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Abstract: The solid waste of Rapana thomasiana seashells both from domestic activities and natu-
ral waste on seashore can be used to obtain viable products for medical applications. However,
conventional technologies applied for sintering the materials require massive energy consumption
due to the resistance heating. Microwave heating represents an advanced technology for sintering,
but the stability of the process, in terms of thermal runaway and microwave plasma arc discharge,
jeopardizes the quality of the sintered products. This paper aims to present the results of research
focused on viable heating technology and the mechanical properties of the final products. A compar-
ative analysis, in terms of energy efficiency vs. mechanical properties, has been performed for three
different heating technologies: direct microwave heating, hybrid microwave heating and resistance
heating. The results obtained concluded that the hybrid microwave heating led to final products
from Rapana thomasiana solid waste with similar mechanical properties compared with resistance
heating. In terms of energy efficiency, the hybrid microwave heating was 20 times better than
resistance heating.

Keywords: Rapana thomasiana solid waste; microwave heating; energy efficiency

1. Introduction

The waters of the seas and oceans cover about 70% of the earth’s surface [1], and the
approximately 2.2 million different marine species occupy 90–95% of the biosphere by
volume of living organisms [1,2]. In recent years, there have been numerous modern tools
and methodologies in biotechnology designed to explore better marine derivatives that
can be implemented in both the medical and non-medical fields [3]. States in the European
community, as well as USA, Japan, China, Korea and Russia, consider achievements in
marine biotechnology as a fundamental part of their economy, in which they invested
more than USD 693.9 billion in 1995, in new facilities/equipment [4]. The world market for
pharmaceuticals was valued at USD 643 billion in 2006 [5], while enzymes extracted from
marine biosources were valued at USD 50 billion a year. The annual profits obtained from
cancer-fighting agents derived from marine sources in 2005 were about USD 1 billion [5].
Total sales of AIDS drugs worldwide were estimated to be about USD 4 billion in 2005. The
value of the cosmetics industry in 2005 was USD 231 billion. The world market for skincare
products was valued at USD 38.3 billion globally in 2005 [5]. Marine-derived materials
based on marine biosources have been used as raw materials for bioengineering or as basic
elements for research and biomimetic products [6–8].

Energies 2021, 14, 6780. https://doi.org/10.3390/en14206780 https://www.mdpi.com/journal/energies

https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-0623-5244
https://orcid.org/0000-0002-6935-6641
https://orcid.org/0000-0001-9661-897X
https://doi.org/10.3390/en14206780
https://doi.org/10.3390/en14206780
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14206780
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14206780?type=check_update&version=2


Energies 2021, 14, 6780 2 of 25

The remains of fish, shellfish and snails and marine crustaceans are a major source of
waste in the fisheries and aquaculture sectors, much of this waste being disposed of at sea.
The impact on the environment of the elimination of these discharges into the ocean has
effects that are harmful to aquatic life, including decreased marine oxygen levels, nutrient
imbalances and pronounced turbidity [9]. Various papers have studied the environmental
benefits of reusing shell waste [10], such as oysters [11] and shells [12]. Current research
focuses mainly on the isolation of different nutrient flows from waste [9,13–15], but there
are some papers, fewer in number, that have studied other marine derivatives, such as
epoxy composites [16], biocomposites [17] or organic adsorbents, such as snail shell, used
mainly to remove contaminants from wastewater [18–20].

Chitin (CT) and its derivative, chitosan (CS), a basic polysaccharide, can be obtained
from marine sources, such as algae, crustaceans, insects or invertebrate animals such as
octopus, cuttlefish, snails and squid [21,22]. Globally, the CT and CS derivatives market
was valued at USD 2.9 billion in 2017, with an annual growth rate of 14.8% and, by 2024,
estimates lead to an increase of up to USD 63 billion [23]. The two products obtained
from marine sources have very important properties such as biocompatibility, non-toxicity,
molecular adsorption and versatility, which make them extremely attractive in various
medical and non-medical fields, such as: textile; food; photography; medical, pharmaceu-
tical and environmental applications [24–28]; pharmacology [29]; food systems [30]; and
cosmetology [31].

Humans have consumed snails since prehistoric times [32]. Regarding the export of
snails, countries such as Morocco, Romania and Bulgaria were in first place [33,34]. The
world market for edible snails amounts to 300,000 tons, worth EUR 1 billion. Of the total
quantity, 100,000 tons are consumed in the EU, which represents only about 60–70% of
their demand [35]. Due to their properties, snail shells and shells are a very good source
for synthesizing bioactive and biocompatible biomaterials usable in the human body [36].

Originally from the waters of the Asian Pacific, Rapana thomasiana (RT) is an invasive
alien species in the Black Sea [37,38]. In 1942 it was first recorded in the Black Sea. In a very
short time, it spread along the Caucasus coasts, the Sea of Azov [39,40], the Marmara Sea,
the Aegean Sea, the Adriatic Sea, the Mediterranean Sea, the United States (east coast) [41]
and Brazil (south coast) [42]. RT fishing mainly uses the dredging method, in addition to
methods such as scuba diving. The percentages for using this destructive fishing method
that causes damage to small benthic organisms are over 95% in Bulgaria and Turkey, 90%
in Ukraine and 74% in Romania [43]. Although the global impact of RT is negative from
an ecological, social and economic point of view, it has been suggested to be “sustainable”
for the Black Sea, according to reports on the state of the RT stock in the Black Sea [44,45].
RT is the only invasive Black Sea species with a valuable commercial stock. Exports of RT
fished from the Black Sea reached USD 12.5 million in 2017 [37]. RT has been commercially
exploited in Romania since 2010 in the food industry, collected from the Black Sea coast or
from the fishing sector [46,47]. The main advantages of using RT are the very high CaCO3
content (95–99% by weight) and the mechanical properties similar to hard tissues, such as
human bones, and the low cost of production [48]. As a result, RT shells can be used as a
natural source of calcium for the synthesis of biomaterials with applications in bone tissue
engineering (TE) [49].

In recent decades, various techniques such as bone grafting [50] or prosthesis [51–57]
have been used to regenerate bone defects caused by trauma, osteoarthritis, osteoporosis,
tumors, etc., but harmful immune responses and insufficient donor tissues are serious
disadvantages for the application of these techniques [58–60]. In recent years, marine
biocomposites, having as sources: corals, fish bone, sponges, shells and snail shells have
become a very promising material used in the field of TE [61–64].

Hydroxyapatite (HAp) is the most important bioceramic material for bone TE due
to extremely important properties such as biocompatibility, bioactivity and stability, bi-
ological properties necessary for rapid bone regeneration [7,8,65–67]. HAp has several
marine biological sources, such as cuttlefish bone [68], corals [69], fish bones [70,71] and
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shells [72,73], which provide cheap raw materials. Concerns about reducing environmental
pollution by disposing of waste and achieving value-added production have led to research
on the production of HAp in seashells and fish bones [8–10]. For good performance in the
successful use of HAp in bone grafts, an adequate pore size and shape is required [74].

Calcium phosphates (CaP) and HAp grafts can be obtained from biomarine sources by
various methods and techniques, [75,76], which include: thermal calcination method [77],
hydrothermal method [78], precipitation method [79], ultrasonic precipitation [79], com-
bustion solution [80], microwave [80], emulsion [81], sol-gel [78], calcined polymer-assisted
methods, hydrolysis [82] and polymer-based method [83,84]. The most used techniques
for the production of HAp powders are: the hydrothermal method, based on a mixture
of di-ammonium hydrogen phosphate and CaCO3 at high pressures of 82.73 MPa and
temperatures reaching 275 ◦C, as well as wet chemical precipitation methods. Compared to
other shells, the snail and shell shells, containing about 95–97% CaCO3, are characterized
by high mechanical strength. They are collected, boiled in water and washed thoroughly
to remove impurities, and then the samples are sprayed into powders of the required size.

Regarding the durability of the processing pathway, a study conducted in [75] shows
that, as a rule, natural sources require calcination at a certain temperature to obtain HAp
with properties similar to human bone apatite, while synthetic chemical sources involve
the use of carefully controlled chemicals and stoichiometric reactions to synthesize HAp
with the necessary characteristics. At the same time, natural sources of HAp have proven
to be more economically viable and more advantageous compared to synthetic sources [75],
because natural sources are, in most cases, residual products of other human activities
(for example, the food industry), which are generally obtained at no cost or at very low
cost [75].

This paper aims to study the introduction of microwave technology for sintering the
RT powders obtained through milling from domestic solid waste. The research has been
performed in order to prove the performance of the process, in terms of energy consump-
tion, for products with similar or better mechanical properties of sintered products.

The research was oriented to obtain new products from RT seashells solid waste by
applying two sintering technologies: the first technology was microwave sintering, consist-
ing of direct microwave sintering and hybrid microwave sintering; the second technology
was conventional sintering using an experimental oven with electrical resistance. In the
case of powders obtained from domestic or natural solid residues based on RT seashells,
according to the literature [49,85] they are susceptible to microwaves and can be heated for
sintering, thus obtaining new products for biomedical applications and more. However,
effects such as thermal runaway or the appearance of the microwave plasma arc, which
can lead to the destruction of samples or even the microwave generator, often limit pure
microwave sintering technology. The main advantage of microwave heating consists of
fast heating of ceramic materials that leads to reduced sintering time. Therefore, the size of
the grain will be maintained at low dimensions. In addition, energy consumption plays an
important role in industry and by applying microwave heating, the carbon footprint is low.
Microwave heating, through low consumption in terms of energy, contributes to sustainable
development compared with conventional heating in resistance or induction ovens.

2. Materials and Methods
2.1. Materials

The materials used for the experimental microwave sintering were powders obtained
by mechanical milling from RT seashells using a planetary ball mill type Pulverisette 4
(FRITSCH GmbH—Milling and Sizing, 2006, Germany). The applied milling procedure
specified 4 h at 400 rot/min speed, starting from chips of seashells preliminarily milled
to max 0.5 mm dimensions. The size of powders was measured using Nanosight LM-
10 nanosizer (Malvern Panalytical Ltd., 2007, United Kingdom), and the measurements
revealed dimensions below 2000 nm, with a peak at 1462.6 nm (see Figure 1).
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Figure 1. Grain size distribution of the RT powder (Malvern nanosizer).

After the milling, samples of RT powder were investigated to reveal the chemical
composition by using emission spectrometry. The investigation was conducted by using
specific equipment, Agilent 725 ICP-OES from Agilent Technologies (Agilent, 2019, USA).
A second analysis of the powder, performed in conjunction with the ICP-OES, was the
identification of the crystalline phases that are present in the RT powder. Quantax 80 of
Bruker (Bruker GmbH, Germany) was used for EDX analysis (Figure 2 shows the identified
elements beside the CaCO3 that was evaluated to about 94.8% of the total material—EDX,
please see the Figure 2).
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Figure 2. Chemical elements identified by EDX analysis.

The powders were pressed using LBG-10 Universal Testing Machine of RMU testing
equipment (LBG testing equipment srl, 2010, Italy) at 559 MPa and a dye with inner
diameter equal to 15 mm. In order to avoid the loss of consistency, the samples were doped
with 2% Zn stearate. Figure 3 below presents the compaction process and the Table 1 below
presents the results obtained for RT samples.
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Table 1. Properties of the RT samples.

Sample Diameter [mm] Height [mm] Weight [g]

RT-P1 15.21 5.81 1.988
RT-P2 15.24 5.49 2.051
RP-P3 15.29 3.92 1.528
RT-P4 15.27 3.71 1.532
RT-P5 15.28 3.66 1.523
RT-P6 15.28 3.63 1.512
RT-P7 15.25 3.74 1.534
RT-P8 15.26 3.68 1.535
RT-P9 15.23 3.64 1.525

The weight of RT samples was measured using an analytical balance type WPS
510/C/2 produced by Partner LLC in 2007 having the following technical characteristics:
error of measurement 0.01 g and precision of measurement 0.001 g. The geometric dimen-
sions of RT samples were measured using a digital caliper produced by PowerFix in 2011
with the following technical specifications: measurement range 0–150 mm, resolution 0.01
and precision 0–100 mm +0.02.

The microwave heating system (Muegge GmbH, MW Power Supply 6 kW/2450 MHz
type MX6000D-154KG and Magnetron Head 6 kW/2450 MHz type MH6000S-250BF, 2020,
Germany) consists of a Muegge microwave generator with a water-cooled magnetron hav-
ing adjustable power between 600 W and 6000 W. The microwave installation is connected
to an automatic tuner matching impedance Tristan 6 kW controlled by Homer software
(Muegge GmbH, Homer Autotuner ISM 2450 MHz, 2009, Germany). The autotuner helps
the microwave generator to transfer the maximum power to the samples from the heating
chamber. Temperature monitoring was performed using an Optris G5H type infrared
pyrometer (Optris GmbH, Optris CT Glass G5H, 2009, Germany) with a measuring range
between 250 ◦C and 1650 ◦C with a spectral range of 5 µm and an optical resolution of 20:1.
Figure 4 presents the microwave installation for sintering the RT powders.
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In order to avoid overheating the impedance tuner and implicitly gripping the stub
tuners, an additional rectangular waveguide type WR340 was inserted between the sin-
tering chamber and the waveguide of the autotuner together with a cooling flange with
internal channel through which water circulates at the same pressure as in the microwave
generator. The complementary cooling system contributes to the reduction of the heat
inside the waveguide of the autotuner by up to 6 ◦C at a continuous operation of more
than 2 h.

2.2. Methodology
2.2.1. Direct Microwave Heating of the Samples

Direct microwave heating aims to obtain sintering temperature by converting the
microwave into heat inside the RT samples. This means that the injected power from the
magnetron is converted into heat and the reflected power is maintained at low level. Based
on scientific literature, the sintering process could be similar to the sintering of CaCO3,
taking into consideration that RT samples have similar chemical composition. The heating
regimes are presented in the Table 2 below.

Table 2. Heating parameters for direct microwave heating.

Sample MW Injected Power [W] Sintering Time [min]

RT-P1 600 30
RT-P2 660 30
RP-P3 720 10

The RT samples were placed in the microwave heating chamber presented in Figure 5.
In order to obtain best exposure of the samples to the direct microwave beam, the samples
were lifted by 7 mm from the bottom of the heating chamber.
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Figure 5. Conditions for direct microwave heating.

The ceramic support for RT samples does not absorb and convert microwaves into
heat, being neutral to microwaves [86–88]. Due to low frequency of microwave generator,
the coupling process in microwave heating does not dissipate the power in an efficient
way at room temperature. The direct microwave heating process was stable until the
temperature reached 900 ◦C. Beyond this temperature the microwave plasma arc occurred
and the microwave generator stopped the process. The temperature evolution during
direct microwave heating is presented in the Figure 6. The samples RT-P1 and RT-P2 were
heated at 600 W and 660 W injected microwave power and the process was stable. Both
the temperature increase interval from the ambient temperature to the temperature of
750 ◦C for RT-P1 and 850 ◦C for RT-P2, respectively, and on the sintering temperature
maintenance level was for 30 min. In the case of the RT-P3 sample, the power injected by
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the microwave generator was too high, compared to the ability of pressed powder from
seashells to convert the microwaves to heat. Therefore, the appearance of the microwave
plasma arc suspended the sintering process due to the automatic disconnection of the
microwave generator.
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It can be seen from the graph above that there is a sudden rise in temperature above
the value of 1000 ◦C, which was recorded by the pyrometer with infrared radiation, fol-
lowed by a sudden decrease and a natural cooling. In terms of optimization of the direct
microwave heating process, the calculation of the minimum impedance of electrical circuit
and maximization of transferred power from microwave generator to RT samples has led
to the following balance power chart (see Figure 7a,b).

According to the Smith chart and power distribution in the microwave heating process,
the total injected power was calculated as 597.30 W, the reflected power was 56.39 mW and
the absorbed power was 597.24 W.

The performance of the generating/conversion process was 99.98%. This performance
of the process could be achieved because of establishing a resonant circuit by using the
three stub tuners. The position of the screws of stub tuners in waveguide was calculated to
the following values: s1 = 0 mm, s2 = 18.44 mm and s3 = 16.98 mm considering position 1
(s1) as being the closest to microwave generator.

2.2.2. Hybrid Microwave Heating of the Samples

Taking into consideration the occurrence of microwave arc discharge for microwave
powers above 700 W, the sintering process was researched using hybrid heating. The
microwave hybrid heating consists of using a ceramic crucible (see Figure 8a,b) with high
absorbance and conversion of microwave into heat properties, which helps the RT samples
to reach sintering temperature. Before starting the hybrid microwave heating process, a
simulation of temperature evolution in the samples placed in the ceramic crucible was
performed. The simulation was required in order to determine to what extent the heat
produced by the ceramic crucible would contribute to the achievement of the sintering
temperature of RT samples.
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The theoretical approach of the simulation of the thermal field started from the equa-
tions of heat transfer in solid materials [49,87].

ρ·Cp·
δT
δt
−∇·(k∇T) = Q (1)

where ρ = 2.3–2.4 g/cm3 representing the density of ceramic porcelain, Cp = 877.96 J/KgK
is the specific heat at constant pressure and k = 1.4949 W/mK represents a property for
heat conductivity of the ceramic porcelain [89–91]. The heat flux boundary condition is
given by the following equation:

− n·(−k∇T) = h·(TRT − TCPC) (2)

where TRT = 25 ◦C, representing the temperature of RT samples without heat transfer,
TCPC = 1500 ◦C, representing the maximum temperature developed through conversion
of microwave into heat for 1200 W injected microwave power. The simulation process
started with determination of the hottest point obtained on the ceramic porcelain crucible
walls (see the Figure 9). The heating process was performed without RT samples placed
inside the crucible and it was stopped when the crucible started to melt or the plasma arc
occurred [86].
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temperature allowed for process simulation, (b) snapshot after real microwave heating of ceramic
porcelain crucible.

The heating process started with 600 W injected power from the microwave genera-
tor. The temperature increased at 160 ◦C/min until the temperature reached 636 ◦C. The
microwave power increased successively from 60 W up to 1140 W when the temperature
increased to 1300 ◦C. The process was stabilized for 2 min at 1300 ◦C and then the mi-
crowave power increased to 1300 W. The temperature increased up to 1500 ◦C. The ceramic
porcelain crucible suffered a crack and a local overheating that led to the IR pyrometer
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being out of range. Using the data collected from real microwave heating of the ceramic
porcelain crucible, the simulation of heat transfer was performed using a thermal module
from Solidworks 2016 software (Dassault Systems, 2016). Using conduction heating and
one iteration for the simulation starting with 1500 ◦C, the simulation of the heat transfer to
RT samples is presented in the Figure 10.
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The results of the simulation showed that the temperature achieved on the bottom
of the RT sample was 1392 ◦C and 1396 ◦C on the top of the RT sample. By plotting 13
nodes on the crucible surface and RT sample, the distribution of the temperature can be
appreciated as in the Figure 11.

Based on the simulation model, the hybrid heating process has been conducted for
the samples codified from RT-P4 to RT-P8. The hybrid heating process has been applied
following the same scenario as in the first three samples. The Table 3 and graphs of
Figure 12 present the hybrid microwave heating regimes for RT samples and the tempera-
ture evolution. The weight of RT samples has been measured using an analytical balance
(RADWAG WAGI ELEKTRONICZNE, model WPS 510/C/2, 2007, Poland), having the fol-
lowing technical characteristics: error of measurement 0.01 g and precision of measurement
0.001 g. The geometric dimensions have been measured using a digital caliper (PowerFix,
model HG00962A, 2011, United Kingdom) with the following technical specifications:
measurement range 0–150 mm, resolution 0.01 and precision 0–100 mm ± 0.02.

Table 3. Heating parameters for hybrid microwave heating.

Sample MW Injected Power [W] Dwell Time [min]

RT-P4 1320 30
RT-P5 1200 30
RT-P6 1140 120
RT-P7 1560 10
RT-P8 1200 10
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Figure 11. Temperature distribution according to simulation.

The Figure 12 presents the temperature evolution for different levels of microwave-
injected powers from magnetron to RT samples. The samples were maintained to sintering
temperatures from 1000 ◦C to 1400 ◦C for 10, 30 and 120 min. The evolution of the
temperatures depended on the injected power and the operator.

The first sample (RT-P4) was heated by increasing the microwave power very slowly
(up to 1300 W) in order to establish the optimum heating regime by avoiding the thermal
runaway phenomenon and microwave plasma arc discharge. The sample codified RT-P5
suffered fast microwave heating and even the microwave power level was lower than
RT-P4 (1200 W); the sintering temperature was reached in 50% of the heating time. Based
on the results obtained for RT-P4 and RT-P5, the level of the microwave power was reduced
(down to 1140 W for RT-P6) but the sintering time was increased to 120 min. The last
two samples (RT-P7 and RT-P8) were heated with 1560 W and 1200 W, respectively, in order
to achieve high sintering temperature and low sintering time. Regarding the stability and
performance of the process, the power balance for hybrid heating provided good results
(Figure 13).

2.2.3. Resistance Heating of the Samples

The performance of the microwave heating process was evaluated by heating an RT
sample using an experimental resistance oven, which can increase the temperature up to
1150 ◦C. The resistance was powered by a 15 kW autotransformer with voltage adjustable
between 0 and 230 V alternative current. The Figure 14 presents the experimental device
during the resistance heating process.

The process started with 80 V provided by autotransformer and the temperature was
measured using infrared pyrometer Optris CT Glass G5H. The Figure 14 presents the
results of temperature recording during the heating process to 1150 ◦C. The total sintering
time was 10 min, which revealed the properties of the RT-P9. The results were compared
with those obtained from the microwave process.
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Figure 12. Temperatures in hybrid microwave heating: (a) process parameters: sintering time for
10 min at 1200–1400 ◦C, (b) sintering time for 30 min at 1000–1100 ◦C, (c) sintering time for 120 min
at 1100 ◦C.
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Figure 13. Evaluation of the performance of hybrid microwave heating: (a) RT-P7 and RT-P8: 96%
for RT-P7 and 81% for RT-P8, (b) RT-P4 and RT-P5: 95.3% for RT-P4 and 99.67% for RT-P5, (c) RT-
P6, 86.66%.
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Figure 14. Resistance heating of RT samples: (a) temperature evolution, (b) experimental resistance oven.
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In order to determine the micro hardness of the samples, a micro hardness tester
Namicon was employed. Three measurements were performed starting from the edge of
the sample up to the center to determine the micro hardness for each sample. The measure-
ments were performed on two different samples: RT-P8 was sintered at 1300–1400 ◦C and
maintained at this temperature for 10 min, but the entire process lasted for 169 min while
RT-P9 was sintered at 1000–1150 ◦C with a dwell time of 10 min.

The microstructures were analyzed using Nikon Eclipse MA 100 compact-sized in-
verted microscope driven by NIS-Elements imaging software 3.03.

The wear tests were employed using a reciprocating module from the CSM tribometer
(Switzerland) with max torque 450 Nmm and max load 46 N. The testing process was
driven by InstrumX software. The frequency allowed was up to 1.6 Hz having a linear
speed range 0.3–500 mm/s, stroke range 60 mm and an acquisition rate of 10 Hz.

The wear rate and friction coefficient were determined with balls fabricated from
DIN 100Cr6 having 6 mm diameter. The HRc density was higher than 7.6 g/cm3. The
RT products represented the static counter piece. The friction parameters employed were
sliding linear velocity 2 cm/s using an acquisition rate of 10 Hz in ambient temperature
22 ◦C and humidity 30%. The samples were tested with 4 N load and 3 mm amplitude.
The maximum speed was 2 cm/s, motor speed 127.32 rpm and distance 5 m.

The surface roughness and the wear rate were recorded using a Taylor Hobson Preci-
sion, TALYSURF profilometer (United Kingdom)

3. Results

The micro hardness tests were performed with a Namicon micro hardness tester
CV-400DM produced by CV Instruments Europe BV (the Netherlands) and the results were
as follows. A preliminary measurement HV25 was performed in order to calibrate the
equipment and then HV1000 measurements were performed. For both samples, the results
can be consulted in the Table 4 and Figure 15.

Table 4. Micro hardness of the samples sintered by hybrid microwave and resistance heating.

Point HV 1000 (RT-P8) HV 1000 (RT-P9)

1 450 740
2 517 763
3 665 780

The micro hardness of the tested samples RT-P8 and RT-P9 reveals the influence of the
sintering process employed (hybrid microwave heating vs. resistance heating). The results
of the simulation showed that the temperature achieved on the bottom of the RT sample
was 1392 ◦C and 1396 ◦C on the top of the RT sample. During the experimental procedure,
the samples were maintained at sintering temperatures from 1000 ◦C to 1400 ◦C for 10, 30
and 120 min. In terms of temperature and the sintering time, the micro hardness values
were comparable for RT-P9 and RT-P8. The sample RT-P9 was heated using classical heating
in an oven with electrical resistance up to 1100–1150 ◦C and maintained for 10 min and
the entire process lasted for 169 min. In the case of RT-P8, the temperature employed was
1300–1400 ◦C and the dwell time was 10 min, but hybrid microwave heating was employed.
Another aspect that has to be outlined is the slight difference in terms of micro hardness
measurements from the center of the sample to the edge of the sample. For RT-P8 the
micro hardness recorded near the center of the sample was slightly diminished compared
to the micro hardness recorded near the edge of the sample. A possible explanation of this
phenomenon is the hybrid heating combining microwave heating and conduction heating
from the crucible used. Therefore, while in the center of the sample the predominant
heating mechanism is microwave related, at the edge of the sample, we encounter a dual
mechanism for the heating field, i.e., microwave and thermal conduction. This was also
confirmed by the modelling of the thermal field presented above. The micro hardness
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values for RT-P9 are quite close due to the classical sintering process, which has not been
influenced by the microwave field.
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As far as the wear is concerned, the wear rates recorded for both RT-P8 and RT-P9 are
comparable, which is confirmed by the micro hardness measurements as well. Figure 16
presents the value for the wear test for RT-P8 and Figure 17 shows the values obtained
for RT-P9.
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According to Figures 16a and 17a, the reduced value of the friction coefficient for
both samples can be observed, which is in accordance with the fact that in many cases
CaCO3 is used to reduce the friction [86]. The wear rates presented in Figures 16b and 17b
show close wear rates for both samples irrespective of the sintering process applied. This
validates the results obtained for micro hardness. Concerning the pattern of the track wear
in both Figures 16c and 17c, cracks and pores are visible. The cracks can be a consequence
of the sintering process and the pores could be the result of the compacting conditions and
microstructure of the CaCO3 samples.

4. Discussion

Microwave heating represents an advanced technology for processing solid waste
materials. In this paper, the authors aimed to develop a technology for sintering the
powders from RT seashells. The performance of the heating for microwave processing
(direct microwave heating and hybrid microwave heating) as well as resistance heating is
the subject of the discussion in terms of process performance and sustainable development.
In terms of microwave heating, both technologies can be applied if the heating mechanism
conditions are well established. Therefore, a model of injected power for achieving the
sintering temperature can be elaborated.

In Figure 18, the interdependence between microwave power and temperature devel-
oped by RT-P2 and RT-P8 samples is presented. These samples were selected based on
presented stability during heating as well as the mechanical properties evaluated after the
sintering process. The mathematical model for direct microwave heating is presented in
the equation below [92].

PMW_direct_heating = 19.48 ln t + 594.16 (3)

where: PMW_direct_heating represents the total injected power from microwave generator and
t represents the total heating time. Similarly, for hybrid microwave heating, a polynomial
function can be expressed as following [93].

PMW_hybrid_heating = 0, 0153·t4 − 0.9566·t3 + 18.334·t2 − 80.088·t + 683.19 (4)

where: PMW_hybrid_heating represents the total injected power from the microwave generator
and t represents the total heating time. On the other hand, the processing of solid waste
material should be sustainable from a carbon footprint point of view. The total electri-
cal energy used in microwave heating can be calculated based on equipment technical
specifications provided by the manufacturer:

PMW_process = PMW_source + ∑ Pauxiliary_devices (5)

where: PMW_source [W] represents the total power absorbed by the microwave power source
in order to power the magnetron and Pauxilliary_devices [W] represents the total power ab-
sorbed from the electrical grid for infrared pyrometer Optris CT Glass G5H, matching load
autotuner Tristan, process computers and external displays for process monitoring. Taking
into account that infrared pyrometer (24 V DC, 0.5 A) and matching load autotuner (24 V
DC and 2.5 A) are powered with direct current from a power source, the evaluation of these
two devices will be conducted by considering the measurement of the real consumption.
The measurements were performed with Metrix MTX 3250 DMM (Metrix, MTX 3520, 2007,
France) and the value recorded during the heating process was 120 W. The computer
process absorbed 400 W for the processing unit and an additional 500 W for the external
displays. The real consumption of microwave installation was measured using Chauvin
Arnoux CA 8220 Power Quality Analyser (Chauvin Arnoux, CA8220, 2012, France). The
measurement was performed continuously and the maximum power absorbed during
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the heating process was 3500 W. The active energy absorbed from the electrical grid was
calculated using the following equation:

EMW_process = PMW_process·tMW_heating (6)

where: EMW_process represents the total active energy consumed for microwave heating of
the RT-P8 sample, which presented the best mechanical properties in terms of hardness
and wear testing; tMW_heating represents the time of microwave heating for RT-P8 sample.
Based on calculation and measurements, total active electrical energy consumed by the
microwave heating process was evaluated at 753.33 Wh.
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Regarding the energy consumed by the resistance oven, the total energy was measured
using Chauvin Arnoux CA 8220 Power Quality Analyser. The measurements presented
a total of 4920 W for 2 h and 49 min. The total active energy absorbed from the electrical
grid was calculated as 13.825 Wh. The microwave heating process is proven to be 20 times
better, in terms of energy efficiency, than resistance heating. The difference between these
two thermal sources can be found in the Table 5 below.

Table 5. Energy consumption in hybrid microwave heating and resistance heating.

Process Power [W] Time [h] Energy [Wh]

Hybrid Microwave 3500 0.21 753.33
Resistance 4920 2.8 13,825

Concerning the mechanical properties of the analyzed samples, the RT-P8 and RT-P9
closed values were obtained in terms of both micro hardness and wear rate. However,
from the energy consumption point of view, it is obvious that the sintering process with
hybrid microwave heating is more efficient due to the reduced time required compared to
the classical sintering process.

5. Conclusions

Microwave heating represents an advanced technology for processing solid waste, in
this case RT, both from domestic activities and natural waste. The technology researched
had the objective to obtain viable products with good mechanical properties and bio-
compatibility for different medical applications. The results confirmed that microwave
technology is 20 times better, in terms of energy efficiency, than conventional heating
in a resistance oven. However, the technology depends on absorbance properties of the
materials heated in the microwave field. RT samples presented good absorbance properties,
but the temperatures reached in direct microwave heating did not exceed 850 ◦C. Beyond
this temperature, the microwave plasma arc discharge occurred and the samples were not
sintered. In order to achieve the sintering temperature, hybrid microwave heating was
employed. This procedure proved to be sustainable from an energy efficiency and stability
of heating process point of view. The process led to temperatures up to 1400 ◦C and 10 min
dwell time. The mechanical tests, in terms of micro hardness and wear rate, presented
similar values as the use of conventional heating.

The study of hybrid microwave heating offers good perspectives in utilization of
microwave technology for processing solid waste materials. In addition, this study provides
information for further sintering processes of metallic materials or joining processes such
as glass and polymer welding.
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