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Deep Analysis of Patella caerulea Calcined Shells for Microwave Applications
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Abstract: This study investigates the potential application of Patella caerulea shells collected from the Iskenderun Bay as
biomaterial in microwave radomes and examines the dielectric properties of shells calcined at 600-1200 °C. At the central
frequency of 10 GHz, the real permittivity values for P600, P800, P1000 and P1200 are 3.2, 2.3, 2.4 and 2.5, respectively. The
corresponding imaginary parts at 10 GHz are 0.82, 0.44, 0.52 and 0.56, reflecting temperature-dependent variations. The loss
factor of shells, particularly at 2.5 GHz, indicates their potential for low-loss applications in communication, such as microwave
laminate and radome applications. Moreover, these materials have been integrated to a traditional patch antenna to show
feasibility in a microwave system as a substrate layer. At temperatures exceeding 800 °C, slight increase in the CaO peaks was
observed in X-ray diffraction spectrum. The thermal gravimetric analysis and differential thermal analysis of shell powder
reveal weight loss occurring in two distinct stages and minor endothermic peaks at 125°C and 275°C. The study highlights that
microwave antenna radome materials are promising due to their high impedance matching and low-loss properties. This
research contributes to the exploration of marine-sourced materials for economic and ecological benefits in the field of
microwave technology.
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Patella caerulea Kalsine Kabuklarimin Mikrodalga Uygulamalari icin Derinlemesine Analizi

Oz: Bu calisma, iskenderun Korfezi'nden toplanan Patella Caerulea kabuklarnin mikrodalga radomelarmda biyomalzeme
olarak potansiyel uygulamasini aragtirmakta ve 600-1200 °C’de kalsine edilmis kabuklarin dielektrik 6zelliklerini
incelemektedir. 10 GHz’lik merkezi frekansta, P600, P800, P1000 ve P1200 i¢in reel dielektrik gecirgenlik degerleri sirastyla
3,2,2,3,2,4 ve 2,5’tir. 10 GHz’de karsilik gelen sanal degerleri, sicaklia bagh degisimleri yansitan 0,82, 0,44, 0,52 ve 0,56’ dur.
Kabuklarm, 6zellikle 2,5 GHz’deki kayip faktorii, mikrodalga laminat ve radome uygulamalar gibi iletisimde diisiik kayipl
uygulamalar igin potansiyellerini gostermektedir. Ayrica, bu malzemeler bir mikrodalga sistemde alt tabaka olarak
uygulanabilirligini gostermek i¢in geleneksel bir yama antene entegre edilmistir. Bununla birlikte, 800 °C’yi asan sicakliklarda
X-1s1n1 kirinim spektrumunda CaO tepelerinde hafif bir artis gézlemlenmistir. Kabuk tozunun termal gravimetrik analizi ve
diferansiyel termal analizi, iki ayr1 asamada olusan agirlik kaybini ve 125 °C ve 275 °C’de kiigiik endotermik tepeleri ortaya
koymaktadir. Calisma, mikrodalga anten radom malzemelerinin yiiksek empedans uyumu ve diisiik kayp 6zellikleri nedeniyle
umut verici oldugunu vurgulamaktadir. Bu aragtirma, mikrodalga teknolojisi alaninda ekonomik ve ekolojik faydalar i¢in deniz
kaynakli malzemelerin kesfine katkida bulunmaktadir.

Anahtar kelimeler: Dielektrik, deniz malzemeleri, karakterizasyon, mikrodalga, deniz salyangozlari.

1. Introduction

Limpets of the genus Patella are gastropods that graze in rocky areas in the middle and upper-lower coastal
regions of the Atlantic and Mediterranean coasts in temperate regions [1]. It has an important role in the ecological
and biological control of algae, that is the species distributed in coastal areas [2,3]. They are known as keystone
species in the mid-littoral point of the coastal regions and are rarely consumed by humans and used as fish food
[4]. Limpets are species that increase or decrease the amount of macroalgae species and the availability of other
marine organisms. It also has an important position as the species that forms and regulates the ecological balance
of tidal communities [2,5,6]. In the Mediterranean region, the Patella genus has four different species. These are
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P. caerulea, P. ulyssiponensis, P. rustica and P. ferruginea. P. caerulea which is known as a native Mediterranean
limpet (Linnaeus, 1758) is found on cliffs or between rocky areas in the infralittoral and midlittoral regions of the
Mediterranean coast [7]. It is considered as an endemic (native) species in the Mediterranean region [8—10].

There are many studies on the biology, distribution, ecology, population characteristics, chitin and chitosan
production and availability of Patella species in the Eastern Mediterranean coast [11-18]. In the literature, a study
was found in which the shells of invasive sea urchin were investigated using radome technology [19]. Radome
technology studies need to be focused on marine-based animals, and these materials which are currently found in
nature as waste, and especially those that do not have economic importance, need to be brought into the economy.
In this way, both ecological and economic benefits will be provided. Especially in recent years, studies have been
carried out on the integration of marine origin materials into different multidisciplinary fields. The most important
features of marine-sourced materials are that they are non-toxic, biodegradable and compatible [20].

Furthermore, a “radome” is a structure that protects a radar system or other sensitive electronic equipment
from the environment while allowing the electromagnetic signals to pass through with low reduction and scattering
[21]. The term “radome” is the combination of the term “radar” and “dome” that is aimed to be transparent to the
frequencies used by the radar system. There are many aspects of the radome theory. For example, it protects radar
antennas and other sensitive equipment from environmental factors such as rain, wind, snow, and temperature
extremes. They also shield against physical damage and corrosive elements, helping to extend the lifespan of the
radar system. Moreover, they are designed to be transparent to the radio frequency signals used by radar systems.
This allows the radar beams to pass through the radome without significant distortion, ensuring that the
performance of the radar system is not compromised. Radome structures can be used in many applications such as
military radars [22], weather radar [23], air traffic control radar [24] and satellite communications [25]. Finally,
radomes are essential for upholding the effectiveness and dependability of radar systems, serving as safeguarding
and transparent enclosures for sensitive electronic components.

This study is the first to explore the potential of Mediterranean limpet Patella caerulea shells, abundantly
found along the Turkish coasts, as a biomaterial for microwave applications, particularly in radome structures.
Unlike previous research, which has not investigated the applicability of P. caerulea seashells in microwave
systems, this study provides a comprehensive analysis of their dielectric properties after calcination at different
temperatures. The constitutive parameters of the calcined shells were extracted through microwave measurements,
offering valuable insights into their feasibility for electromagnetic applications. To further demonstrate their
practical implementation, a traditional patch antenna was designed and numerically analyzed with the proposed
biomaterial integration. Additionally, an extensive characterization process was conducted, including
morphological analysis via Scanning Electron Microscopy (SEM), crystallographic investigation using X-ray
diffraction (XRD), and thermal stability assessment through Thermogravimetric Analysis (TGA) and Derivative
Thermogravimetry (DTG). This multidisciplinary approach underscores the innovative use of P. caerulea shells
as a sustainable and effective material in microwave engineering, filling a significant gap in the literature.

2. Preparation of Samples

Patella caerulea used in the invention of biomaterials has been collected from the Iskenderun Bay. All soft
tissues were removed. Then, the shell thoroughly washed with tap water and then with bidistilled water and dried
in an oven at 50 °C for 24 h (Fig. 1). The dried biomaterials were ground and sieved with the help of a grinder

(Fig. 2).

Figure 1. P. caerulea shells: A) washed distilled water and B) dried in oven.
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A method by Park et al. [26] was modified to calcine dried shell powders at four different temperatures (600,
800, 1000 and 1200 °C) in a 1200 °C muffle furnace (Protherm-Furnaces) for 1 hour, with a heating rate of 5
°C/min. The calcined materials were left to dry in the desiccator. Immediately afterwards, the shell powder
biomaterial was labeled as P600, P800, P1000 and P1200. It was kept in closed falcon tubes to be used in
experiments to measure electromagnetic properties in microwave analysis. After these processes, microwave
analysis has been started.
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Figure 2. Images of calcined P. caerulea powder shells at different temperatures: A) 600 °C, B) 800 °C, C)
1000 °C and D) 1200 °C.

3. Sample Characterization

X-ray diffraction (XRD) analysis was performed to determine the mineral composition of the calcined P.
caerulea shells. XRD analysis was carried out using an X-ray diffractometer [Malvern Panalytical EMPYREAN
3rd Generation Analytical (UK)] equipped with Ni-filtered Cu-Ka radiation operating at 40 kV and 30 mA. The
data were collected over a 20 range from 5° to 90°, with intervals of 0.02° and a counting time of 1 second per
step. The measurements were conducted at the Central Laboratory of Iskenderun Technical University. The surface
morphology and microstructures of the calcined shell powder samples were examined using Scanning Electron
Microscopy (SEM, JEOL JSM-6380LA) operating at 10 kV. Prior to imaging, the samples were coated with a
gold-palladium (Au-Pd) alloy using the POLARON SC7620 sputter coater to enhance their conductivity and
improve image quality. Thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) are crucial
for assessing the thermal properties, stability, and composition of shell samples. These analyses enable researchers
and industry professionals to make informed decisions about material thermal properties and thermal performance.
To examine the thermal and degradation profiles of the collected and prepared shell samples, TGA/DTG was
conducted using a DTG 60 series TG/DTA thermal analyzer (Shimadzu, Japan). The samples were scanned at a
rate of 10 °C per minute in an air atmosphere, covering a temperature range from 50 °C to 1000 °C. Measurements
were taken in triplicate using a sample mass of 4 mg [27].

4. Microwave Analysis

Microwave laboratory analysis was conducted on meticulously prepared shell powder samples, wherein the
complex permittivity parameters for each sample were determined by utilizing a dielectric probe kit and an Agilent
PNLA Vector Network Analyzer (VNA), as illustrated in Fig. 3A by using open ended coaxial prob method. The
investigation into the potential microwave applications of these samples spanned a broadband frequency range
from 1 GHz to 20 GHz and all measurements have been carried out in room temperature. Despite the availability
of various techniques for determining the relative permittivity, the open-ended coaxial probe method was
specifically chosen due to the powdered form of the samples. The complex dielectric parameter of a material is
expressed in terms of the relative permittivity in Eq. (1) [28];

£=L+1 )

&oE

where P is the polarization with respect to the electrical field strength and E of an external electric field. The

relative complex dielectric constant of the sample was calculated according to Eq. (2) [29];

e=¢ —je" )
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The loss tangent is determined according to Eq. (3) [29];

n

tand = i—, 3

Prior to conducting measurements, a calibration procedure was meticulously executed to mitigate losses,
minimize noise, and alleviate potential interferences arising from laboratory conditions. The measurement
frequency range was strategically set between 1 GHz and 20 GHz, encompassing the maximum dielectric
parameter band of the utilized Vector Network Analyzer (VNA). The dielectric probe kit is conducted to a three-
fold calibration process. Initially, the probe kit was tested under an open-ended line, measuring air at room
temperature (Fig. 3B). Subsequently, a shorting block was affixed to the end of the probe line, inducing a short
circuit effect on the primary microwave line (Fig. 3C). Finally, the probe line was connected to a clean water tube
under room temperature conditions, serving as a reference sample for calibration (Fig. 3D). Notably, the dielectric
characteristics of water and air, being well-established, facilitated the use of measured values from these samples
to verify the calibration accuracy.

Figure 3. (A) Complex dielectric parameter measurement setup for 1 GHz-20 GHz band, (B) Calibration
with respect to air, (C) known load and (D) pure water.

5. Scanning Electron Microscopy (SEM) Analysis

Shell samples of P. caerulea were collected from rocks along the shores of the Iskenderun Bay. These samples
were subsequently cleaned, ground, and calcined at temperatures ranging from 600°C to 1200°C. Scanning
Electron Microscopy (SEM) analysis was conducted on the calcined shell powders, as shown in Fig. 4.
Morphological changes in the P. caerulea shell powder were observed at four different calcination temperatures
using SEM. To provide a more comprehensive understanding of the morphological structures, SEM photos were
captured at various magnifications.

The SEM photo of the sample obtained from P. caerulea shell powders calcined at 600°C reveals a broader
view of the shell’s surface, displaying a rough and porous texture indicative of insufficient thermal decomposition
and phase changes due to the low calcination temperature (Figs. 4A and 5B). The image taken at higher
magnification shows more distinct grain boundaries in the microstructure. The photograph taken at the lowest
temperature shows a highly irregular spherical/layered porous surface. However, it should be noted that the
calcination temperature of 600°C is insufficient to achieve complete thermal decomposition of the P. caerulea
shells material. Higher temperatures are required to fully transform the material and achieve more uniform
microstructural changes. The microstructure of the powders showed larger particles of irregular shape and non-
uniform size distribution, which could be related to the unreacted CaCOs. The microstructures of powders calcined
at 800°C show irregularly shaped, clustered structures like those at 600°C, but with a higher degree of thermal
decomposition compared to 600°C (Figs. 4C-D). The rough and porous texture is observed at all calcination
temperatures, as identified from the SEM images. It was also observed that laminated CaO crystals formed within
the structure as the calcination temperature increased.
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In contrast, the surfaces of the calcined P. caerulea shells, as observed in Figs. 4E-6F, exhibited a fluffy-like
structure. It was noted that at temperatures above 600°C, all traces of organic macromolecules such as proteins
and polysaccharides in the shell powder disappeared completely, leaving the structure devoid of these components.
As the calcination temperature increased, the release of CO2 gas during the conversion from calcium carbonate to
CaO led to significant pore formation within the structure. SEM photographs at temperatures of 1000°C and above
indicated the absence of the CaCOs phase in the crystal structure post-calcination (Figs. 4E and F), confirming its
complete transformation into a single phase (CaQO), which was further corroborated by XRD analyses. Significant
differences between CaO powders and CaCOs3 powders were observed. Specifically, in P. caerulea shell powders
subjected to calcination at 1000 and 1200 °C, the structure underwent a complete transformation into crystalline
CaO, distinguishing it from samples processed at other temperatures (Figs. 4E-H).

Figure 4. Surface morphology and microstructure of P. caerulea powder samples calcined at A-B) 600°C,
C-D) 800°C, E-F) 1000°C and G-H) 1200°C.

6. Thermal Properties of P. caerulea Shell Powder

Equation [4] illustrates the thermal decomposition of calcium carbonate (CaCOs3) present in the P. caerulea
shell, a process commonly referred to as calcination. This reaction involves the breakdown of CaCOs into calcium
oxide (CaO) and carbon dioxide (CO2) when subjected to high temperatures (Eq. 4).

CaCOs(s) — CaO(s) + COx(g) “)

Lime, an inorganic material, primarily consists of calcium oxide or calcium hydroxide compounds.
Limestone, which is mainly composed of calcite, is the most prevalent carbonate rock from which calcite lime is
derived [30,31]. Thermal gravimetric analysis (TGA) of P. caerulea shell powder (Fig. 5 - black line) reveals
weight loss occurring in two distinct stages. Initially, thermal stability is maintained up to 655°C. Beyond this
point, a significant mass loss (43.5 %) is observed between 655°C and 950°C, primarily attributable to the release
of COz, consistent with the behavior expected of CaCOs-based materials.

Differential thermal analysis (DTA) of the P. caerulea shell powder (Fig. 5 - blue line) shows minor
endothermic peaks at 125°C and 275°C. The first peak likely corresponds to the evaporation of residual absorbed
moisture, while the second peak is attributed to the release of organic matter residues absorbed within the P.
caerulea sample.
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Figure 5. Thermal analysis curves of P. caerulea samples. (a) Gravimetric thermal analysis (TGA), (b)
Differential thermal analysis (DTA).
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7. X-ray diffraction (XRD) Analysis

X-ray diffraction (XRD) analysis was conducted to identify the mineral species of the calcined P. caerulea
shells using an X-ray diffractometer [Malvern Panalytical EMPYREAN 3rd Generation Analytical (UK)] with Ni-
filtered Cu-Ka radiation at 40 kV and 30 mA. The crystal structures and phases of calcined P. caerulea powders
at various temperatures (600°C to 1200°C) were analyzed using XRD and are presented in Fig. 6. Powders calcined
at 600°C exhibited four main characteristic peaks at diffraction angles (26°) of approximately 29.49°, 35.98°,
43.16°, and 47.11°, with corresponding Miller indices of (1 0 4), (1 1 0), (2 0 2), and (0 2 4), respectively. These
peaks indicate the presence of CaCOs crystallized in the hexagonal calcite phase, as identified using PDF card
number 47-1743. This finding is consistent with previous literature, such as the study by Soisuwan (2014), which
identified the calcite (CaCOs) crystalline structure in oyster shells through XRD analysis. Similarly, Park et al.
[33] reported that oyster shells calcined at lower temperatures exhibited a hexagonal crystal structure.

At temperatures exceeding 600°C, the XRD patterns of the calcined P. caerulea powders displayed a similar
trend. The highest intensity peaks were observed at diffraction angles (26°) of approximately 32.25°, 37.45°,
53.85°, and 64.15°, with corresponding Miller indices of (1 1 1), (20 0), (22 0) and (3 1 1). These peaks indicate
the presence of a cubic calcium oxide (CaO) structure, as identified using PDF card number 48-1467. This analysis
indicates that the primary component of P. caerulea shells calcined at 600°C was calcium carbonate (CaCOs),
whereas shells calcined at higher temperatures predominantly consisted of calcium oxide (CaO). In other words,
the heat treatment at 600°C did not fully convert the CaCOs in P. caerulea shells into CaO. Conversely, heat
treatments at 800°C, 1000°C, and 1200°C effectively transformed CaCOs into CaO. Additionally, it was observed
that at calcination temperatures above 800°C, there was a small increase in the intensity of CaO peaks in the XRD
spectra (Fig. 6).
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Figure 6. XRD spectra of calcined P. caerulea shell at different calcination temperatures.

8. Microwave radome applications

The objective is to promote the utilization of P. caerulea shells gathered from the Iskenderun shores across
various domains. An exploration was undertaken to assess the viability of employing P. caerulea shells in
microwave radome applications, involving their incineration at different temperatures. The study delved into the
complex dielectric parameters of biomaterials derived from marine shells within the frequency range of 1 to 20
GHz, employing the open-ended coaxial probe method.

In Fig. 7, the measured values of real and imaginary components of diverse shell samples are depicted.
Specifically, at the central frequency of 10 GHz, the real permittivity values for P600, P800, P1000 and P1200 are
3.2,2.3,2.4 and 2.5, respectively. Correspondingly, the imaginary parts for the same samples at 10 GHz are 0.82,
0.44, 0.52 and 0.56, reflecting variations attributable to the diverse heating temperatures applied. It is noteworthy
that air exhibits an anticipated pattern with values of 1 for the real part and 0 for the imaginary part of the complex
permittivity .
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Figure 7. Real (A) and Imaginary (B) parts of measured P. caerulea samples in frequency range of 1-20 GHz

Although studies on the use of marine animals in radome applications are quite limited, when looking at the
literature, there is only one previous study on marine crustacean species [19]. Shells and spines of the invasive sea
urchin were used in this study. As a result of this study, it is clearly shown that the invasive sea urchin is a good
candidate in microwave applications especially for radome integrations. According to the literature review, the
results determined in previous traditional studies with radome applications are as given in Table 1. Table 1 presents
the studies on dielectric measurements of various organic materials in microwave regions. These proposed
materials can be used in microwave systems as substrate, dielectric resonator, and radome. As clearly shown in
Fig. 7, P600, P800, P1000 and P1200 have 3.2, 2.3, 2.4 and 2.5 real dielectric constant at 10 GHz. In contrast, they
have 0.82, 0.44, 0.52 and 0.56 imaginary dielectric constant at 10 GHz.

Table 1. Literature studies on dielectric measurements.

Material Operating Frequency (GHz) Aim application Reference
Toxic marine invaders
3.2-20 Radome [19]
(Diadema setosum)
Polybutylene succinate (PBS) 2.3-11.7 Antenna substrate [34]

Rice husk, rice straw, sugar o
As a substrate material in

cane bagasse and banana 1-20 ) [35]
microwaves
leaves
Methanol, ethanol, glycol, ]
4.5 Not specified [36]
xylene
Carbon teteachloride,
carboncloroetylene, acetone, 0.2-20 Material sciences [37]
alcohol, heptane, toluene
Coal 2.216 Not specified [38]
Teflon, wood, paper, white )
2.4-2.5 Not specified [39]
corn, yellow corn, sorghum
Apple pulp waste 3-18 Absorbers [40]
Calcined P. caerulea shells 1-20 Radome and substrate This study

To show the feasible application area in microwave region, a traditional patch antenna is modelled and
numerically analyzed. In this antenna configuration, the proposed P600, P800, P1000, and P1200 samples were
347
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systematically integrated into the antenna layer within simulations to evaluate their feasibility for microwave
system applications. The integration process accounted for material compatibility, dielectric properties, and
potential interface losses to ensure a realistic representation of performance in practical implementations. The
modelled antenna structure is shown in Fig. 8 A which used P600, P800, P1000 and P1200 as dielectric substrate
layer with 1mm thickness. This antenna design aims to operate at around 10GHz region that is between 6GHz and
14GHz frequency band. Fig. 8B illustrates the obtained return loss (S11) characteristics under different type of
substrate materials. As shown, P600 has two resonance peaks at 7GHz and 12.4GHz with nearly -15dB and -13dB
return loss values. Another material which is P800 shows resonance point at 10GHz with -23dB return loss value.
Similarly, P1000 and P1200 has resonance at around 9.1GHz and 8.6GHz with -33dB and -23dB return loss values,
respectively. These differences caused by the dielectric constant variations caused by calcined shell temperatures.
This material is a good candidate for microwave antenna applications especially as a substrate layer which is given
in Fig. 5 as an example.
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Figure 8. Patch antenna element (A) and Return Loss characteristics (B).

In addition, the loss factor of P. caerulea shells are in low level for low frequency region especially 2.5 GHz
as illustrated in Figure 7. This loss level shows the application potential of P. caerulea shells in communication
application such as microwave laminate fabrication and radome applications especially given in Fig. 8. The
outcomes derived from complex permittivity measurements demonstrate that powdered materials from P. caerulea
shells are highly promising for applications in microwave technology, particularly as substrate layers. These
materials exhibit favorable low-loss characteristics, rendering them suitable for a spectrum of research
applications, including but not limited to military radar, sensors, communication systems and medical applications.

9. Conclusion

This study delves into the microwave constitutive parameters of a biomaterial within the 1-20 GHz range,
specifically focusing on calcined P. caerulea shells. These powder samples, derived from P. caerulea shells, were
meticulously prepared at varying temperatures: 600, 800, 1000, and 1200°C. The process involved grinding the
shells to transform them into powder. According to the SEM analysis results, the calcined P. caerulea shell
powders exhibited a broad and rough structure at 600 °C. At 800 °C, surfaces with irregular shapes, roughness,
and pores were recorded. As the temperature increased, the formation of CaO commenced, resulting in the
formation of more pores. The morphology of CaO diverged from CaCOs3, displaying a dense, rough, and porous
appearance between 1000°C and 1200 °C. Analysis revealed that P. caerulea shells calcined at 600 °C primarily
consisted of CaCOs, while those at other temperatures were mainly composed of CaO. However, at 800, 1000, and
1200 °C, CaCOs successfully transformed into CaO, with a slight increase in CaO peaks observed in the XRD
spectrum at temperatures above 800°C.

Employing the open-ended coaxial probe method, the complex dielectric parameters of these categorized
biomaterials were thoroughly investigated across the 1-20 GHz frequency spectrum. The measured dielectric
results unequivocally indicate the significant potential of this biomaterial in the microwave frequency domain. The
complex permittivity properties obtained from the measurements indicate that the proposed samples have
significant potential for high-performance microwave applications. Their excellent impedance matching with air
and low-loss characteristics make them promising candidates for microwave substrates, radomes, and the design
of microwave circuits and resonators. While research on the microwave constitutive parameters of materials
derived from marine invertebrates for antenna isolation remains limited, no prior studies have specifically explored
the applicability of P. caerulea, a species abundantly found in the Mediterranean Sea, for radome technology. This
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study, therefore, represents a pioneering effort in this field, filling a critical gap in the literature and demonstrating
the feasibility of P. caerulea shells as a novel biomaterial for microwave applications.
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