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Abstract
The seashells, a serious environmental hazard, are composed mainly by calcium
carbonate, which can be used as filler in polymer matrix. The main objective of this
work is the use of calcium carbonate from seashells as a bio-filler in combination with
eco-friendly epoxy matrices thus leading to high renewable contents materials.
Previously obtaining calcium carbonate, the seashells were washed and grinded. The
powder obtained and the resin was characterized by DSC, TGA, X-ray diffraction
(XRD), X-ray fluorescence spectroscopy (XRF), and rheology plate-plate. The results
show that addition of 30 wt. % of seashell bio-filler increase mechanical properties as
flexural modulus (over 50%) and hardness Shore D (over 6%) and thermal properties as
an increase around 13% in glass transitions temperature. The results show that the
addition of calcium carbonate from seashells is an effective method to increase
mechanical properties of bio-composite and to reduce the residue of seashells from

industrial production.
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1. Introduction

Excellent mechanical strength, electrical and chemical resistance, good thermal
insulation and good adhesion to most fibers and fillers have made that epoxy resins are
attracting as thermosetting resins. Nowadays it is possible to find epoxy resins in a wide
variety of products: aerospace industry, automotive industry, adhesives, glues, paints,
surface coatings, nautical materials, electrical and electronic components [1]. However
the production of new polymer products focuses on new challenges: on one hand, the
growing concern about the environment is leading to the development of new biobased
and/or biodegradable materials. On the other hand, the competitiveness of markets
requires products with best cost/performance balance. In this area is where the use of
fillers is particularly interesting. The incorporation of fillers in a polymeric matrix is a
faster and cost-effective way of achieving a desired set of properties [2-4].

One of the most commonly used inorganic filler is calcium carbonate (CaCQOyg).
This is due to its low cost, high capacity to improve mechanical properties such as
stiffness and good particle dispersion in a polymeric matrix [5]. Calcium carbonate is
the primary mineral content in the seashell of mollusks. Seashells of bivalves are an
aquaculture by-product that due to the large consumption has become a serious solid
waste problem. It is possible to use this waste as bio-filler for polymer matrices as it has
a similar composition to conventional calcium carbonate. Canning industry generates
great amounts of seashell wastes from different mollusks such as barnacles, mussels,
clams, scallops, oysters, etc. In addition, presence of seashell wastes (mainly cockles,
wedge-shells and other small bivalve shells) is generalized in the seashores (mainly
after storms); in some cases, these waste seashells must be removed to provide clean

beaches in order to obtain quality signs.



Moreover, it is necessary to remark the difficulty to recycle thermosetting
petroleum-based polymers, the strong dependence of finite fossil combustible and the
environmental and health problems which involve the extraction, refinement, transport
and storage of petroleum. For these reasons, a growing effort has emerged on the
research and development of thermosetting materials from renewable resources with
similar properties to conventional epoxy, unsaturated polyester and phenolic resins. One
of the most promising materials are those derived from vegetable oils. Epoxidation of
different vegetable oils leads to epoxidized vegetable oils (EVOs) with attraction
properties from both economic and technical points of view. Different epoxidized
vegetable oils (mainly epoxidized linseed oil-ELO and epoxidized soybean oil-ESBO
due to their low cost) have been successfully used as thermosetting epoxy resins as
coatings and polymer matrices with a wide variety of reinforcements [6-10]. Also,
different products derived from the cashew nut shell liquid (CNSL) industry are
attracting as biobased phenolic resins [11, 12] and some advances in biobased
unsaturated polyester resins have been done by using biobased polyols and other
components [13, 14]

The main aim of this work was to develop a green composite from a commercial
epoxy resin with more than 50% of percentage of biomass carbon content and bio-fillers
derived from seashell of different bivalve mollusks collected from the seashore. The
composition of the bio-fillers from seashells was determined and the effect of surface
modification by silane coupling agents to provide good chemical affinity towards epoxy
resin was also evaluated. The effect of the bio-filler content was studied in terms of the

mechanical and thermal properties.

2. Experimental details



2.1. Materials and sample preparation

The base epoxy resin was a biobased epoxy resin from Sicomin, commercial
grade Greenpoxy 55 (viscosity = 3000 mPa s and density = 1.152 g cm™ at 20 °C)
supplied by Resineco Green Composites (Montmeld, Barcelona, Spain). Greenpoxy 55
IS an epoxy system with a single hardener (viscosity = 1700 mPa s and density = 0.99 g
cm™ at 20°C), in which, 55% of the carbon derives from plant sources. The hardener
used is also formulated with a minimum biobased carbon content of 55%. The resin to
hardener weight ratio was 100:40.

Seashell from different mollusks (mainly from cockles, wedge-shells and other
small bivalve shells) collected from the coast of Valencia (Spain), were washed with 4%
sodium hydroxide solution for 24 h to remove impurities, fibers, sand residues, etc [15].
After this, seashells were dried at 100 °C and grinded using an ultra-centrifugal mill
(Mill ZM 1000 supplied by Retsch Gmbh, Haan, Germany). This mill has a rotor
diameter of 99 mm of stainless steel. The rotational speed used is 6000 rpm and
subsequently, samples was sieved with a maximum particle size of 250 um.

The coupling agent used was (3-glycidyloxypropyl) trimethoxysilane and was
obtained from Sigma Aldrich (Sigma Aldrich Spain, Madrid, Spain).

In a first stage, the bio-filler was subjected to a silane treatment to improve the
chemical interaction between the bio-filler (non-polar nature) and the resin (highly
polar). The solutions containing silanes were prepared as follows: 1 wt. % of silane was
diluted in a water:ethanol (50-50 volume ratio) solution and the seashell particles were
immersed in these solutions for 15 minutes and then were dried in oven at 40 °C for 24
h.

After this initial treatment, grinded seashell particles were added to liquid

epoxy:hardener system with different percentages ranging from 10 to 40 wt. %. Then



the homogenized mixture was placed in a PTFE mold designed with standardized
cavities for mechanical characterization and was placed in an oven to crosslink the
liquid resin. The samples were crosslinked for 45 minutes at 100 °C. Although this
biobased epoxy resin can cure at room temperature, it was selected a temperature of 100

°C to avoid particle precipitation.

2.2. Epoxy resin characterization

The curing properties of the biobased epoxy resin were studied by thermal
analysis and plate-plate rheometry. The DSC equipment used was a DSC Mettler-
Toledo DSC 821e ((Metler-Toledo S.A.E.,Barcelona, Spain). A small drop of the liquid
mixture resin:hardener (100:40 wt. %) with a weight of 5-8 mg was placed in an
aluminum crucible and was subjected to a dynamic thermal program from 30 to 350 °C
at a heating rate of 10 °C min™ in a N, atmosphere. In addition, the isothermal curing
behavior of the biobased epoxy resin was followed with a plate-plate rheometer AR-G2
(TA Instruments, New Castle, EEUU). The analysis was conducted using a two parallel
plates (D=25 mm) configuration, and the system was subjected to a time sweep
program. The temperature used was 100°C during 1 hour. The controlled variable was

% strain 0.1 and the frequency was 1 Hz.

2.3. Characterization of seashell particles

The crystal structure of seashell particles was determined by X-ray diffraction
(XRD). The scans of the analysis were made from 26=10-90°. The XRD intensity of the
bio-filler was collected from a Seifert JSO-DEBYEFLEX model 2002 diffractometer

and uses CuNi, radiation at a voltage of 40 kV and a filament current of 40 mA.



Chemical composition of seashell particles was obtained by X-ray fluorescence
spectroscopy (XRF) (PHILIPS MAGIX PRO) equipped with a tube of rhodium and
screen of beryllium. The samples were analyzed in their powder form with a rhodium
target excited at 30 kV and 150 mA. The spectra were collected for 300 s without a
filter using a collimator with the smallest aperture. The specimen chamber was flushed
with helium gas during data collection. Thermogravimetric analysis (TGA) was carried
out in a TGA/SDTA 851 (Mettler-Toledo Inc., Schwerzenbach, Switzerland) with a
heating program from 30 °C to 1000 °C at a heating rate of 10 °C min™ under nitrogen

atmosphere of 66 ml/min.

2.4. Mechanical and thermal properties of epoxy-seashell composites

Mechanical flexural properties were obtained in an electromechanical universal
test machine (Elib 30, Ibertest S. A. E, Madrid, Spain) following the guidelines of ISO
178:2010 entitled Plastics. Determination of Flexural Properties [16]. At least five
different specimens for each composition were tested and average values were
calculated. Shore D hardness values of the materials were obtained in a Shore D
hardness durometer model 676-D (J. Bot Instruments, Barcelona, Spain) according to
ISO 868:2003 entitled Plasctics and Ebonite. Determination for indentation hardness by
means of durometer (Shore Hardness) [17]. Charpy impact values were obtained using a
Charpy impact pendulum from Metrotec (Metrotec S.A, San Sebastian, Spain) with an
energy of 6 J according to 1SO 179-1:2010 entitled Plastics. Determination of Charpy
impact properties. Part 1: Non-instrumented impact test [18].

Dynamic mechanical analysis (DMA) in torsion mode ware carried out in an
oscillatory rheometer equipped with an environmental test chamber (ETC) with a

rectangular torsion clamp system for solid samples. Samples sizing 40x10x4 mm3 were



subjected to a dynamic program of temperature ramp from 30°C to 170°C at a heating

rate of 5 °C-min". with these conditions: % strain of 0.02 Hz and frequency of 1 Hz.

2.5. Morphology of epoxy-seashell composites

A scanning electron microscope Phenom (FEI Company, Eindhoven, The
Netherlands) was used to observe the fractured surfaces from impact tests. Before
observation, samples were sputter-coated with a gold-palladium alloy with a Sputter

Coater EMITECH mod. SC7620 (Quorum Technologies Ltd, East Sussex, UK).

3. Results and discussion
3.1. Curing behavior of the biobased epoxy resin

The curing process of the biobased epoxy resin was studied by dynamic DSC,
and the obtained curve is shown in Fig. 1. Although this epoxy can be crosslinked at
room temperature (curing time of about 24 h), the selected temperature for the curing
process of epoxy-seashell composites is 100 °C which is near the temperature peak of

the dynamic curve.

Figure 1

As shown in Fig. 1, the resin:hardener mixture displays a single exothermic
reaction peak, which is attributed to the crosslinking reactions between the epoxy and
the hardener. In this dynamic heating program, the reaction starts at a temperature of 65
°C and ends at about 140 °C. The peak temperature, which indicates the maximum
crosslinking rate temperature, is located at 106 °C. Thus, with the purpose to optimize

the curing process and its efficiency, the resin will be cured at 100 °C, since it



guarantees a high crosslinking rates, resulting in a low curing time and, therefore,
seashell particle precipitation is avoided. Regarding the exothermicity (4H), the
released heat is 291 J g*. This value around 300 J-g-1, is similar to that obtained with
other high renewable content epoxy resin, and higher than any petroleum-base epoxy
resins (close to 200 J-g-1), indicating a faster process chain crosslinking [19].

It is important to reach the gel point (te) at lower times to avoid particle
precipitation which could lead to phase separation and heterogeneous material. The gel
time can be determined by using oscillatory rheometry in which, the evolution of the
storage modulus (G”) and the loss modulus (G”) are plotted in terms of time. The gel
time can be estimated as the crossover point between the storage and the loss modulus
which represents a phase angle of 45 °. Fig. 2 shows the evolution of the storage
modulus (G’), the loss modulus (G”) and the phase angle (8) as a function of time at a
constant curing temperature of 100 °C. The crossover point between G’ and G” (5= 45
9) is around 150 seconds and this is positive to avoid particle precipitation as described
before. In addition, it is possible to determine the minimum time to reach a fully cured
material at this isothermal temperature since the storage modulus (G’) tends to stabilize
when a fully crosslinked structure is obtained. The optimum curing time is close to 20-
25 min since the storage modulus tends to a constant value of 3.6 MPa as observed in

Fig. 2.

Figure 2

3.2. Characterization of seashell grinded powder

Table 1 shows the chemical composition of the seashell powder obtained by X-

ray fluorescence spectroscopy (XRF). The chemical analysis of the seashell powders



has been conducted to estimate the mineral composition and establish the potential of
seashell wastes as bio source of calcium carbonate. The results show that the seashell is
mainly composed of calcium in the form of calcium oxide (CaO) which represents more
than 94 wt. %. This indicates that seashell is an attracting bio source of high purity
calcium carbonate which is in agreement with other studies [20, 21]. Some other oxides
appear with lower percentages around 1% (SiO2, Na,O and TiO;) and the rest are
presents in trace amounts (less than one percent). Oxides as the Fe,Oz which can
influence the oxidation of the polymeric matrix appear in concentrations below to 0.5

wt. % reducing the risk of this kind of oxidation [22].

Table 1

The crystal structure of the seashell powder can be observed by analyzing the
results of X-ray diffraction (XRD) (Fig. 3). The main diffraction peaks of the crystalline
structures in the seashell are located in the 25° - 55° range. As we have previously seen
in Table 1, seashell is mainly composed of CaCOg3. Calcium carbonate is characterized
by three characteristic crystal phases: aragonite, calcite and vaterite, although this last
crystal phase is not usual in the nature and is only found in synthetic materials [23, 24].
For this reason, aragonite and calcite crystal forms can be observed in the XRD
diffraction pattern. As we can see in the Fig. 3, the main diffraction peaks in the 25°-55°
range correspond to the aragonite crystal form although some typical diffraction peaks
of the calcite crystal form can be detected but in less extent. One of the most
representative peaks of the aragonite is located at 26° and corresponds to (111)
reflections from the aragonite crystal structure [25]. The presence of the other peaks

with similar intensity is due to the fact that seashell powder is made from different



species of bivalve mollusk (33°, 38° and 46°) [26]. On the other hand, as it is clearly
observable in Fig. 3, the intensity of the peaks corresponding to the calcite crystal form
is lower than the aragonite diffraction peaks thus indicating that the predominant crystal
form of calcium carbonate in seashell is aragonite. The most representative peak of the
calcite crystal form is located between 29-30° and corresponds to (104) reflections.
Therefore, XRD confirms that calcium carbonate in seashell is mainly in the form of
aragonite crystals which is a high density and hardness material, and this makes it an

ideal material to be used as biobased filler in polymer matrices [27].

Figure 3

Thermal degradation of the seashell powder was studied by thermogravymetric
analysis (TGA). The evolution of the weight loss from 30 °C to 1000 °C of the seashell

Is shown in Fig. 4.

Figure 4

The degradation process takes place in two different stages. The first step occurs
at relative low temperatures with a very small weight loss around the 250 °C which is
due to the degradation of the organic content of the seashell [15]. The organic
component is close to 2.4 wt. % as calculated by a step analysis in the TG curve. The
second degradation step occurs at higher temperatures and corresponds to the thermal
decomposition of calcium carbonate which starts at about 700 °C with a maximum
decomposition rate at 817 °C. The total weight loss in this second degradation step is

close to 42 wt. % which is in total agreement with the theoretical decomposition of



calcium carbonate as indicated in eq. 1. Assuming that there are no impurities, the
degradation of the CaCOg leads to approximately 40 wt. % of CaO and a 60 wt. % of

CO, [21].

CaCO; — CaO + COq, (1)

The thermogravymetric analysis of the seashell powder shows great thermal stability so
that it is possible to confirm the suitability of this waste as biobased filler for polymer
composites.

In addition, the filler has been characterized by SEM analysis. Fig. 5 shows
different images of the seashell powder without and with silane treatment. The silane
treatment is not the best coupling agent for carbonates but it plays an important role in
avoiding particle aggregation thus leading to optimum particle dispersion. The grinding
process leads to particles with a wide size spectrum as observed in Fig. 5a (40-100 um).
The silane treatment does not change in a great extent the surface morphology but

enables good particle dispersion (Fig. 5b).

Figure 5

3.3. Mechanical and thermal properties of epoxy-seashell composites

Fig. 6 shows the flexural modulus obtained by flexural test of epoxy composites

with different loads of seashell bio filler since ranging from 5 wt. % up to 40 wt. %. The

results obtained using the 1ISO 178:2010 [16] are compared with the unfilled sample.

Figure 6



As it can be observed in Fig. 6, the flexural modulus increases up to a maximum
filler content of 30 wt. %. The flexural modulus of the unfilled epoxy resin is close to
2.2 GPa and this value is increase up to values close to 3.3 GPa for 30 wt. % seashell
waste content which represents a percentage increase of about 56 % with regard to the
unfilled material. It should be noted that a relatively low filler content of about 10 wt.
% leads to a remarkable increase in flexural modulus (25 %). An addition of more than
30 wt. % seashell filler causes a decrease in flexural modulus. This could be related to
aggregate formation which leads to stress concentration phenomena.

The improvement on flexural modulus below 30 wt. % seashell waste filler is a
direct consequence of the chain mobility restriction caused by intra- and intermolecular
interactions between the polar groups of the epoxy resin and the organic component of
the coupling agent. Although silanes are not the best solution for coupling carbonate
fillers, their use is interesting as there is a wide variety of organic coupling
functionalities such as epoxy, amine, mercaptanes, carboxylic acid, etc. which are
highly reactive toward oxirane groups of the epoxy resin [28-30]. In this case, the use of
a glycidyl silane is useful to promote good interactions with the epoxy matrix and
moreover the treatment of the seashell powder improves the filler dispersion in the
polymeric matrix [31, 32]. A Homogeneous dispersion is obtained with a relatively low
content of seashell waste bio-filler (less than 30 wt. %), resulting in an overall
enhancement of the mechanical properties. On the other hand, if the content filler
content increases over 30 wt. %, the dispersion is not so good and some aggregates can
be formed thus leading to presence of stress concentrators and, as a consequence,

mechanical properties decrease.



In addition to mechanical flexural properties of epoxy-seashell composites,

hardness and impact properties have been determined.

Figure 7

The shore D hardness of the unfilled epoxy resin, obtained following the 1ISO
868:2003 [17], is close to 76. A small addition of about 5 wt. % leads to an increase in
hardness of almost 6 % and this percentage increase stabilizes at values of 85-86 for
composites containing 30-40 wt. % seashell waste. However, one of the main
drawbacks of the addition of fillers in polymeric matrices is the decrease in toughness
and flexural properties which is mainly due to the stress concentration effect of filler
particles [33]. With regard to Charpy’s impact test results obtained following the advice
of 1ISO 179-1:2010 [18] a clear decrease in toughness is obtained for samples with
different content of seashell filler. The only addition of 5 wt. 5 of seashell filler
promotes a decrease in toughness of almost 84 %. The change in the impact energy is
from 1.34 J cm™ (unfilled material) up to 0.13 J cm™ (for samples containing 20-30 wi.
% seashell filler). It is important to remark that the decrease in impact absorbed energy
is not progressive. We can observe a step from values close to 1.3 J cm™ for the unfilled
material to values close to 0.1 J cm™ for all the compositions considered in this study
thus indicating that presence or absence of filler leads to a clearly evident different
behavior whilst the filler content is not a key parameter in reducing energy absorption
during impact.

Dispersion and the interaction between the polymeric matrix and the seashell
powder is one of the key factors which can influence the mechanical properties of

composites. These can be examined by SEM analysis and compositional analysis by



EDX. The overall dispersion can be studied by EDX analysis at low magnification as
shown in Fig. 8. Distribution of calcium is representative for the overall dispersion of
the seashell powder in the polymeric matrix. The compounding process with a twin-
screw extruder plays a key role in achieving optimum particle dispersion. Good
dispersion is needed to obtain balanced properties on composites. Fig. 8 shows the
calcium profiles obtained by EDX analysis on SEM images. We can clearly observe the
absence of calcium in the unfilled material (Fig. 8a and Fig. 8b). The addition of 5 wt.
% calcium carbonate from seashell wastes can be detected by SEM-EDX as observed in
Fig. 8c and Fig. 8d. Although some small aggregates can be detected, the general
situation is a fairly good particle dispersion of calcium carbonate so that indicating good
particle dispersion obtained after the extrusion and subsequent injection processes. The
observation of the calcium profiles for samples containing 20 and 40 wt. % seashell
particles can be observed in Fig. 8f and Fig. 8h respectively. We can see increasing
particle content but the most important thing is that quite good dispersion of calcium is

achieved even for high filler contents so that indicating good particle dispersion.

Figure 8

The addition of calcium carbonate from seashell also leads to an increase in
glass transition temperature (Tg). The glass transition temperature was measured as the
maximum of the tan & curve, which is associated with material relaxation. All epoxy-
seashell compositions exhibited Ty values above room temperature as it is possible to
observe in the Fig. 9. The unfilled material shows a well-defined peak at a temperature
of 80.6 °C. As the seashell powder content increases, two different effects can be

observed. Firstly, we observe an increasing tendency in Tq values as the seashell content



increases. So that, Ty is increased up to values of 91.3 °C for epoxy-seashell composite
with 30 wt. % calcium carbonate which represents a percentage increase of about 13%.
Changes in T4 are related to chain mobility; thus, an increase in Ty involves chain
mobility restrictions which could be caused by good matrix-particle interactions. The
use of inorganic fillers has been extensively used to increase glass transition
temperature in thermosetting matrices. Some authors have reported an attracting
increase in Tg values by adding low amounts of nanoclays [34]. The relatively high
surface area of nanoclays are responsible for a remarkable increase in Tg values with
low filler amounts as described by other authors. In the present work, the use of calcium
carbonate microparticles does not have the same effect for low filler amounts due to
lower surface area (derived from particle size) and due to low compatibility of particles
with the epoxy matrix even with titanate coupling agent, so that, the added particles
mainly act as fillers with a short effect on net's chain mobility. Secondly, the damping
factor decreases as the seashell content increases; this can be observed by a decrease in
tan o height which is directly related to the dilution effect caused by the addition of
calcium carbonate filler. On the other hand, the unfilled material shows a narrow tan &
peak while the filled composites clearly show a broad tan 6 peak which indicates that

the relaxation process occurs slower due to matrix-particle interaction [35, 36].

Figure 9

4. Conclusions.
The present study has revealed that the calcium carbonate from seashell is an
attractive bio-filler to be used in combination with eco-friendly epoxy matrices thus

leading to high renewable content materials. The use of relatively low gel time epoxy



resins is needed in order to avoid particle precipitation which leads to phase separation
and, consequently, heterogeneous materials. The high thermal stability and the wide
availability of seashell make it an ideal filler to reduce material costs and also increase
the mechanical and thermal properties. The results show that addition of 30 wt. % of
seashell bio-filler leads to an increase of over 50% in flexural modulus which can be
attributable to quite good particle-matrix interaction due to previous silane coupling
agent which also contributes to high dispersion levels of the seashell powder. Addition
of calcium carbonate from seashell wastes also leads to an increase in glass transition
temperature, Ty (around 13% for 30 wt. % filler content) thus leading to higher thermal
stability materials. The addition of high purity calcium carbonate from seashell wastes
can contribute to lower price of epoxy resins from renewable resources which are still

higher in comparison to petroleum-based epoxy resins.
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Figure legends

Figure 1.- Dynamic DSC curve of the curing process of eco-friendly resin
Greenpoxy®.

Figure 2.- Curing profile of eco-friendly Greenpoxy® resin at isothermal conditions
(100 °C) by plate-plate rheometry.

Figure 3.- X-ray diffraction pattern of the seashell powder with aragonite and calcite
contributions.

Figure 4.- Thermogravimetric (TGA) curve of the degradation process of seashell
powder.

Figure 5.- SEM images of seashell powder (500x) a) without silane treatment and b)
with silane treatment.

Figure 6.- Variation of the flexural modulus of epoxy-seashell powder composites in
terms of the filler content.

Figure 7.- Variation of hardness and impact energy (Charpy) of epoxy-seashell powder
composites in terms of the filler content.

Figure 8.- SEM and EDX calcium profile of epoxy-seashell composites with different
filler content (wt. %) a) 0, b) 5, ¢) 20 and d) 40.

Figure 9.- Evolution of tan(o) of epoxy-seashell powder composites in terms of the

filler content obtained by DMA in torsion mode.
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Figure 4
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Figure 7
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Figure 8
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Figure 9
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Table 1

Oxide wt. %
CaO 94.1
Si0, 1.0

Na,O 1.0
TiO, 1.0

Fe,0; 0.4
SO; 0.4
SrO 0.3
MgO 0.3

ALO; 0.2




