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Abstract 

In this study, the behavior of mussel shell as a component of passive fire protection materials was 
evaluated. To investigate the performance of mussel shell waste, different gypsum replacement ratios 
were analyzed from 40 to 80 % wt. Two different kinds of shells, separately or as a mix, were 
employed. In addition, two different particle size distributions, smaller than 320 µm and bigger than 
320 µm, were used. Physical, mechanical, insulating capacity and leaching properties were thoroughly 
analyzed. Our results indicate that replacements lower than 60 % wt comply with all mechanical 
demands and have no reduction in insulating capacity. Additionally, no leaching problems were 
detected. Mortars made by combination of mussel shell and gypsum have the potential to be used as a 
component in construction materials for passive protection against fire. 
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1. Introduction 

Generated waste is increasing, becoming a major public health and environmental 
problem. The aquaculture industry produces some 6.000.000 to 8.000.000 tons of waste 
worldwide annually and only 25 % of that is recycled (Yan and Chen, 2015). In Chile, 
mollusk trap industry generated 215.766 tons of waste in 2015 (Servicio Nacional de Pesca y 
Acuicultura, 2015). Nowadays, most of the shell waste is deposited in landfills. One of the 
main environmental problems of mollusks waste is bad odor from the decomposition of 
organic matter (Kwon et al., 2004). On the other hand, when the properties of a waste 
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product are useful for applications with high added value, it’s possible to obtain new 
products that can compete with those created from traditional materials (Vilches et al., 2003). 

In this research work, the application of medium temperature (250 ºC) calcined 
mussel shell waste as substitution material of gypsum in fireproofing panels manufacturing is 
proposed. Fireproofing materials restrict the spreading of fire for certain periods, insulating 
steel structures from the effects of the high temperatures and provide the firefighting teams 
with sufficient time to intervene before the fire expands. Gypsum is employed in the 
construction industry as a fireproof material for walls and ceilings due to its very good 
mechanical and thermal properties and its high resistance to fire. Endothermic dehydration of 
gypsum carried out at high temperatures can slow fire propagation through structures made 
with gypsum materials (Kontogeorgos and Founti, 2012). The high CaCO3 concentration in 
the shell waste makes it a good candidate to be used as fireproofing materials due to the 
positive effect of the endothermic reaction of decomposition of CaCO3 to CaO and CO2 on 
the fireproofing properties. Under a circular economy approach, this alternative would allow 
reducing the use of a row material, gypsum, in fireproofing panel manufacturing by 
recycling, with a low energy and economic cost, mussel shell waste, which is nowadays 
accumulated in landfills. 

2. Material and methods 

2.1. Materials 

In this study, the performance of shells from Mediterranean mussel (M) was studied 
along with commercial gypsum (G). In this study, commercial gypsum was used according 
to (EN 13279-1, 2009). 

The chemical composition of mussel and gypsum is shown in Table 1 and was 
determined for both majority and minority elements, following the ASTM D 3682 standard 
(ASTM D3682-13, 2013). As can be seen, CaO is the major component in the shells, 
presented as CaCO3. The calcination losses of mussel is high, mainly because CaCO3 
decomposes at 650 °C in CaO and CO2, the latter representing the calcination losses (LOI). 

 
Table 1. Chemical composition (%wt) 

 G M 
SiO2 (%) 0.61 N.D 

Al2O3 (%) 0.82 0.02 
Fe2O3 (%) 0.43 0.02 
MnO (%) N.D. 0 
MgO (%) 0.24 0.1 
CaO (%) 42.7 53.74 
Na2O (%) 0.07 0.46 
K2O (%) 0.24 0.02 
TiO2 (%) N.D. N.D. 
P2O5 (%) N.D. 0.02 
SO3 (%) 47.92 0.24 
PC (%) 6.1 43.43 

 

The pretreatment carried out on mussel was as follows: firstly, the shells were washed 
with water to eliminate salts on their surface. Subsequently, drying was carried out at 190 °C 
for 18 minutes. After drying, the shells were crushed by a jaw crusher to a particle size of 
less than 1 mm. Then, to remove organic matter retained in the shells, calcination was carried 
out at 250 °C for one hour (Barros et al., 2007). Once the shells were calcinated, they were 
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ground with a hammer. Commercial gypsum is composed mainly by CaSO4, although 
presents a 6 % wt of calcium carbonate in this composition. 

Fig. 1 shows the granulometric distributions of the materials used. To study how 
particle size of the waste affects the physical, mechanical, and fire-insulating properties of 
the final product, the mussel shells were passed through a 320 μm sieve, obtaining two 
granulometric particle size distributions of the two fractions of mussel, coarse (M-C; dp > 
320 μm) and fine (M-F; dp < 320 μm). Fig. 1 shows the gypsum particle size distribution is 
similar to M-F. 

 
Fig. 1. Particle size distribution 

Table 2 shows the average particle sizes of each fraction used (M-F, M-C, and G) and 
the specific gravity of the materials used. Specific gravity was obtained by (ASTM D854-14, 
2014). 

Table 2 shows that the average size of the coarse fraction (M-C) was almost 6 times 
greater than that of the fine fraction (M-F). Specific gravities of M-F and M-C were the same 
due to specific gravity is a parameter independent of the granulometry of the solids. 

 
Table 2. Average particle size and specific gravity (g/cm3) 

 G M-F M-C 
Median size (µm) 29.83 147 765 

Specific gravity (g/cm3) 3.3 2.67 2.67 

2.2. Specimen manufacturing method 

Product specimens were manufactured following a simple and low-cost method under 
standard laboratory conditions (temperature: 25 °C and pressure: 1 atm). To prepare the 
specimens, the materials were weighed and mixed according to the amounts of mussel and 
gypsum indicated in Table 3. The water/waste ratio was 0.50. Table 3 shows the different 
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compositions generated. Table 3 shows how amount of mussel and particle size affect the 
physical, mechanical, and passive fire protection properties. 

The experiments were carried out with three different types of specimens: cylindrical 
molds of 4.2 cm diameter and 20 cm height, used for the fire insulating capacity 
experiments; prismatic test pieces of 10 cm length, 4 cm width and 4 cm height, used to 
determine flexural resistance; and finally, small cylindrical molds of 34 mm diameter and 40 
mm height that were used for the remaining tests performed in this study. Fig. 2 shows the 
different types of specimens used. 

 
Table 3. Composition (%wt) of specimens 

 Compound Particle size (µm) 
G ( %wt) M ( %wt)  

100-G 100 0 - 
40M-C 60 40 

dp > 320µm 60M-C 40 60 
80M-C 20 80 
40M-F 60 40 

dp < 320µm 60M-F 40 60 
80M-F 20 80 

 

   
 a b c 
 

Fig. 2. Types of specimens manufactured 
a. Compressive strength, b. Flexural strength, c. Fire resistance 

 
2.3. Methods 
2.4.  
2.4.1. Physical and chemical properties 

The thermogravimetry (TG) test was carried out using a Mettler-Toledo 
thermogravimetric analyzer, model TGA/SDTA 851. Between 100 and 150 mg samples were 
placed in an aluminum tray and brought up to 1000 °C at a heating rate of 20 °C/min in a 
nitrogen atmosphere (Li et al., 2015). 

The density (d) measured according to (ASTM E605/E605M-19, 2019). 
The moisture content (W) was measured according to (EN 12859, 2012). The mass of 

the product was measured at room temperature (M1). Then, it was heated to 105 °C, until the 
free water was eliminated; that is, until a constant mass was reached (M3). Humidity was 
calculated by the moisture content (W) as follows: 

W(%)= (M2-M1)/ M1 (1) 

To measure pH, a procedure described in the European standard (EN 12859, 2012) 
was used. This test measured the pH of a solution composed of 1 gram of the specimen that 
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was obtained by scraping the surface of a specimen and dissolving it in 10 grams of 
demineralized water. 

 
2.4.2. Mechanical properties. 

Compression (SC) and flexural (SF) resistance tests were performed. The test machine 
used for both is a Servosis model MUE-403. The compressive strength and the flexural 
strength were measured according to (EN 13279-2, 2014). 

The surface hardness (D) was measured according to the (EN 13279-2, 2014) 
standard, with the help of a Shore C durometer. The test was carried out with prismatic 
specimens and for each face of the specimen 5 essays were done. Surface hardness is the 
arithmetic mean of ten measurements made for each of the tested specimens, expressed in 
Shore C units. 

 
2.4.3. Fire insulating capacity 

The fire insulating test was carried out on the cylindrical specimens that were 
subjected to the heating regimen, in accordance with the temperature curve of a fire indicated 
by the European standard (EN 1363-1, 2020), which follows the expression: 

T= 20 + 345log (8t + 1) (2) 

Where, T is the oven temperature for the tests (°C) and t is the duration (minutes). To 
measure temperature in the center of the cylinder (Tint), a type K thermocouple of 3 mm 
diameter was used. However, to measure the outside temperature (Tout), an S-type 
thermocouple of 3.5 mm diameter was used, as shown in Fig. 3. 

 

 
 

Fig. 3. Experimental set-up for fire resistance test 
 

The insulating capacity is the time necessary to reach 600 ºC in the centre of the 
cylinder, because at this temperature, the steel protected by the fireproof material would 
loses its mechanical properties. 

 
2.4.4. Leaching tests 

To facilitate the use of mussel waste as a construction material, the product developed 
in the present study should guarantee low toxicity. Considering this, an environmental study 
was carried out for a broader characterization of the product generated with mussel and, 
therefore, a better evaluation of the potential uses of this product. 
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Leaching methods can be classified as: (1) batch leaching, in which the specimen is 

placed in a given volume of leach solution, (2) as a column or flow through systems, and (3) 
as a flow en masse or flow around systems for monolithic specimens (Kim, 2005). The 
chosen leaching method was NEN 7375 (1995) because it works with monolithic specimens 
that can be assimilated into the final construction product and it is the most similar to rain, 
the most common leaching conditions. The specimens measured were those with the highest 
percentage of mussel which is 80M-F, and 100-G. In (EA NEN 7375:2004, 2005), the 
leaching fluid (water at pH = 7) is renewed 8 times, which is similar to rain, the main 
leaching factor of construction materials. The metal leachate analysis was carried out using 
atomic absorption spectrophotometry and inductive coupling plasma techniques. Three 
different specimens of the final product were subjected to this test (Leiva et al., 2015). 

3. Results and discussion 

3.1. Physical and chemical properties 

Fig. 4 shows the curves obtained from the thermogravimetry test for the mussel, and 
gypsum. The reduction in mussel weight is due to: (1) the evaporation of moisture at 100 °C 
(Asako et al., 2004), (2) the transformation of aragonite to calcite, between300 and 500 ºC 
(Hu et al., 2011), and (3) the endothermic reaction of carbonates (CaCO3 to CaO and CO2 
between 600 and 800 ºC (Payá et al., 1998). This is the most significant drop in weight is 
observed, which comprises 40% of the total weight loss for mussel. 

 
 

Fig. 4. Mass loss and TG first derivative of raw materials 
 

The mass of the gypsum, however, remains constant up to 100 ºC. It begins to 
decrease, since it loses moisture and chemically-bound water. During heating, there are two 
reactions, around 120 °C and around 200 °C, reaction 1 and 2, respectively (Binici and 
Aksogan, 2017; Thomas, 2002). 

CaSO4·2H2O→ CaSO4·1/2H2O+ 3/2 H2O  (Reaction 1) 
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CaSO4·1/2H2O→ CaSO4+ 1/2 H2O  (Reaction 2) 

Above 600 °C, decomposition of calcium carbonate present in gypsum occurs. 
In Table 4, the physical and chemical properties of the products generated are shown. 
 

Table 4. Physico-chemical properties of shell gypsum 

 d (kg/m3) W ( %wt) pH 
100-G 1485 7.81 8.43 
40M-C 1440 6.63 6.85 
60M-C 1375 5.46 6.82 
80M-C 1305 3.95 6.80 
40M-F 1465 6.45 6.86 
60M-F 1430 5.23 6.82 
80M-F 1315 3.96 6.81 

 
The densities of the products generated are between 1305 and 1485 kg/m3, therefore, 

according to (EN 12859, 2012), all final products are classified as high density (>1100 
kg/m3). Table 4 shows that increasing the percentage of mussel decreases the density of the 
product. This is because the specific density of the shell is lower than the specific density of 
gypsum (Li et al., 2015), and the particle size of gypsum is slightly lower. The densities are 
slightly lower in the coarse fraction, due to the fact that increasing the particle size decreases 
the porosity and therefore the density (Muñoz et al., 2013). 

With regard to humidity, as the proportion of waste increases, the humidity of the 
specimens decreases. This is because the amount of free water in the waste is less than the 
amount of free water in the gypsum, as indicated in Fig. 4. In accordance with the 
requirements in (EN 12859, 2012), the moisture content (W) must be less than 8 %, 
therefore, all test pieces manufactured comply with the regulations. 

According to the standard (EN 12859, 2012), all the specimens would be classified as 
normal pH because they are all between pH 6.5 and 10.5. Table 4 shows that as the ratios of 
shell wastes in the manufactured specimens increase, the pH doesn’t change significant. 

3.2. Mechanical properties 

An increase in shell composition decreases the compressive strength (Table 5). 
 

Table 5. Mechanical properties of shell-based and commercial gypsums 

 Sc (MPa) SF (MPa) Hardness (Shore C) 
100-G 14.20 7.10 94 
40M-C 9.68 3.00 85 
60M-C 4.15 1.90 80 
80M-C 2.65 0.95 49 
40M-F 12.30 3.40 92 
60M-F 5.17 2.22 81 
80M-F 3.11 1.07 61 

 
With respect to 100-G, the compressive strength decreases between 27.5 % and 

88.4 %. According to the (EN 13279-1, 2009), all the produced specimens fulfill the 
requirement that the compressive strength not be less than 2.0 MPa. The same tendency 
occurs with SF when the waste composition increases. The addition of shell waste in the 
specimens causes a decrease of SF, varying from 47.5 % to 85.0 %, with respect to the 100-G 
product. The (EN 13279-1, 2009) indicates that the flexural strength in gypsum panels must 
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be higher than 0.83 MPa; therefore, all the produced specimens comply with this 
requirement. The densest specimens are the ones with the best mechanical properties due to 
its lower porosity (Leiva et al., 2015). 

In Table 5, the average hardness of each manufactured mortar is shown. The surface 
hardness of the panel decreases with an increase in the composition of the shells. The lowest 
value of hardness corresponds to the coarse particle size, 49 Shore C. Because all the mortars 
were classified as high density, as established by the standard (EN 12859, 2012), all must 
meet a minimum hardness of 80 Shore C. That is why only mortars with 80 %wt mussel 
shells do not meet this requirement. 

3.3. Fire-insulating properties 

In Fig. 5, the fire insulating curve for fine granulometric is shown. In both figures the 
reference curve (100-G) is shown. 

Fig. 5 shows that temperature remained approximately constant over time for about 
2.5 minutes. After 4 minutes (at 100 ºC approximately) the water presents in the material 
begins to evaporate, maintaining constant the temperature in the center of cylinder and 
producing the called evaporation plateau. The duration of the evaporation plateau is one of 
the most important factors (together with the slope of the curve after the plateau) in the fire-
insulating, and it is proportional to the water (free and chemically bound) present in the 
material. 

 
Fig. 5. Fire-insulating capacity of 100-G, 40M-F, 60M-F, 80M-F materials 

Fig. 5 shows that the highest evaporation plateau is found in the pure gypsum 
specimen, and as the concentration of shell waste increases in the specimens, evaporation 
plateau is shortened. This is because the gypsum specimens have a greater amount of 
chemically bound water than the shell wastes specimens, as shown in Fig. 4. The other 
important factor is the slope after the evaporation plateau, when the content of shells is 
increased the slope of the curve is lower, increasing the t600, it is due to the high calcium 
carbonate present in the shells, which is decomposed endothermically, but this reaction is 
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produced in a high range of temperature (between 600 and 800 ºC as it can be seen in Fig. 4) 
and it cannot produce a plateau, only a diminution of the slope of the curve at high 
temperatures. With the interaction of those two factors as the shell waste concentrations in 
the specimens increased, the t600 slightly decreased. 

 
Fig. 6. Fire-insulating capacity of 40M-C, 60M-C, 80M-C and 100-G materials 

In Fig. 6, the fire insulating curve for coarse granulometric is shown. In both figures 
the reference curve (100-G) is shown. 

For different granulometries, the evaporation plateau of the specimen 40M-C 
decreased by approximately 20 % with respect to the specimen 40M-F, materials with a 
lower density present a high porosity and the evaporated water can escape more easily, 
decreasing the duration of the evaporation plateau and as the density is lower the amount of 
calcium carbonate is lower and the slope is higher. 

3.4. Environmental properties 

In general, when using recycled materials, the main environmental problem can be the 
release of heavy metals into the environment through leaching. There are various studies 
showing the presence of heavy metals in mollusks and their shells (Palpandi and Kesavan, 
2012; Sivaperumal et al., 2007; de Souza et al., 2016). According to Sivaperumal et al. 
(Sivaperumal et al., 2007), there is selenium in 93 % of mollusks. There is also a large 
probability of containing cobalt (83 %) and arsenic (80 %), respectively, as well as other 
metals such as copper and manganese (Sivaperumal et al., 2007). In Spain, there is no legal 
requirement to use recycled wastes in fireproof materials. Given the scarcity of existing 
standards regarding the reuse of waste in the construction industry and their environmental or 
health risks, the present study compared the results of the leaching test with regulations 
established in the Dutch Soil Quality Decree (Decree 469, 2007). It establishes norms 
destined to prevent surface and groundwater contamination from construction material 
leaching and the monolithic test to carry out, (EA NEN 7375:2004, 2005). Table 6 contains 
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the leaching concentrations of chemical elements accumulated in 64 days for the produced 
materials with the largest amount of waste (80M-F). In addition, all the materials with 
mussel wastes meet to the limits set by the (Decree 469, 2007) standard, even, they are 
considerably smaller than those of the G-100. 

 
Table 6. Results of the leaching test for 80M-F specimen compared to (Decree 469, 2007) limits 

 Decree 469 limits 100-G 80M-F 
Hg 1.4 0.68 0.68 
Se 4.8 4.5 0.34 
Sn 50 2.3 0.34 
Pb 400 3.4 0.14 
Ba 1500 2.2 1.20 
Cd 3.8 0.4 0.03 
Sb 8.7 2.3 0.07 
Co 60 0.2 0.03 
Cr 120 0.2 1.03 
V 320 2.3 0.12 
As 260 3.4 0.34 
Mo 144 1.1 0.14 
Ni 81 1.1 0.07 
Zn 800 6 0.07 
Cu 98 0.4 0.07 

4. Conclusions 

The results of this study lead to the conclusion that a novel environmental-friendly 
from gypsum and mussel shell wastes may have the potential to be used as a fireproof 
material because it presents similar characteristics to those of other traditional products in 
this industry. In addition, since there are no appreciable differences in their physical, 
mechanical, insulating and environmental properties, products can be built from different 
size particle. 

 
References 
 
Asako Y., Otaka T., Yamaguchi Y., (2004), Fire resistance characteristics of materials with polymer 

gels which absorb aqueous solution of calcium chloride, Numerical Heat Transfer, Part A: 
Applications, 45, 49-66. DOI: 10.1080/1040778049026738. 

ASTM D854-14, (2014), Standard Test Methods for Specific Gravity of Soil Solids by Water 
Pycnometer, ASTM International. 

ASTM D3682-13, (2013), Standard Test Method for Major and Minor Elements in Combustion 
Residues from Coal Utilization Processes, ASTM International. 

ASTM E605/E605M-19, (2019), Standard Test Methods for Thickness and Density of Sprayed Fire-
Resistive Material (SFRM) Applied to Structural Members, ASTM International. 

Barros C., Bello P., Valiño S., Bao M., Arias J., (2007), Odours Prevention and control in the Shell 
Waste, Proc. of Int. Symp. on EcoTopia, ISETS 07, Nagoya University, Nagoya, Japan, 890-895. 

Binici H., Aksogan O., (2017), Insulation material production from onion skin and peanut shell fibres, 
fly ash, pumice, perlite, barite, cement and gypsum, Materials Today Communications, 10, 14-24. 
DOI: 10.1016/j.mtcomm.2016.09.004. 

Decree 469, (2007), Decree No. 469 of 2007 containing rules relative to quality of soil, (in Dutch), 
Ministry of Agriculture, Nature and Food Quality, On line at: 
http://www.fao.org/faolex/results/details/en/c/LEX-FAOC082792/. 

EA NEN 7375:2004, (2005), Leaching characteristics of moulded or monolithic building and waste 
materials. Determination of leaching of inorganic components with the diffusion test. ’The tank 
test, Environmental Agency. 

 332 



 
Influence of particle size of mussel shells in physical, mechanical and insulating properties of fireproof materials 

 
EN 1363-1, (2020), Fire resistance tests - Part 1: General Requirements, European Committee for 

Standardization. 
EN 12859, (2012), Gypsum blocks - Definitions, requirements and test methods, European Committee 

for Standardization. 
EN 13279-1, (2009), Gypsum binders and gypsum plasters - Part 1: Definitions and requirements, 

European Committee for Standardization. 
EN 13279-2, (2014), Gypsum binders and gypsum plasters - Part 2: Test methods., European 

Committee for Standardization. 
Hu S., Wang Y., Han H., (2011), Utilization of waste freshwater mussel shell as an economic catalyst 

for biodiesel production, Proceedings of a workshop of IEA bioenergy Task 31 on ‘sustainable 
forestry systems for bioenergy: integration, innovation and information’, 35, 3627-3635. DOI: 
10.1016/j.biombioe.2011.05.009. 

Kim A., (2005), Leaching methods applied to the characterization of coal utilization by-products, 
Proceedings of Regulation, Risk, and Reclamation with Coal Combustion By-Products at Mines: a 
Technical Interactive Forum, U.S. Department of Interior, Office of Surface Mining, Alton, Illinois 
and Coal Research Center, Southern Illinois University, Carbondale, Illinois, Lexington, Kentucky, 
89-96, On line at: 
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.732.6023&rep=rep1&type=pdf#page=98. 

Kontogeorgos D.A., Founti M.A., (2012), Gypsum board reaction kinetics at elevated temperatures, 
Thermochimica Acta, 529, 6-13. DOI: 10.1016/j.tca.2011.11.014. 

Kwon H.-B., Lee C.-W., Jun B.-S., Yun J., Weon S.-Y., Koopman B., (2004), Recycling waste oyster 
shells for eutrophication control, Resources, Conservation and Recycling, 41, 75-82. DOI: 
10.1016/j.resconrec.2003.08.005. 

Leiva C., Arenas C., Vilches L.F., Alonso-Fariñas B., Rodriguez-Galán M., (2015), Development of fly 
ash boards with thermal, acoustic and fire insulation properties, (in en), Waste Management, 46, 
298-303. DOI: 10.1016/j.wasman.2015.08.027. 

Li J., Zhuang X., Leiva C., Cornejo A., Font O., Querol X., Moeno N., Arenas C., Fernández-Pereira 
C., (2015), Potential utilization of FGD gypsum and fly ash from a Chinese power plant for 
manufacturing fire-resistant panels, Construction and Building Materials, 95, 910-921. DOI: 
10.1016/j.conbuildmat.2015.07.183. 

Muñoz M., Gomez-rico M.F., Font R., (2013), Use of thermogravimetry for single characterisation of 
samples of the composting process from sewage sludge, Pyrolysis 2012, 103, 261-267. DOI: 
10.1016/j.jaap.2013.01.001. 

Palpandi C., Kesavan K., (2012), Heavy metal monitoring using Nerita crepidularia-mangrove mollusc 
from the Vellar estuary, Southeast coast of India, Asian Pacific Journal of Tropical Biomedicine, 
2, 358-367. DOI: 10.1016/S2221-1691(12)60188-9. 

Payá J., Monzó J., Borrachero M.V., Perris E., Amahjour F., (1998), Thermogravimetric Methods for 
Determining Carbon Content in Fly Ashes, Cement and Concrete Research, 28, 675-686. DOI: 
10.1016/S0008-8846(98)00030-1. 

Servicio Nacional de Pesca y Acuicultura, (2015), Anuarios Estadísticas, (in Spanish), 
http://www.sernapesca.cl/sites/default/files/2015_desembarque_total_mes_1.xls. 

Sivaperumal P., Sankar T.V., Viswanathan Nair P.G., (2007), Heavy metal concentrations in fish, 
shellfish and fish products from internal markets of India vis-a-vis international standards, Food 
Chemistry, 102, 612-620. DOI: 10.1016/j.foodchem.2006.05.041. 

de Souza R.V., Garbossa L.H.P., Campos C.J.A., Vianna L.F. de N., Vanz A., Rupp G.S., (2016), 
Metals and pesticides in commercial bivalve mollusc production areas in the North and South 
Bays, Santa Catarina (Brazil), Marine Pollution Bulletin, 105, 377-384. DOI: 
10.1016/j.marpolbul.2016.02.024. 

Thomas G., (2002), Thermal properties of gypsum plasterboard at high temperatures, Fire and 
Materials, John Wiley & Sons, Ltd, 26, 37-45. DOI: 10.1002/fam.786. 

Vilches L.F., Fernández-Pereira C., Olivares del Valle J., Vale J., (2003), Recycling potential of coal 
fly ash and titanium waste as new fireproof products, Chemical Engineering Journal, 95, 155-161. 
DOI: 10.1016/S1385-8947(03)00099-8. 

Yan N., Chen X., (2015), Sustainability: Don’t waste seafood waste, Nature, 524, 155-157. DOI: 
10.1038/524155a. 

 333 


