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ABSTRACT:  In this work, cocoa bean shells (CBS), which were ground, then sieved to less than 150 μm and dried in a 
vacuum oven, have been introduced in a polycaprolactone (PCL) matrix in three different amounts, 10, 20 and 
30% wt. The obtained composites were tested under tensile loading, which indicated an enhanced rigidity 
with a slight decrease of strength with respect to the neat polymer and a reduced elongation, particularly 
evident for composites with 30 wt% CBS, where final collapse took place for strains only slightly exceeding 
the yielding point. Differential scanning calorimetry (DSC) indicated a rather negligible variation of melting 
temperature with respect to pure PCL, whilst thermogravimetric analysis (TGA) for CBS showed evident 
peaks for degradation of hemicellulose, pectin, then most clearly for cellulose at 313 °C and a final residue of 
33.3% at 900 °C. Scanning electron microscopy images taken on the 30% wt. composite offered evidence of 
brittle fracture with appearance of irregular structures, related to the pull-out and fibrillation of cocoa shells.
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1 INTRODUCTION

The food processing industrial sector is a large and 
rapidly growing industry and plays an important 
role in economic development across the world [1]. 
Industrial production activities, however, have 
impacts on the natural environment through the 
entire cycle of raw materials exploration and extrac-
tion, transformation into products, and use and 
disposal of products by the final consumers. When 
considering the scope of food processing, the main 
(direct) impacts are water and energy consumption, 
causes of severe environmental deterioration in the 
world, in addition to waste generation, since most 
industrial activities necessarily generate wastes 
and/or by products. Within food processing, the 
 largest producers of waste come from sectors such as 
milk, cocoa, brewing/distillation, and meat process-
ing [2]. In the specific case of cocoa waste, it should 
be considered that most cocoa beans are used in the 
 production of cocoa products, such as cocoa  butter, 
cocoa  powder, chocolate and chocolate-related 

products [3]. However, cocoa beans constitute only 
10% of the fresh weight of the cocoa fruit: this means 
that only about 10% by weight of the cocoa fruit 
is commercialized, while 90% by weight (mainly 
cocoa pulp and cocoa pod husk) is discarded as 
cocoa waste [4]. Once the cocoa dried bean has 
been obtained, the coproducts that remain are com-
posed mainly by three  fractions: (i) cocoa pod husk, 
(ii) cocoa bean shells and (iii) cocoa mucilage. In 
most cases, these coproducts are underexploited and 
considered an undesirable “waste” of the cocoa/
chocolate  industry. Normally, they are left to rot on 
the cacao plantation, a practice that can cause envi-
ronmental problems. In contrast, their composition 
would provide the potential for them to be used 
for other purposes, for  example, to obtain bioactive 
compounds and  dietary fiber which could be used as 
ingredient in food processing [5, 6]. Cocoa bean shell 
(CBS), the thin skin immediately surrounding the 
cocoa nib (edible  portion), constituting at least 10% 
of the weight of the bean, is a waste product from 
the chocolate manufacturing industry. The shells are 
normally separated from the nib by roasting. The 
 possible use of these shells as livestock feed has been 
mentioned by several works [7]. Gohl [8] observed 
that CBS is high in nutritive value, but of limited use 
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in animal feeds because of its theo bromine content: 
when taken in modest quantities, it acts as a stimu-
lant like caffeine: on the other hand, intake of more 
than 0.0279 kg per body weight is injurious to animals 
[9]. Hutagalung and Chang [10] observed that the 
amino-acid profile of CBS compares favorably with 
palm kernel cake, suggesting that it could be utilized 
as a medium protein source to substitute grain pro-
tein in livestock diets. Cocoa beans shells also have 
relatively high potassium content and may be used 
to manufacture fertilizers or composts. When used 
as mulch, it contains approximately 2.5% nitrogen, 
1% phosphate and 3% potash, as well as a natural 
gum that is activated when watered: many research-
ers have attempted to convert such coproducts into 
food ingredients and for use in other value-added 
applications [11]. Thus, the use of these coproducts 
for further exploitation as food additives or supple-
ments of high nutritional value has gained increasing 
interest, especially in that these are high-value prod-
ucts and their recovery may be economically attrac-
tive [12, 13]. Theivarasu et al. [14, 15] also attempted 
to remove methylene blue from synthetic wastewa-
ter by adsorption process using a low cost activated 
carbon prepared from cocoa shell agro-waste as an 
adsorbent. 

In this context, the use of CBS as filler for poly-
mers would possibly be considered: some works 
are  available in the literature, which have proposed 
the introduction of waste from cocoa production 
( especially cocoa pod husks) in different polymer 
matrices [16–20]. The comparative introduction 
of different agrofillers (oat husks, cocoa shells 
and apple residual solids from juice pressing) in 
poly(lactic acid) (PLA) indicated that, in addition 
to the mechanical effect, all fillers promoted PLA 
crystallization, decreasing cold crystallization tem-
perature [21]. In addition, it needs to be considered 
that CBS represents a type of nut shell, which as a 
 general category has received some  attention for its 
 introduction into composites with variable  success 
[22, 23].

The specific interest of the present work lies partic-
ularly in the use of a biodegradable matrix, polycapro-
lactone (PCL), which has a low melting temperature, 
in the region of 60 °C, and therefore is very suitable 
for easy processing. On the other hand, PCL has 
 demonstrated effective potential in extrusion with 
lignin-containing material [24], therefore its use might 
also be suggested for compounding with CBS. In this 
work, the introduction of up to 30 wt% of CBS in a PCL 
matrix is proposed and morphological, thermal and 
tensile characterization is carried out to investigate the 
possible use of CBS in biodegradable and compostable 
composites.

2 MATERIALS AND METHODS

Polycaprolactone Capa™ 6500 (Mn = 50000 g/mol, 
Tm = 58–60 °C, MFI (2.16 kg/160 °C) = 7.90 g/10 min), 
supplied by Perstorp, was used as matrix. Cocoa bean 
shells (Lindt & Sprüngli) were ground and sieved to 
a particle size fraction of less than 150 μm and were 
dried at 98 °C in a vacuum oven for 24 h prior to the 
preparation of the composites.

Composites were produced with three differ-
ent amounts of cocoa bean shells, 10, 20 and 30% wt. 
The production was carried out by using a twin-
screw microextruder (DSM Xplore 5&15 CC Micro 
Compounder) and the following process parameters 
(screw rotation speed 60 rpm, mixing time 3 min and 
temperature profile 60–75–90 °C) have been applied 
with the aim to optimize the final properties of the 
material. To obtain samples for characterization, an 
injection  molding system DSM Xplore 10-mL has been 
used (mold  temperature = 25 °C, injection pressure 
= 9 bars, injection temperature = 100 °C) and dog-bone 
specimens have been produced according to ISO 527-
2/1BA standard. Tensile tests have been carried out on 
a Lloyd Instrument LR30K, using a crosshead speed 
of 5 mm/min. The measurements were performed at 
room temperature and at least five samples were tested, 
expressing the results as mean value and standard 
deviation. Thermogravimetric measurements have 
been carried out using a thermobalance Seiko Exstar 
6300: tests have been carried out from 30 to 900 °C at a 
heating rate of 10 °C/min in nitrogen atmosphere.

DSC (TA Instrument, Q200) measurements were per-
formed in the temperature range from −25 to 100 °C at 
10 °C/min under nitrogen flow; samples were heated 
from −25 to 100 °C at 10 °C/min; after that an isother-
mal step was also considered (100 °C for 2 min) to erase 
the thermal history (1st scan), then they were cooled to 
−25 at 10 °C/min and reheated under the same con-
ditions (2nd scan). Peak temperatures for melting and 
crystallization were evaluated and the degree of cristal-
linity of the sample was calculated taking as reference 
139.5 J/g [25] as melting heat of the fully crystalline 
PCL sample. The shell’s microstructure and the mor-
phology of composites fractured surfaces were investi-
gated by field emission  scanning electron microscopy 
(FESEM, Supra 25-Zeiss, Germany). All specimens 
were sputter coated with gold prior to examination.

3 RESULTS AND DISCUSSION

Different structures have been observed by scanning 
electron microscopy on cocoa bean shells  surface 
(Figure 1). Thin-walled parenchyma cells and large 
amounts of vascular tissue were observed to be 
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composed of tracheary elements with helical second-
ary thickenings [26]. The parenchyma cells contain 
cocoa butter, aleurone grains, and starch granules. It 
appeared that fat within the parenchyma cells existed 
in a globular form, so the internal structure of the 
 cotyledon parenchyma had a “honeycomb” appear-
ance due to the presence of fat globules embedded 
within the cell matrix. A continuous structure is also 
visible as a section of cuticular layer, which usually 
imparts water impermeability to seed coats [27].

Results from thermogravimetric analysis  carried out 
on micronized cocoa shells (Figure 2a) evidenced five 
weight loss peaks, located at 58, 161, 215, 260 and 313 °C, 
respectively (Figure 2b). The first peak corresponds to 
the evaporation of moisture and water linked with the 
structure, which takes place till around 100 °C and cor-
responds to a weight loss of about 7–8%. The three sub-
sequent peaks (161, 215 and 260 °C) can be referred to 

the degradation of pectin and hemi cellulose, while the 
final peak at 313 °C corresponds to the degradation of 
cellulose. The test has been carried out up to 900 °C in 
nitrogen atmosphere and the remaining mass at the end 
corresponded to the 33.3% of initial weight, which rep-
resents the residue, formed by ashes, of the material. As 
a whole, the holocellulose, formed by cellulose, hemicel-
lulose and pectin, constitutes over 60% of the material. 
These peaks match closely with what was described by 
Du et al. [28] and Pereira et al. [29].

Comparing the amount of holocellulose with that of 
other lignin-based shells, in walnut shells this is lower, 
being around 48% [30]. In contrast, this is around 64% 
for almond shells [31] and 68% for peanut hulls [32]: 
these sources of biomass have been selected for their 
structural similarity with CBS so as to allow for com-
parison among mechanical properties of the compos-
ites obtained.
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Figure 1 Visual appearance of roasted beans shells (a) and FESEM images of different morphologies detected in ground cocoa 
bean shells (granular structures with inset (b), parenchyma cells (c), and cuticular layer (d)).
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The results of tensile tests are reported in Table 1 
and Figure 3a: for PCL composites with up to 30 wt% 
of CBS (PCL30CBS), a slight decrease of tensile strength 
was observed, with an average value of 16.1 ± 0.9 MPa 
for neat PCL to 14.8 ± 0.5 MPa for PCL30CBS. The non- 
uniform distribution of CBS particles in the microstruc-
ture of the composite is the major factor responsible 
for the decrease in strength, when compared with the 
 control sample having 0% wt. of CBS. Another factor 
could nevertheless be related to the differences in polar-
ities between the polar agro-waste filler and nonpolar 
PCL matrix, which could initiate and propagate sites for 
failures.

Young’s modulus of the CBS-based compos-
ites increased with increasing content of filler with 
respect to neat PCL (439 ± 1 MPa). The presence 
of fillers hindered the polymer chain mobility of 
PCL matrix; moreover, the rigidity of the compos-
ite could also be linked to the cellulose contents of 
the cocoa shells. The Young’s modulus increase with 
filler content was in agreement with other reported 
works [33].

Quite obviously, the introduction of the filler does 
reduce elongation of the polymer, however, the brittle 
failure with ultimate strain around 15–20%, which 
was measured for the introduction of 10 or 20% wt. 
of CBS in the polymer, has no practical consequences. 
Brittle fracture is also particularly evident for the 
surface fracture observed under SEM for 30% wt. of 
CBS (Figure 3b), where, however, particularly irregu-
lar structures appear, in which the pull-out and the 
fibrillation of cocoa shells is observable. To allow for 
 comparison with other similar situations, the use 
of MAPP enabled the introduction of up to 60 wt% 
of walnut shell flour ground at a size retained on an 
80 mesh sieve. It was found that, despite the sufficient 
interfacial adhesion obtained, decrease in tensile and 
flexural strength with higher fiber content was sig-
nificant, while stiffness consistently increased: the best 
compromise was found with 40 wt% of filler using 
3 wt% of maleic anhydride [34]. In another case, the 
use of argan nut shell particles up to 40 wt% in an 
HDPE matrix equally resorted in an increase of stiff-
ness by 58% [35]. 
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Figure 2 FESEM image (a) and results of thermogravimetric analysis (b) of ground cocoa bean shells.

Table 1 Results of tensile tests for PCL/CBS composites at different weight percent (E, Young’s Modulus; sy, yield 
strength; ey, strain at yield; sb, strength at break; eb, strain at break).

PCL PCL10CBS PCL20CBS PCL30CBS

E (MPa) 439 ± 16 528 ± 43 652 ± 4 740 ± 14

sy (MPa) 16.1 ± 0.9 15.5 ± 0.6 14.5 ± 0.1 14.8 ± 0.5

ey (%) 8.9 ± 0.3 7.6 ± 0.9 5.4 ± 0.2 3.9 ± 0.3

sb (MPa) 30.2 ± 1 27.9 ± 0.9 18.2 ± 1.4 5.4 ± 1.2

eb (%) 672 ± 23 656 ± 48.2 388 ± 40.3 16 ± 4.2
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The thermal characterization of PCL-based com-
posites was carried out using DSC. From the ther-
mograms (Figure 4, cooling and 2nd heating scan and 
Table 2), melting temperature (Tm), associated heat of 
melting (DHm), degree of crystallinity (Xc) and crystal-
lization temperature (Tc) were measured. For all the 
composites, the crystallization temperature is slightly 
increased when compared to the neat matrix, which 
can be translated as a difficulty for the PCL chains to 
rearrange themselves in the presence of the shells’ 
residue.

The incorporation at the different weight levels 
into PCL induced a change in the crystallization 
temperature with respect to neat PCL, indicating 
the occurrence of a nucleating effect on the crys-
tal growth of PCL. The reduced decrease in melt-
ing parameters (temperature and enthalpy) can be 
seen as a restriction of the periodic arrangements 
of PCL chains into its lattice, leading to some loss 
in the polymer crystallinity in biocomposites with 
respect to neat PCL. As the concentration of the CBS 
shells was increased, the relative weight percent of 
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Figure 3 Results of tensile test for PCL/CBS composites (samples in the inset) (a) and FESEM image of the tensile fractured 
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the PCL in the compound was decreased, leading to 
lower values for endo thermic area (J/g). On the con-
trary, the degree of crystallinity of PCL is markedly 
influenced by the presence of CBS. In particular, the 
presence of ground CBS particles seems to restrict 
the periodic arrangements of PCL chains into its lat-
tice, leading to a decrease in crystallinity of neat PCL 
with the increase in CBS content. This behaviour was 
observed in other studies on PCL reinforced with lig-
nocellulosic reinforcements [36].

4 CONCLUSIONS

The introduction of ground cocoa bean shells (CBS) 
into a biodegradable matrix, such as polycaprolac-
tone, proved to be rather successful in terms of the 
achievement of a sufficiently strong interface and 
provided enhanced rigidity to the polymer. The 
maximum amount of filler introduced, 30% wt., was 
 demonstrated to be not easily exceeded with the pro-
duction process adopted. However, it is likely that the 
implementation of compatibilization processes, such 
as starch grafting on polycaprolactone, would pos-
sibly lead to the prospective introduction of a higher 
amount of filler. Compatibilization would allow to 
control the high occurrence of pullout and fibrilla-
tion of CBS in composites with the highest amount of 
filler. The results shown in this study confirm that, the 
 possibility to reuse a waste, such as CBS, formed by 
a quite rigid and impermeable lignocellulosic struc-
ture yet comprising a significant amount of parenchy-
mal tissue, therefore not very brittle, in a composite, 
appears promising.

REFERENCES

 1. T.T.M. Dieu, Food processing and food waste, in 
Sustainability in the Food Industry, C. Baldwin (Ed.), 
chap. 2, pp. 23–60, Wiley-Blackwell, Iowa, USA (2009).

 2. K. Niranjan and N.C. Shilton, Food processing wastes—
their characteristics and an assessment of processing 
options, in Environmentally Responsible Food Processing, 
E.L. Gaden (Ed.), New York, NY: American Institute of 
Chemical Engineers (1994).

 3. D. Adomako, Non-traditional uses of cocoa in Ghana, in 
Eighth Meeting of the Advisory Group on the World Cocoa 
Economy, 26th–30th June 1995, Yaounde, Cameroon, 
79–85. ICCO (1995).

 4. R. Redgwell, V. Trovato, S. Merinat, D. Curti, 
S. Hediger, and A. Manez, Dietary fiber in cocoa shell: 
Characterisation of component polysaccharides. Food 
Chem. 81, 103–112 (2003).

 5. F. Yangilar, The application of dietary fibre in food indus-
try: Structural features, effects on health and definition, 
obtaining and analysis of dietary fibre: A review. J. Food 
Nutr. Res. 1, 13–23. DOI: 10.12691/jfnr-1-3-1 (2013).

 6. R. Rodrıguez, A. Jimenez, J. Fernandez-Bolanos, 
R. Guillen, and A. Heredia, Dietary fibre from vegetable 
products as source of functional ingredients. Trends Food 
Sci. Tech. 17, 3–15 (2006).

 7. K. Owusu-Domfeh, The future of cocoa and its by- 
products in the feeding of livestock. Ghana Jnl. Agric. Sci. 
5, 57–64 (1972).

 8. B. Gohl, Tropical feeds, pp. 389–390, FAO of UN, Rome 
(1981).

 9. M.A. Menon, Cocoa by-products and their uses. Planter, 
Kuala Lumpur 58, 286–295 (1982).

10. R.L. Hutagalung, C.C. Chang, Utilization of cocoa by-
products as animal feed, in Proc. Int. Conf. on Cocoa and 
Coconuts, pp. 447–456, Kuala Lumpur, Incorporated 
Society of Planters (1978).

11. M. Viuda-Martos, Y. Ruiz-Navajas, J. Fernández-López, 
E. Sendra, E. Sayas-Barberá, and J.A. Pérez-Álvarez, 
Antioxidant properties of pomegranate (Punica gra-
natum L.) bagasses obtained as co-product in the juice 
extraction. Food Res. Int. 44, 1217–1223 (2011).

12. P.S. Murthy and M.M. Naidu, Recovery of phenolic 
 antioxidants and functional compounds from coffee 
industry by-products. Food Bioprocess Technol. 5(3), 
897–903 (2012).

13. M.S. Guerrero, J.S. Torres, and M.J. Nuñez, Extraction 
of polyphenols from white distilled grape pomace: 
Optimization and modelling. Bioresource Technol. 99, 
1311–1318 (2008).

14. C. Theivarasu, S. Mylsamy, and N. Sivakumar, Cocoa 
shell as adsorbent for the removal of methylene blue 
from aqueous solution: Kinetic and equilibrium study. 
Universal J. Environ. Res. Technol. 1, 70–78 (2011). 

15. C. Theivarasu and S. Mylsamy, Equilibrium and kinetic 
adsorption studies of Rhodmine-B from aqueous solu-
tions using cocoa (Theobroma cacao) shell as a new 
adsorbent. Int. J. Eng. Sci. Technol. 2(11), 6284–6292 
(2010).

Table 2 Results of DSC tests for PCL/CBS composites at different weight percent (Tm, melting temperature; 
Tc,  crystallization temperature; DHm, heat of melting; degree of cristallinity, Xc).

Tc (°C) Tm (°C) DHm (J/g) Xc (%)

PCL 24.9 ± 0.3 60.9 ± 0.2 95.5 ± 2.2 68.5 ± 1.6

PCL10CBS 29.4 ± 0.6 60.2 ± 0.5 60.7 ± 0.3 48.4 ± 0.3

PCL20CBS 31.4 ± 0.2 59.2 ± 0.3 58.5 ± 0.4 52.4 ± 0.8

PCL30CBS 32.3 ± 0.3 56.5 ± 0.8 52.1 ± 0.8 53.4 ± 0.4



DOI: 10.7569/JRM.2016.634102 D. Puglia et al.: Tensile, Thermal and Morphological Characterization

J. Renew. Mater., Vol. 4, No. 3, June 2016  © 2016 Scrivener Publishing LLC  205

16. K. Chun, S. Husseinsyah, and H. Osman, Modified cocoa 
pod husk-filled polypropylene composites by using 
methacrylic acid. Bioresources, 8(3), 3260–3275 (2013).

17. K.S. Chun, S. Husseinsyah, and H. Osman, Utilization of 
cocoa pod husk as filler in polypropylene biocomposites: 
Effect of maleated polypropylene. J. Thermoplast. Compos. 
Mater. 28(11), 1507–1521 (2015).

18. S. Husseinsyah and H. Osman, Modified cocoa pod 
husk-filled polypropylene composites by using meth-
acrylic acid. Bioresources, 8(3), 3260–3275 (2013).

19. P. Imoisili, B. Etiobhio, T. Ezenwafor, B. AttahDaniels, 
and S. Olusunle, Physicochemical analysis of cocoa pod 
and its effect as a filler in polyester resin composite. Int. 
J. Sci. Technol. 2(1), 89–93 (2013).

20. P. Imoisili, T. Ezenwafor, B. AttahDaniels, and 
S. Olusunle, Mechanical properties of cocoa-pod/epoxy 
composite; Effect of filler fraction. Am. Chem. Sci. J. 3(4), 
526–531 (2013).

21. E. Lezak, Z. Kulinski, R. Masirek, E. Piorkowska, 
M. Pracella, and K. Gadzinowska, Mechanical and ther-
mal properties of green polylactide composites with 
 natural fillers. Macromol. Biosci. 8, 1190–1200 (2008).

22. N. Sutivisedsak, H.N. Cheng, C.S. Burks, J.A. Johnson, 
J.P. Siegel, E.L. Civerolo, and A. Biswas, Use of nutshells 
as fillers in polymer composites. J. Polym. Environ. 20, 
305–314 (2012).

23. R.G. Raj, B.V. Kokta, and J.D. Nizio, Studies on mechan-
ical properties of polyethylene–organic fiber compos-
ites. I. Nut shell flour. J. App. Polym. Sci. 45(1), 91–101 
(1992).

24. H. Nitz, H. Semke, R. Landers, and R. Mülhaupt, 
Reactive extrusion of polycaprolactone compounds con-
taining wood flour and lignin. J. App. Polym. Sci. 81(8), 
1972–1984 (2001).

25. Q. Guo and G. Groeninckx, Crystallization kinetics of 
poly(e-caprolactone) in miscible thermosetting polymer 
blends of epoxy resin and poly(e-caprolactone). Polymer 
42, 8647–8655 (2001).

26. J.M. Hoskin, P.S. Dimick, and R.R. Daniel, Scanning elec-
tron microscopy of the Theobroma cacao seed. J. Food Sci. 
45, 1538–1540. DOI: 10.1111/j.1365-2621.1980.tb07557.x 
(1980).

27. A.S. Lopez, P.S. Dimick, and R.M. Walsh, Scanning elec-
tron microscopy studies of the cellular changes in raw, 

fermented and dried cocoa beans. Food Struct. 6, Article 3 
(1987).

28. Y. Du, X. Jiang, G. Lv, X. Li, Y. Chi, J. Yan, X. Liu, and 
A. Buekens, TG-pyrolysis and FTIR analysis of chocolate 
and biomass waste. J. Therm. Anal. Calorim. 117, 343–353 
(2014).

29. R.G. Pereira, C.M. Veloso, N. Mendes da Silva, L.F. de 
Sousa, R.C. Ferreira Bonomo, A. Oliveira de Souza, 
M. Oliveira da Guarda Souza, and R. da Costa Ilhéu 
Fontan, Preparation of activated carbons from cocoa 
shells and siriguela seeds using H3PO4 and ZnCl2 as 
activating agents for BSA and α-lactalbumin adsorption. 
Fuel Proc. Technol. 126, 476–486 (2014).

30. N. Ayrilmis, A. Kaymakci, and F. Ozdemir, Physical, 
mechanical, and thermal properties of polypropylene 
composites filled with walnut shell flour. J. Ind. Eng. 
Chem. 19(3) 908–914 (2013).

31. H. Pirayesh and A. Khazaeian, Using almond (Prunus 
amygdalus L.) shell as a bio-waste resource in wood 
based composite. Composites Part B 43(3), 1475–1479 
(2012).

32. C. Guler, Y. Copur, and C. Tascioglu, The manufac-
ture of particleboards using mixture of peanut hull 
(Arachishypoqaea L.) and European black pine (Pinus 
nigra Arnold) wood chips. Bioresource Technol. 99, 
2893–2897 (2008).

33. L. Luduena, A. Vázquez, and V. Alvarez, Effect of ligno-
cellulosic filler type and content on the behavior of 
 polycaprolactone based eco-composites for packaging 
applications. Carbohyd. Polym. 87, 411–421 (2012).

34. N. Ayrilmis, A. Kaymakci, and F. Ozdemir, Physical, 
mechanical, and thermal properties of polypropylene 
composites filled with walnut shell flour. J. Ind. Eng. 
Chem. 19(3), 908–914 (2013).

35. H. Essabir, M. El Achaby, El Moukhtar Hilali, R. Bouhfid, 
and A. Qaiss, Morphological, structural, thermal and 
tensile properties of high density polyethylene com-
posites reinforced with treated argan nut shell particles. 
J. Bionic Eng. 12, 129–141 (2015).

36. F. Sarasini, J. Tirillò, D. Puglia, J.M. Kenny, F. Dominici, 
C. Santulli, M. Tofani, and R. De Santis. Effect of differ-
ent lignocellulosic fibres on poly(3-caprolactone)-based 
composites for potential applications in orthotics. RSC 
Adv. 5, 23798–23809 (2015).


