased 
with frequency resulting in the noticeable high deviations in the FEM simulations. Again, 
the SMA launcher had a 6 mm x 6 mm metal square panel which was much smaller than 
the nanocomposites’ thickness causing reduced contact which led to the deviations. 
Additionally, the computational precision of FEM largely depended on the accuracy of 
the processing software’s auto generated mesh dimensions typically at the interface 
between the launcher and sample.  
 Figure 6 also shows that the S21 magnitudes calculated by FEM decreased with an 
increase in recycled α-Fe2O3 nanofiller content as frequency increased, consistent with 
the measurement results. This indicates good agreement between the measured and 
simulated S21 magnitudes for the α-Fe2O3/OPEFB fiber/PCL nanocomposites. It can 
clearly be observed that FEM simulated the profiles of the parameters closely with those 
of the measured, however, differences in the magnitudes emerged because of factors 
assumed ideal in the simulation procedure. Moreover, as the recycled hematite nanofiller 
content increased in the nanocomposites, a much better agreement between the measured 
and the calculated parameters developed due to the increase in ε″ values. 
 

 
Figure 5. Comparison of S11 magnitudes determined from Measurements and FEM 
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/ 
Figure 6. Comparison of S21 magnitudes determined from Measurements and FEM 

 
The relative errors listed in Table 2 suggest that the 5% and 20% α-Fe2O3/OPEFB 
fiber/PCL nanocomposites obtained both the lowest |S11| and |S21| relative error of 0.107 
and 0.009 respectively. Therefore, the mean relative error between the two measurement 
techniques were found to be 20.6 % for reflection coefficient magnitudes and 1.9 % for 
transmission coefficient magnitudes. This confirms the better agreement between 
measurement and FEM for transmission coefficient magnitudes as illustrated in Figure 6. 
 

Table 2. Mean relative error in |S11| and |S21| between measurement and FEM for α-
Fe2O3/OPEFBfiber/PCL the nanocomposites 

 
 

α-Fe2O3 

Relative Error 
│S11│ │S21│ 

5% 0.107 0.013 
10% 0.108 0.028 
15% 0.327 0.017 
20% 0.196 0.009 
25% 0.291 0.030 
Mean 0.206 0.019 
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CONCLUSION 
 

In this study, the fabricated recycled hematite/OPEFB fiber/PCL nanocomposites were 
characterized by measuring their complex permittivity properties and scattering 
parameters in the 1-4 GHz frequency range. The scattering parameters were measured 
with the aid of the microstrip technique and also theoretically calculated using the finite 
element method (FEM) based on the model geometry of the microstrip. A comparison 
between measured and simulated scattering parameters was made to ascertain the 
accuracy and reliability of the measurement technique since numerical methods are more 
precise.  

These results showed linear variations in ε and ε″ with recycled hematite 
nanofiller content at selected frequencies. The ε″ values increased with frequency at the 
same nanofiller content to a maximum of 0.63 at 4 GHz. The comparison between FEM-
simulated S21 and S11 profiles and measured S21 and S11 closely matched by a mean 
relative error of 20.6 % for S11 and 1.9 % for S21, indicating a good agreement between 
both techniques. Hence, the microstrip technique for the measurement of transmission 
coefficient magnitudes provides a more reliable solution for characterizing the microwave 
absorption properties of the recycled hematite/OPEFB fiber/PCL nanocomposites in the 
stated frequency range. 
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