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Abstract

The overproduction of plastics and the wide availability of natural fibers that become
a source of contamination before ending their useful life, in a context of
environmental crisis, has led researchers to study how to integrate them into the
production of biocomposites. For this project, the development of a composite
material that integrated expanded post-consumer polystyrene (EPS) and palm fiber
(OPEFB) was proposed. Spine fibers were obtained from palm growers in the region,
being processed by drying, grinding and sieving with a particle size (Mesh of 30, 40,
50, 60 and 70). To obtain the solvent of the EPS, a volume of orange essential oll
(Citrus sinensis) was distilled off by steam and the amount of d-limonene present
was quantified using the gas chromatography technique coupled to mass
spectrometry. Subsequently, the EPS was dissolved and a solubility of 0.5 g / mL
was reached and with this volume a 1: 2 water / EPS-Citrus Sinensis emulsion was
formulated which was characterized using the optical microscopy technigue and two

dyes of different polarity to observe its affinity with both phases, allowing it to be
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classified as a W/O type macroemulsion. The agglomerates were made by a process
of molding, pressing and heating for baking. All the above parameters were kept
constant and only the fiber size varied. The tests of resistance to compression and
hardness showed that, to a smaller fiber size, less hardness, resistance to
compression and stiffness, so the specimens made with mesh fibers (Mesh) No. 40
showed better performance in mechanical tests.

Keywords: chemical recycling; citrus sinensis; fiber reinforced plastics; OPEFB,;
recycled EPS.

Elaboracién de un material compuesto a partir de fibras de palma de aceite y
una emulsion ecoldgica de poliestireno expandido post-consumo

Resumen

La sobreproduccion de plasticos y la amplia disponibilidad de fibras naturales que
se convierten en un foco de contaminacion antes de terminar su vida util, en un
contexto de crisis ambiental, ha hecho que los investigadores estudien la manera
de integrarlos en la produccion de biocompuestos. Para este proyecto se planted la
elaboracion de un material compd@sito que integrara poliestireno expandido post-
consumo (EPS) y raquis de palma (OPEFB). Las fibras OPEFB se consiguieron a
partir de palmicultoras de la regién, procesandose mediante secado, molienda y
tamizado con una granulometria (Mesh de 30, 40, 50, 60 y 70). Para obtener el
solvente del EPS se destilo por arrastre de vapor un volumen de aceite esencial de
naranja (Citrus sinensis) y se cuantificé la cantidad de d-limoneno presente usando
la técnica de cromatografia de gases acoplada a espectrometria de masas.
Posteriormente, se disolvié el EPS y se alcanzé una solubilidad de 0.5 g/mL y con
un volumen de 1 L se formulé una emulsion 1:2 agua/EPS-Citrus Sinensis que fue
caracterizada usando la técnica de microscopia éptica y dos colorantes de distinta
polaridad para observar su afinidad con ambas fases, permitiendo clasificarla como
una macroemulsion de tipo W/O. Los aglomerados se elaboraron mediante un
proceso de moldeo, prensado y calentamiento. Se mantuvieron constantes todos
los parametros anteriores y soOlo vario el tamafio de la fibra. Los ensayos de

resistencia a la compresién y dureza mostraron que, a menor tamafio de fibra,
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menor dureza, resistencia a compresion y rigidez, por lo que las probetas
elaboradas con fibras de malla (Mesh) No. 40 mostraron mejor desempefio en los
ensayos mecanicos.

Palabras clave: Citrus sinensis; EPS reciclado; OPEFB; plasticos reforzados con

fibra; reciclaje quimico.

Elaboracdo de um material composto a partir de fibras de palma de 6leo e
uma emulséo ecoldgica de poliestireno expandido post-consumo

Resumo

A superproducédo de plasticos e a ampla disponibilidade de fibras naturais que se
convertem em um foco de contaminacdo antes de terminar sua vida Gtil, em um
contexto de crise ambiental, tem feito com que o0s pesquisadores estudem a maneira
de integra-los na producdo de biocomponentes. Para este projeto planteou-se a
elaboracdo de um material compdsito que integrasse poliestireno expandido post-
consumo (EPS) e raques de palma (OPEFB). As fibras OPEFB conseguiram-se a
partir de cultivadores de palma da regido processando-se mediante secado,
moagem e tamisado com uma granulometria (Mesh de 30, 40, 50, 60 e 70). Para
obter o solvente do EPS destilou-se por arrastre de vapor um volume de 6leo
essencial de laranja (Citrus sinensis) e quantificou-se a quantidade de d-limoneno
presente usando a técnica de cromatografia de gases acoplada a espectrometria de
massas. Posteriormente, dissolveu-se 0 EPS e alcancou-se uma solubilidade de 0.5
g/mL e com um volume de 1 L formulou-se uma emulsdo 1:2 agua/EPS-Citrus
Sinensis que foi caracterizada usando a técnica de microscopia Optica e dois
colorantes de distinta polaridade para observar sua afinidade com ambas fases,
permitindo classifica-la como uma macroemulsédo de tipo W/O. Os aglomerados
elaboraram-se mediante um processo de moldagem, prensado e aquecimento.
Mantiveram-se constantes todos 0s parametros anteriores e s6 variou o tamanho
da fibra. Os ensaios de resisténcia a compressao e dureza mostraram que, quanto
menor € o tamanho da fibra, menor é a dureza, a resisténcia a compresséo e a
rigidez, pelo que as provetas elaboradas com fibras de malha (Mesh) No. 40

mostraram melhor desempenho nos ensaios mecanicos.
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Palavras chave: citrus sinensis; EPS reciclado; OPEFB; plasticos reforcados com

fibra; reciclagem quimica.
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|. INTRODUCTION

Materials science and technology have made significant achievements with the
development of biocomposites [1], which are developed by combining natural fiber
and non-biodegradable petroleum-derived plastic. The use of these fibers as a
reinforcement of composite materials is an alternative to extend their service life and
improve waste management. Among its advantages is that they are light; lower cost;
low density; are not toxic or abrasive to the product involved; non-irritating; reduce
energy consumption; facilitate the processing and absorption of CO2 during its
growth, renovability, recyclability and biodegradability [2]. One of the most important
features is that they can be easily eliminated at the end of their life cycle by
composting or recovering their calorific value. However, natural fibers also exhibit
some undesirable features such as high moisture absorption, low thermal resistance
and highly anisotropic properties [3].

The incorporation of plastics in this type of materials contributes to solve an
environmental problem caused by its uncontrolled production and irresponsible final
disposition, making its stable nature and difficulty entering the degradation cycles of
the biosphere become a huge disadvantage in its post-consumer phase [4]. One of
the most problematic plastics is expanded polystyrene (EPS). Unlike others, this is
not usually recycled due to its zero profitability because 98% of its composition is air
and only the remaining 2% is polystyrene that can be recovered [5-7]. Looking for a
suitable dissolvent for EPS, it was found in a study [8] that d-limonene has good
solubility and can be obtained from different sources, including essential oils of some
citrus fruits. Undoubtedly, the combination of agriculture, the polymer industry and
the science and engineering of materials to develop new products with good cost-
benefit performance is essential to find massive and efficient outlets.

Agribusiness is also one of the sectors that produces large amounts of waste. In
Colombia there are more than 120000 ha of African oil palm plantations, belonging
to the species Elaeis guineensis and the family Palmacea. Its production is not totally
efficient and the unstoppable expansion of its cultivation generates huge amounts of
plant remains that cause environmental and public health problems, making it

necessary to look for a way out for all by-products of the oil extraction process, where
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25% of rachis or oil palm empty fruit bunch (OPEFB) is produced. Its fibers are
composed mainly of cellulose and in lesser quantity by lignin and hemicelulose [9].
Polymeric compounds from lignocellulosic materials attract attention for their low
cost and the diversity of their applications. As for its properties with respect to its
inorganic counterparts, it highlights a lower density, higher deformability, lower
abrasiveness, high rigidity, reduction of dermal and respiratory allergies, good
thermal properties, lower cost, among others [10-19].

In general, composites are made up of two or more materials of different nature that,
combined, have a synergistic effect. The matrix and reinforcement are its main
constituents [20]. Some studies demonstrate the possibility of formulating an
ecological emulsion of EPS as a binder [21-24], being, by definition, a system
consisting of two immiscible liquid phases, where one of them is dispersed through
the other in the form of very small droplets, the structure of which is stabilized by a
surfactant [25]. The type of emulsifier applied depends on the mixing method and
the desired stability duration [26]. In the case of W/O emulsions, if the film has a
greater affinity for water than oil, the surface tension will be lower on the more polar
side. The film will tend to curve, looking for a reduction of this strength in the system.
By reducing it on the outer side and increasing it inward, it forms lower polarity cells
dispersed in an aqueous phase. For O/W emulsions, the opposite phenomenon will
occur.

This research project is planned to develop a composite material that integrates
post-consumer EPS into a polymer matrix using Citrus sinensis to form an emulsion
that aglodes the fibers of palm rachis and offer an ecological alternative to extend

the life of these wastes.

Il. METHODOLOGY

A. Preparation of the Material
The plant material was provided by Palmas del Cesar and Bucarelia. It was washed
with water to remove fungi and dust. It was dried at room temperature for four months

and ground using a hammer mill (core of 4 sharp hammers with 5 HP motor). The
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fibers were heated to 1050C for 4 hours to remove moisture and sifted (Portable
Sieve Shaker Model RX-24) for different granulometries (Mallas No.30, No.40,

No0.50, No.60 and No.70). Each fraction was stored in a sealable bag.

B. Emulsion Formulation

For the choice of EPS solvent, its ecological character, low toxicity, low vapour
pressure to facilitate its removal in the agglomerate, economical, wide availability
and high solubility studied for extruded polystyrene (XPS) (Tablel) [8]. When
reviewing the data sheet all of them, the first five of the table were discarded for their
toxicity and danger to the environment. The solvent chosen was the d-limonene
found naturally in citrus essential oils and is easier to obtain commercially than p-

cimeno.

Table 1. Solubility of the XPS at 250C in different solvents.

Solvent XPS solubility
Benzene 0.68
Toluene 0.60
Xylene 0.40
Tetrahydrofuran 0.96
Chloroform 1.28
d-limonene 0.26
p-cimeno 0.30

A volume of Citrus sinensis distilled by steam drag was obtained and 1 L of Citrus
reticulata (tangerine essential oil) was purchased, whose gas chromatography
analysis coupled to mass spectrometry(GC/MS) shows a d-limonene concentration
of 99.3% and 98.2%, respectively. For its profitability and availability, widely studied
by Dr. Stashenko and her team [ 27], Citrus sinensis was used from which the
ecological emulsion composed of 50% m/m of water was formulated, starting with a
solution with 1:2 ratio of EPS and solvent. For its characterization, two commercial
dyes of different polarity were used to elucidate the type of emulsion according to its
phases under the optical microscopy technique (Hirox KH 7700) which also allowed

it to be classified according to the size of the micelles.
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C. Fabrication of Agglomerates

The specimens for all tests were tripled by mixing the fibers and emulsion in a 1:3
ratios with a weight of 30 g in total. The mold is cylindrical internally dimensions 2
inches high and 1 inch in diameter that conform to ASTM D695. A pressure of 20
MPa was applied with a hydraulic press before heating and inside the mold the
plunger was pressed to the 2-inch measurement. Subsequently, each tripling was
taken to heating in a Memmert 110 oven which was preheated before entering the
specimens for 4 hours at 160°C and flushed at room temperature before unmolding.
The pressure and temperature remained constant in all samples and it was taken as

variable the fiber size parameter.

D. Characterization of Agglomerates

For mechanical characterization, a compression resistance test was performed on
each triplicate (HSM58 Universal Material Tester 20 KN universal testing equipment)
under ASTM D695 and a hardness-proof with a Shore type D digital durometer
(ASTM 2240).

[ll. RESULTS

The characterization of the optical microscopy emulsion led that the dying of the
continuous phase of the emulsion and the hydrophilic dye inside the micelles (Figure
1).

Fig. 1. at 980X of the emulsion using dyes of different polar nature. a) Emulsion with hydrophobic

dye. b) Emulsion with hydrophilic dye.
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To classify the emulsion according to its particle size, micrographs are taken at five
different points of ten samples and the diameter of some micelles is measured

(Figure2). Micrographic markings record a range between 0.2 and 50 ym radius.

Fig. 2. Micrographs without dye with micelle measurement.

The compression resistance test (Figure 3) yielded an effort-deformation curve, from
which it was possible to calculate the Young Module (Figure 4) for each of the sample
by triplicate.

Each specimen deforms to breakage with a hydraulic press that prints a compression
force that gradually increases. Plastic behavior of the specimens is observed, i.e.

the material does not return to its original form.

Compressive Strenght [MPa)

20 30 40 50 60 70 80
Mesh

Fig. 3. Compression resistance plot according to granulometry of the fibers.
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The elasticity module of a material, defined as the largest or least capacity to deform
under stresses. It can be interpreted as rigidity, that is, its resistance to elastic
deformation, so that the greater its value, the stiffer the material and there is a better
distribution of stresses. It was obtained by expanding the initial area of the stress-
deformation curve and extracting its slope.

module (MPa)
6

Young

17

Fig. 4. Relates Young's module and fiber granulometry.

A Shore type D hardness test was also performed under the norm ASTM 2240 with

which a curve was obtained in relation to the granulometry of the fibers (Figure 5).

b

Hardness
A

Fig. 5. Relates the hardness and granulometry of the fibers.
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IV. DISCUSSION AND CONCLUSIONS

To classify the emulsion according to its size, was obtained the radius measurement
was performed and a range between 0.2 and 50 pm that matches with
macroemulsions, which typically present cloudy and viscous appearance, because
the wavelength of the light is lower than that of the droplets. The characterization of
the emulsion according to its phases using dyes and analyzed under the microscope
allows to elucidate that the lower polarity dye tints the continuous phase of the
emulsion and that of hydrophilic type does so mainly with the inside of the micelles
(Figure 1). This confirms that it is a W/O type emulsion where the dispersed phase
is water. Formulating an emulsion with 50% water saves costs related to obtaining
the solvent and facilitates the incorporation of the material into the industry.

For the test of compressive strength of the probes, we start from three hypotheses:
1) All fibers have the same resistance. 2) Elastic-linear behavior is given until both
the fiber and the matrix break. 3) The fibers and matrix suffer the same deformation.
Figure 6 shows that in each of the curves there is a range in which the stress is
proportional to the deformation. After this range, a certain curvature begins to be
noticed that indicates the beginning of a plastic deformation, which increases more

rapidly as the load increases until finally the rupture of the specimen occurs.

) AADA
(MPa)

Mesh 40

w

Mesh 50

2 AT | Mesh 60
o2 S AR e’
1 j N th Mr.:.uw»._-‘,wvcwh v

— Mesh 70

Unit deformation
Fig. 6. Real compressive strength relating the different grain sizes measured.
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The properties of the composites depend on the matrix, the fibers and their interfacial
union. The adhesion between the two (Figure 7) plays an important role, since the
transfer of tension between the matrix and the fibers determines the efficiency of the
reinforcement [3]. This depends on several factors that include the nature of its
components, including its polarity. OPEFB fiber is strongly polar due to hydroxyl
groups and C-O-C bonds in its structure. This makes it more compatible with polar
polymers. On the other hand, the degree of interfacial interaction determines the
stress transfer capacity of a fiborous compound. Hydroxyl groups may be involved in
hydrogen bonding within cellulose molecules, thus reducing activity towards the
matrix [28]. Therefore, for an EPS-OPEFB compound without chemical treatment of
its fibers, added to the low polarity of the polymer, it is predictable to find a regular

interaction.

Fig. 7. Two views of a specimen made of granulometry fibers No.40 where its adhesion and

interbreeding are observed.

It was established that the lower the mesh number of the fibers, the lower the
hardness, the lower the compressive strength and the lower Young's modulus. The
specimens made with fibers of mesh size No. 40 have the maximum compressive
strength with a measurement of 6.21 MPa and the minimum at 2.12 MPa for mesh
No.70. The low values in both tests demonstrate that there is a low interfacial

interaction between the OPEFB-EPS system, so it is suggested to perform a
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previous chemical treatment that modifies the surface of the spine to improve the
compatibility and strength of the interfacial bond [3]. Various studies [29-33] confirm
that poor interfacial interaction leads to internal stresses, porosity, environmental
degradation, moisture absorption, poor mechanical properties of composite parts
and disunity over time.

With respect to the size of the fiber, it is known that by making the diameters as small
as possible, the fibers have less surface area and, consequently, fewer defects that
could propagate during the process or under load [34]. The ends of a fiber withstand
less load than the rest, making the fewer exist, the greater the capacity to absorb
the fibers. The configurations of long fibers, or even continuous and unidirectional,
produce anisotropic properties, with a particularly good strength and stiffness
parallel to the fibers.

The matrix supports the fibers and keeps them in position, transfers the load to the
strong fibers, protects the fibers against damage during manufacture and use, and
prevents the propagation of cracks in the fibers to the entire compound. The
anisotropic properties of the fiber in the specimen make the compressive strength
low, as well as the weak hydrogen bonds and Van der Waals forces that cause local
relaxation and fraying. As the joint is weak, the fibers at the ends left the matrix
during loading, reducing the strength and fracture resistance of the specimen.
Similarly, incorporating mixtures of material retained in different meshes can bring
improvements in the mechanical resistance measured to compression.

The improvement of properties in composite materials is a complex problem that
continues to be a source of interest and that promotes intense research to optimize
its performance by integrating natural fibers or developing them from them. The
search for alternatives for wood with similar or superior characteristics is a challenge
and this research helps to advance a bit in the direction of a society that adapts to
the demands of a world framed in an unprecedented environmental crisis that will
eventually force to reduce to the minimum the deforestation and the production of

plastics.
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