
Citation: Ichim, M.; Stelea, L.; Filip,

I.; Lisa, G.; Muresan, E.I. Thermal

and Mechanical Characterization of

Coir Fibre–Reinforced Polypropylene

Biocomposites. Crystals 2022, 12, 1249.

https://doi.org/10.3390/

cryst12091249

Academic Editors: Jesús Sanmartín-

Matalobos and Eamor M. Woo

Received: 14 August 2022

Accepted: 31 August 2022

Published: 2 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

crystals

Article

Thermal and Mechanical Characterization of Coir
Fibre–Reinforced Polypropylene Biocomposites
Mariana Ichim 1 , Lucia Stelea 1,2, Ioan Filip 2, Gabriela Lisa 3 and Emil Ioan Muresan 3,*

1 Faculty of Industrial Design and Business Management, Gheorghe Asachi Technical University of Iasi,
29 Prof. Dr. Doc. D. Mangeron Blvd, 700050 Iasi, Romania

2 Taparo Company SA, 198 Borcut Street, 435600 Targu Lapus, Romania
3 “Cristofor Simionescu” Chemical Engineering and Environmental Protection Faculty, Gheorghe Asachi

Technical University of Iasi, 73 Prof. Dr. Doc. D. Mangeron Blvd, 700050 Iasi, Romania
* Correspondence: eimuresan@yahoo.co.uk

Abstract: In recent years, the growth of environmental awareness has increased the interest in the
development of biocomposites which are sustainable materials with an excellent price–performance ratio
and low weight. The current study aimed to obtain and characterize the biocomposites prepared by
thermoforming using coir fibres as reinforcing material and polypropylene as matrix. The biocomposites
were produced with different coir fibres/polypropylene ratios and were characterized by physical–
mechanical indices, thermal analysis, crystallinity, attenuated total reflection-Fourier transform infrared
spectroscopy analysis (ATR-FTIR), scanning electron microscopy (SEM), and chromatic measurements.
Both tensile and bending strength of biocomposites decreased when the coir fibre content increased. The
melting temperature of biocomposite materials has decreased with the increase of the coir fibre loading.
Regarding the thermal stability, the weight loss and degradation temperature increased with decreasing
coir fibre content. The ATR-FTIR and SEM analyses underlined the modifications that took place in the
structure of the biocomposites by modifying the coir fibres/matrix ratio.

Keywords: biocomposites; coir reinforcement; polypropylene matrix; thermal analysis; crystallinity;
ATR-FTIR; SEM; colour strength

1. Introduction

Over the last few years, the environmental problems caused by the depletion of
nonrenewable petroleum resources, pollution and climate change have boosted research
on biocomposites for various end-use applications.

The definition of biocomposites differs significantly in the literature. Some authors
define biocomposites as composite materials obtained from natural fibres as reinforcement
and polymers from synthetic or natural sources as matrix [1,2]. Other authors consider
biocomposites to be the materials whose constituents have natural origins [3,4]. Because
several biopolymers produced from renewable resources are not biodegradable, in order to
define biocomposites, the ability of composite constituents to decompose under environ-
mental conditions has been taken into consideration, instead of constituent source [5–7].
Drzal et al. classified biocomposites as partially biodegradable and completely biodegrad-
able [8], the latter materials being known in the literature as green biocomposites [2,9].

The coir fibre-reinforced polypropylene biocomposites are partially biodegradable.
The coir fibres used as reinforcement are completely biodegradable and come from a
renewable resource (the husk of coconut fruit). Coir fibres are found between the hard,
inner shell and the outer layer of a coconut [10]. Their length can range from 15 to 35 cm
and diameter from 50 to 300 µm [11]. Depending on the moment of dehusking, the coir
fibres can be white or brown [12,13]. White coir fibres are extracted from immature coconut
husk, while brown coir fibres are extracted from mature coconut husk. Because the content
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of lignin is lower, the white coir fibres are weaker, finer, and more flexible than the brown
fibres. In engineering, brown fibres are mainly used due to their high mechanical properties.

Coir fibres are lignocellulosic fibres, and their chemical composition varies greatly
depending on the conditions and growing area or the method of extraction used. Coir
fibres are found in abundance in many tropical countries such as India, Sri Lanka, Thailand,
Bangladesh, Malaysia, Vietnam, Indonesia, etc., [13,14]. Many authors present different
chemical compositions of coir fibres that can contain 32–50% cellulose, 30–46% lignin,
0.15–15% hemicellulose, and about 3–4% pectin [15–17]. One of the most important proper-
ties of these fibres is the increased resistance to degradation because of the high content of
lignin. Coir fibres have a series of advantages such as low price, low density (1.1–1.5 g/cm3),
high breaking elongation, low elastic modulus, and good strength, but because of the high
lignin content, they are stiff [16].

Polypropylene is a by-product of the petroleum industry. Polypropylene comes
from fossil resources and is not biodegradable but has the advantage of being recyclable.
Several authors have investigated the recycling of polypropylene and polypropylene-based
composites [18–21]. The studies have revealed that polypropylene can be subjected to many
heating and cooling cycles. Between thermoplastic polymers, polypropylene is the most
used matrix in composite materials owing to its advantages: low density, low moisture
absorption, good tensile and abrasion resistance [22].

Coir fibre-reinforced biocomposites have a wide range of end-uses such as acoustic
panels for sound insulation, ceilings, partition boards, furniture, panels for automotive in-
terior applications, etc., [23–26]. In many applications, coir fibres can replace the fibreglass
reinforcement due to environmental benefits and an excellent price–performance ratio at low
weight [23]. Coir fibres have suitable properties for composite reinforcement such as durability,
high hardness, low thermal conductivity, good acoustic resistance, resistance to moisture and
salt water, nontoxicity, low combustibility, and resistance to microbes and fungi [26].

In the last decade, the interest in using coir fibres as reinforcement in polymeric
composites has continuously increased. Several researchers have studied the mechanical
characteristics of coir fibre-reinforced composites [27–33], the treatment of coir fibres, and
the thermal properties of polymer-based composites reinforced with coir fibres [16,17,34,35].
Based on the research findings, it can be appreciated that the future of composite materials
containing coir fibres is promising.

The research aim was to obtain and characterize biocomposite materials that contain,
in various mixing ratios, coir fibres as reinforcement and polypropylene (PP) as matrix.
Thermoforming has been chosen as the manufacturing technique for biocomposites due
to its advantages: high reinforcement fibre content, high production rate, low production
costs, appropriate for three-dimensional large parts production [36]. The biocomposite ma-
terials were analysed in terms of physical and mechanical properties, crystallinity, thermal
behaviour, surface morphology by SEM images and ATR-FTIR spectra and colour analysis.
In the present work, a correlation between mechanical properties and the crystallinity of
biocomposite materials has been performed.

2. Materials and Methods
2.1. Materials

Matrix polypropylene fibres and mature coir (Co) fibres as the reinforcing agent were
used for the experiments. The fibres have been provided by S.C. TAPARO S.A., TarguLapus,
Romania. The characteristics of the fibres were as follows:

1. Polypropylene: 6.7 dtex linear density, 27 cN/tex tenacity, 100% breaking elongation; 60 mm
length; 7.5 g/10 min (230 ◦C/2.16 kg) melting flow index = 0.9 g/cm3 density; 160 ◦C
melting temperature—produced by Beauileu International Group, Kruisem, Belgium;

2. Coir fibres: 0.25 mm diameter, 102 MPa tensile strength, 23% breaking elongation and
a length that ranged between 50 and 100 mm—purchased from Madras, India.
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2.2. Methods
2.2.1. Experimental Variants

Polypropylene (PP) and coir (Co) fibres were blended in different ratio, the percentage
of each constituent in the blend ranging from 0 to 100%. The composition and the coding
of each blend variant are presented in Table 1.

Table 1. Experimental variants.

Blend Variant Code

100% Polypropylene 100PP
25% Coir fibres/75% Polypropylene 25Co75PP
50% Coir fibres/50% Polypropylene 50Co50PP
75% Coir fibres/25% Polypropylene 75Co25PP

100% Coir fibres 100Co

2.2.2. Composite Manufacturing Process

The matrix and reinforcing fibres were manually blended and then fed to an Ingolstadt
scutcher (Ingolstadt, Germany). The obtained mat was mechanically bonded on a needle
punching machine. Four pieces of each variant of needle-punched nonwoven fabric were
overlaid in the mould of the thermoforming machine. The material was heated (190 ◦C)
and pressed (735.5 MPa) between the plates for 10 min and then cooled.

2.2.3. Mechanical Properties

Bending and tensile tests were performed on LBG testing equipment (Azzano San
Paolo, Italy). The samples for tensile testing were cut at 250 mm length and 25 mm width,
as stated in the EN 326–1 standard. The tensile testing conditions were as follows: 150 mm
distance between grips and 5 mm/min test speed, in agreement with SR EN ISO 527–42006
standard. The width of the samples for the bending test was 15 mm and the length was
established in accordance with sample thickness, as specified in SR EN ISO 14125 standard.
Five measurements were performed for each test and variant.

2.2.4. Thermogravimetric Analysis

The thermogravimetric analysis was performed on a Mettler Toledo TGA/SDTA 851
balance (Columbus, OH, USA). Samples of 1.9–5.3 mg were used for heating scans in the
temperature domain from 25 ◦C to 700 ◦C in order to record the mass losses (TG) and the
derivative thermogravimetric curves (DTG). The nitrogen flow was constant (20 mL/min)
and the heating rate was 10 ◦C/min.

2.2.5. Differential Scanning Calorimetry (DSC)

A Mettler Toledo DSC1 differential scanning calorimeter (Columbus, OH, USA) was
used to analyse the melting and crystallisation behaviour of the biocomposites. The
scanning of the samples took place in a temperature domain from −60 ◦C to 200 ◦C at a
heating rate of 10 K/min. The samples were cooled with the same rate and then rescanned.
The flow rate of nitrogen was set at 150 mL/min. Composite materials are partially
crystalline substances in which the crystalline domains and the amorphous domains coexist.
The ratio between the amorphous phase and the crystalline phase varies depending on
the matrix and on the reinforcing agent used. For determination of the crystallinity degree
of the composite material, we used the DSC method. The crystallinity of biocomposites,
XC (%), was obtained using Equation (1) [37]:

Xc(%) =

[
∆Hm

∆H0
m

]
·100 (1)
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wherein ∆Hm is the melting enthalpy of the biocomposite materials, and ∆H0
m is the

theoretical enthalpy of melting of fully crystalline polypropylene, whose value is given in
the literature (207 J·g−1).

2.2.6. Fourier Transform Infrared Spectroscopy

For the spectroscopic analysis of biocomposites, a Bruker FTIR Vertex 70 spectrometer
was used (Golden Gate; Bruker, Billerica, MA, USA). Spectra were accumulated from
64 scans in the spectral domain of 600–4000 cm−1.

2.2.7. Scanning Electron Microscopy

The characterization of the morphology and surface structure of biocomposites was
performed using a Quanta 200 (FEI) scanning electron microscope (Hillsboro, OR, USA).

2.2.8. Chromatic Measurements

A DATACOLOR SF–300 spectrophotometer (Lawrence Township, NJ, USA) was used
to measure the biocomposite sample colour on the entire visible spectrum. Colour strength
has been evaluated using the Kubelca–Munk equation [38]:

K
S
=

(1 − R)2

2R
(2)

where “R” is the reflectance at sample complete opacity, “K” is the absorption coefficient,
and “S” is the scattering coefficient.

3. Results and Discussions
3.1. Mechanical Properties

The mechanical characteristics of the experimental variants are presented in Table 2.
The 100Co variant is a needle-punched nonwoven material. The slippage of fibres during
testing explains its low tensile strength and high breaking elongation when compared to
biocomposite material characteristics.

Table 2. Mechanical characteristics of coir fibre-reinforced polypropylene biocomposites.

Variant Tensile Strength
(MPa)

Breaking Elongation
(%)

Bending Strength
(MPa)

Bending Modulus
(MPa)

100PP 20.33 ± 0.96 14.1 ± 0.73 37.3 ± 4.17 1123.8 ± 142.7
25Co75PP 15.02 ± 1.06 3.6 ± 0.29 29.2 ± 4.35 1332.6 ± 215.88
50Co50PP 10.6 ± 1.16 4.4 ± 0.53 21.5 ± 3.95 980.7 ± 185.35
75Co25PP 8.06 ± 1.22 5.2 ± 0.87 14.4 ± 2.82 720.5 ± 146.9
100Co 0.86 ± 0.08 64.5 ± 7.32 – –

As can be seen in Table 2, the tensile strength of coir fibre-reinforced biocomposites
decreased when the content of coir fibres increased due to an increase in the interfacial area
between fibres and matrix. The weak bond at the fibre–matrix interface does not allow a
good transfer of stress from the matrix to the fibres. This result agrees with the results of
other authors [27,29]. The tensile strength of all biocomposite variants was lower than the
tensile strength of the 100PP variant.

The breaking elongation of biocomposite variants increased as the content of coir fibres
increased. A rise in the content of reinforcement fibres leads to fewer bonds between fibres
and matrix and makes fibres prone to slipping. The breaking elongation of biocomposite
materials is lower than the breaking elongation of 100PP due to the large difference between
the breaking elongations of the biocomposite materials constituents. Moreover, the insertion
of rigid coir fibre in the PP matrix decreases the mobility of the PP molecular chains that
cannot move easily in the biocomposite materials.
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It can be noticed from Table 2 that the bending strength of coir fibre-reinforced bio-
composites decreased with the rise in coir fibre loading. This behaviour can be explained
by the decrease of fibre–matrix interactions. At high content of coir fibres, the PP matrix
cannot completely cover the fibre surface. The bending strength of coir fibre-reinforced PP
biocomposites is generally lower than that of PP-based biocomposites reinforced with other
lignocellulosic fibres. This can be explained by the lower cellulose content (32–42%) and
the fibrillar structure of coir fibre. The microfibril angle of the secondary cell wall is higher
(30–49◦) than in other fibres which leads to a low degree of orientation of the cellulose
chains and, consequently, to a low mechanical performance [14,39–41].

As regards the bending modulus, its value increased with the increase of the amount of
coir fibre in the biocomposite up to 25%. This increase in bending modulus can be attributed
to coir fibre which has a higher bending modulus than the thermoplastic PP matrix. The
increase in the content of coir fibres in the biocomposite material led to an increase in the
rigidity of the material. Thus, the mobility in the amorphous regions is lower with the
incorporation of coir fibres in the polymeric matrix (PP) because the coir fibres are more
rigid than the polymeric matrix [26]. However, at higher coir fibre contents, the bending
modulus showed lower values, probably due to the decrease of fibre–matrix interactions.

3.2. TG and DTG Analysis

The TG and DTG thermogravimetric curves of biocomposite materials are shown in Figure 1a,b.

Figure 1. TG curves (a) and DTG curves (b) for coir fibres, polypropylene, and biocomposite materials.

In the first step, the thermogravimetric curves of the two components that form the
biocomposite material were analysed: polypropylene fibre and coir fibre. In the second step,
the biocomposite materials were analysed, obtaining information about the degradation
temperatures, mass losses, melting temperatures, crystallization temperatures, and the
degree of crystallinity of the materials.

The TG diagram of the PP fibre shows that the maximum degradation of the fibre
occurs in the temperature domain 358–469 ◦C, when there is a decrease in the sample mass
of 98.14% (Figure 1a). The DTG diagram shows that the maximum degradation rate occurs
at 442 ◦C (Figure 1b) [42].

The TG and DTG diagrams obtained for coir fibre confirm that the mass losses occur in
three stages. The first stage comprises the temperature range between 51.4 ◦C and 103.52 ◦C
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(with a maximum at 70.47 ◦C). The peak at 70.47 ◦C can be attributed to the moisture loss
from the cellulosic fibre. This is followed by an area in which the fibre degradation is very
small, in the range of 103.52–213 ◦C, in which the mass losses are practically zero. This is
the maximum temperature range in which coir fibre can be used.

The greatest degradation of coir fibre occurs in the second stage between 249 ◦C and
345 ◦C when the mass loss is very high. The steep peak at 328 ◦C is mainly associated with
the degradation of lignin, an important component of coir fibre, and the peak at 280.1 ◦C
can be assigned to the degradation of cellulose and hemicellulose [43–47]. Mass losses also
occur in the third stage in the temperature range 345–608.39 ◦C (the peak of 457.87 ◦C can
be assigned to the degradation of lignin, cellulose, and PP).

From the analysis of the TG and DTG curves of 75Co25PP biocomposite material
consisting of 75% coir and 25% PP (Figure 1a,b), the following conclusions can be drawn:

1. In the first stage, in the temperature range between 48.86 ◦C and 91.67 ◦C, there is a
loss of mass due to the removal of moisture from coir fibres (4.8%). The maximum
degradation rate is recorded at a temperature of 64.71 ◦C.

2. In the second stage, for the temperature range between 250.19 ◦C and 342.26 ◦C the
mass losses are higher, reaching a maximum value at the temperature of 278.07 ◦C, a
temperature that can be attributed to cellulose and hemicellulose degradation. The
peak at 328.31 ◦C is assigned to both the degradation of hemicellulose and cellulose
and the degradation of PP fibres [48].

3. In the last temperature zone, between 391.99 ◦C and 477.66 ◦C, the maximum degra-
dation rate is recorded at a temperature of 451 ◦C and corresponds both to the degra-
dation of lignin and cellulose, but also to the degradation of PP.

From the analysis of TG and DTG diagrams of 50Co50PP biocomposite material results
in the first stage, up to a temperature of 252 ◦C, the mass losses are very small because
the coir fibres are completely covered by the polymeric matrix (PP). For temperatures
higher than 252 ◦C, the mass losses increase, reaching a maximum value at a temperature
of 277.07 ◦C, a temperature that corresponds to the degradation of hemicellulose, cellulose,
and the beginning of lignin degradation. The second highest rate of degradation occurs at
329.97 ◦C and can be assigned to the degradation of cellulose, hemicellulose, and lignin. In
the last stage, the degradation of lignin and PP from the biocomposite material continues.
The maximum mass loss rate occurs at 460.38 ◦C.

In the case of 25Co75PP biocomposite materials, up to a temperature of 253 ◦C, the
mass losses are very small. Above this temperature, the first changes in mass loss occur.
In the first two stages, the mass losses are produced with a low rate of degradation and
correspond to the temperatures of 268.20 ◦C and 330.29 ◦C, respectively. These can be
assigned to the breakdown of hemicellulose and the degradation of cellulose. In the last
stage, a higher degradation rate occurs in the temperature range between 411.29 ◦C and
483.49 ◦C (with the peak at 459.41 ◦C). These losses can be assigned to the degradation of
cellulose, lignin, and PP.

As expected, the mass losses of biocomposites increase with increasing temperature
(Table 3). Therefore, the weight loss and degradation temperature increase with decreasing
coir fibre content. For mass losses of more than 15%, biocomposites with a coir fibre content
of less than 50% have a higher temperature resistance compared to 100% PP fibres.
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Table 3. Degradation temperature (◦C) and mass loss of biocomposite materials.

Mass Loss (%)
Process Temperature (◦C)

100Co 75Co25PP 50Co50PP 25Co75PP 100PP

2.5 67 222.8 223.1 290.89 366
5 222.7 256.9 284.2 324.7 372.1

10 249.9 284.1 324.9 378.9 385.6
15 263.6 304.5 358.7 411.9 394.1
20 278.2 321.2 406.1 426 405.1
25 284.1 330.8 419.4 435.1 410.5
50 332.3 432.8 452.9 454.3 433.1

3.3. DSC Analysis

The DSC diagrams that indicate the behaviour in the heating and cooling process of
coir fibres, polypropylene fibres, and biocomposite materials are presented in Figure 2a,b.

Figure 2. DSC (heating process) curves (a) and DSC (cooling process) curves (b) for coir fibres,
polypropylene, and biocomposite materials.

The DSC curve corresponding to the heating process of the coir fibre exhibits an
endothermic peak around the temperature of 79.93 ◦C, attributed to the removal of the
moisture from the fibre by evaporation. In the DSC plot, no clear endothermic point is
observed for coir fibre due to the low moisture content of the fibre. These results are
consistent with the small mass losses obtained by TG analyses (where mass losses are 2.5%
according to Table 3). For temperatures higher than 79.93 ◦C, there are no changes in the
heating process or in the cooling process on the analysed temperature range.

PP fibre has an endothermic peak in the temperature range from 153.68 ◦C to 171.69 ◦C,
with a maximum at 164.74 ◦C. In the cooling process, the PP fibre shows an exothermic
peak in the temperature range 116.95–105.75 ◦C, with a maximum at 112.15 ◦C.

The biocomposite material consisting of 25Co75PP has two endothermic peaks: the
first located in the temperature range 26.57–77.22 ◦C, with a maximum at 70.13 ◦C which
can be attributed to the elimination of humidity, and a second within the temperature range
153.2–171.33◦C has a maximum temperature of 167.18 ◦C. In the cooling process, crystalliza-
tion occurs in the temperature range 119.58–109.21 ◦C, with a maximum at 114.46 ◦C.
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In the case of biocomposite materials made of 50Co50PP, two endothermic peaks appear.
The first peak located in the temperature range 36.64–109.24 ◦C, with a maximum at 71.78 ◦C
corresponding to the elimination of moisture from the analysed material, and a second peak
between 154.74 ◦C and 171.48 ◦C, with a maximum at 166.99 ◦C corresponding to the melting
of PP from the biocomposite material. In the cooling process, the exothermic peak appears in
the temperature range 121.07–111.14 ◦C, with a maximum of crystallization at 116 ◦C.

The DSC diagrams of the 75Co25PP biocomposite materials show a process of remov-
ing moisture through an endothermic effect in the temperature range between 17.15 ◦C
and 105.20 ◦C, with a maximum at 64.80 ◦C and a second endothermic process in the
temperature range of 152.33–169.40 ◦C when PP melts (with a maximum at 165.28 ◦C). The
cooling process followed by the crystallization of the biocomposite material takes place in
the temperature range between 120.96 ◦C and 111.55 ◦C, with a maximum at 115.99 ◦C.

From the DSC diagrams corresponding to the cooling process (after the second heat-
ing), the crystallization enthalpy (∆HC) and the melting enthalpy (∆Hm) were determined.
Using the Equation (1), the degree of crystallinity (χcomp) of the biocomposite materials
was calculated. The obtained results are presented in Table 4.

Table 4. DSC data of biocomposite materials.

Sample
First Heating Cooling Second Heating

Tm (◦C) ∆Hm (J/g) * Tc (◦C) ∆HC (J/g) χcomp
(%) Tm (◦C) ∆Hm (J/g) ** χcomp

%

100Co – – – – – – –
75Co25PP 165.28 35.8 115.99 42.33 20.44 162.62 37.82 18.27
50Co50PP 166.99 50.32 116 58.04 28.03 163.66 52.84 25.52
25Co75PP 167.18 59.64 114.46 72.12 34.84 164.36 61.33 29.62

100PP 164.74 74.40 112.5 93.56 45.19 167.54 81.67 39.45

* First heating; ** Second heating.

The diagram of the cooling process shows an increase by about 3.5 ◦C of the crys-
tallization temperature of biocomposites compared to the PP matrix (Figure 2b). These
temperatures increase from 114.46 to 116 ◦C with the increase in coir fibre content. The
obtained results are also in agreement with the decrease of the biocomposite global crys-
tallinity as the coir fibre content increases. This can be explained by the reduction of the
adhesion between the coir fibre and the PP matrix confirming that the coir fibres behaved
as nucleating agents, and therefore, the PP in the biocomposite matrix began to crystallize
at a temperature above 112.15 ◦C [49–53].

Figure 2a and Table 4 show that in comparison with the melting temperature of
the PP matrix, during the heating process, the melting temperature of the biocomposite
materials decreased slightly as the coir fibre content increased.

Analysing the values of melting enthalpies (∆Hm) of biocomposite materials, it can be
concluded that their values are lower than those obtained for the PP matrix. This allows us
to say that coir fibre causes a decrease in the value of the melting enthalpy of biocomposite
materials, and therefore, their degree of crystallinity. A similar behaviour has been reported
by other researchers [54,55].

This decrease in the melting temperature with the increase in the reinforcing agent
content in the biocomposite material can be explained by the weak interactions between the
PP fibre which has nonpolar groups and the coir fibre which is a hydrophilic lignocellulosic
fibre. These behaviours are also confirmed by SEM images when determining the bending
strength of biocomposites, it is observed that the PP matrix detaches from the coir fibres,
thus confirming weak bonds at fibre–matrix interface.

3.4. ATR-FTIR Analysis

The ATR-FTIR spectra of coir fibres, polypropylene, and biocomposite materials are
shown in Figure 3a–e.
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Figure 3. ATR-FTIR spectra of (a) 100Co; (b) 75Co25PP; (c) 50Co50PP; (d) 25Co75PP; and (e) 100PP.

The wide band between 3402 cm−1 and 3358 cm−1 is characteristic to the stretching
vibrations of the –OH groups present in the cellulose and hemicellulose of the coir fibre. The
peaks in the range 2957–2852 cm−1 in the FTIR spectra of coir fibre, polypropylene, and
biocomposite materials can be attributed to both types of stretching vibrations (symmetrical
and asymmetrical) of the C–H bonds in CH2 groups containing coir fibre and polypropylene
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fibre [56,57]. The peaks at 1724 cm−1 in the FTIR spectrum of coir fibre and at 1736 cm−1 in the
FTIR spectrum of biocomposite materials can be attributed to the stretching vibrations of the
C=O bonds of lignin, pectins, hemicelluloses, and wax present in the coir fibre. As the coir fibre
content in the biocomposite materials decreased, the intensity of the peak also decreased [58].

Peaks occurring between 1649 cm−1 and 1605 cm−1 can be assigned to the stretching
vibrations of the C=C bonds and the stretching vibrations of the C=O groups in lignin [59].
The peak recorded between 1460 cm−1 and 1456 cm−1 in the FTIR spectrum of PP and coir
fibres, and in the FTIR spectra of biocomposite materials corresponds to the bending vibra-
tions of the C–H bonds from the CH2 and CH3 groups of propylene and the CH2 groups
of cellulose and lignin. The peak located at approximately 1375 cm−1 corresponds both
to the stretching vibrations of the C–H bonds present in cellulose and hemicellulose, and
to the asymmetric stretching vibrations of the C–H bonds in the CH2 and CH3 groups
in polypropylene [60,61]. The peaks in the range 1261–1242 cm−1 are attributed to the
tensile vibrations of the C–O bonds in the ether group and the stretching vibrations of the
O–H groups in lignin. Peaks around 1100 cm−1 are attributed to asymmetric stretching
vibrations of C–O–C and C–O bonds in cellulose, hemicellulose, and lignin [62]. The peak
at 1167 cm−1 in the FTIR spectrum of polypropylene is attributed to the swing vibrations
of the C–H bonds in the CH2 and CH3 groups [63].

The peak recorded at 1035 cm−1 in the FTIR spectrum of coir fibre and at 1045 cm−1 in
the FTIR spectrum of biocomposites is attributed to the stretching vibrations of C–O bonds
(C–O–C glycoside bonds in cellulose and hemicellulose, C–OH phenolic groups in lignin and,
respectively, etheric C–O–C bonds in lignin) [64]. The decrease in peak intensity and the shift
of the wavelength from 1035 cm−1 to 1045 cm−1 as the PP/coir ratio increases may be due
to the steric hindrance that occurs by increasing the amount of PP in the composites. The
peak around 898 cm−1 is due to symmetrical stretching vibrations of β–glycosidic bonds in
cellulose and hemicellulose [65]. The presence of peaks located at 728–725 cm−1 is related to
the bending vibrations outside the plane of the C-H bonds in the aromatic ring [66,67].

3.5. SEM Analysis

The PP matrix, coir fibre and biocomposite materials were analysed morphologically.
Images were taken at 200×, 500×, and 1000× magnitudes (Figure 4a–k).

The SEM analysis shows that the coir fibre has a diameter of about 160 µm, and a
rough surface that results in a rougher topography of the surface (Figure 4a,b). This surface
can have an advantage that can provide increased adhesion to the PP matrix and also
a mechanical interlocking of the polymer in the fibre. The PP matrix has a specifically
compact, homogeneous structure (Figure 4c,d). SEM images on the 100% PP matrix show
that the surface is smooth and the polymer forms a continuous film [68].

From a morphological point of view, a good adhesion between the components presup-
poses a compact structure, in which the reinforcing agent is evenly distributed in the matrix.
Figure 4e,j show the SEM images of the obtained biocomposite materials, respectively,
the effect of the coir fibre content on the morphology of the Co–PP biocomposites. For
a composition of 25–50% coir, it can be seen that the fibres are well-embedded in the PP
matrix. When the coir fibre content increases to 75%, fibres that are not well-incorporated
into the matrix can be noticed. Thus, the SEM images provide an explanation for the
decreasing trend of the tensile strength. Additionally, from the SEM analyses, it can be seen
that with the increase in the coir fibre content, the degree of coverage of the fibres with the
PP matrix decreases. Thus, the 25Co75PP biocomposite material shows a total degree of
fibre coverage, while the 75Co25PP biocomposite presents a series of holes (cavities), which
confirm the above statement.
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Figure 4. Cont.
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Figure 4. SEM images of (a,b) coir fibres; (c,d) polypropylene; (e,f) 25Co75PP; (g,h) 50Co50PP;
(i–k) 75Co25PP.



Crystals 2022, 12, 1249 13 of 16

When determining the bending strength of biocomposites, it was observed that the
PP matrix detached from the coir fibres, thus confirming weak bonds between the rein-
forcements and the matrix (Figure 4k).

3.6. Chromatic Measurements

In the process of obtaining composite materials, a series of products are used such
as matrices, reinforcing agents and various other products with a role of compatibilizing
agents, fillers, etc. The manufacturing process of biocomposite materials changes the colour
of the initial mixture. As a result of temperature and pressure, the PP matrix melted and
spread throughout the coir fibre mass. These substances can be coloured or colourless.
Finally, the obtained composite material may have a certain colour. Depending on the
final destination of the composite material, certain colours are required. These can be
standardized, and depending on the conditions of obtaining a series of standards, a well-
established colour can be elaborated. In this sense, in the present paper, a series of chromatic
measurements were performed in order to assess the obtained biocomposite materials on
the entire visible spectrum by determining the colour intensity (K/S). The results are shown
graphically in Figure 5.

Figure 5. Spectral curves of colour intensity variation of biocomposite materials obtained from
polypropylene and coir fibres on the visible range.

The chromatic characteristics of the biocomposites were influenced by the ratio between the
coir fibre and the matrix. In all the analysed variants, the colour intensity of the biocomposites
increased with the increase in the content of coir fibre which has a slightly brown colour.

4. Conclusions

The conducted research led to the following conclusions:

1. Coir fibre-reinforced polypropylene biocomposite materials were obtained in various
reinforcement agent–matrix mixing ratios.

2. The tensile and bending strength of biocomposites decreased when the coir fibre
content increased due to the weak bonds from the fibre–matrix interface.

3. The analysis of the TG and DTG diagrams showed that the mass losses of biocomposite
materials increased with increasing temperature. Moreover, for the same mass loss,
the degradation temperature increases with increasing coir content. For mass losses
greater than 15%, the biocomposite materials with a maximum coir fibre content of
50% had a higher temperature resistance compared to the 100% PP fibres.
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4. The DSC diagrams confirmed that the values of melting enthalpies (∆Hm) of biocomposites
are lower than those obtained for the PP matrix and therefore, a decrease in the overall
crystallinity of the biocomposites with increasing coir fibre content was registered.

5. The FTIR spectra confirmed the presence of the two fibres and the changes that
occur with the variation of the ratio between the two components used to obtain the
studied biocomposites. From the analysis of SEM microelectrophotographs, it has
been observed that with the increase of coir fibre content the degree of coverage of
fibres with PP matrix decreased, so for 25Co75PP biocomposites, it appeared as a
total coverage, while for 75Co25PP biocomposites, a series of holes appeared which
confirms the above statement.

6. From the analysis of the spectra, the colour intensity of the samples increased with
the increase in the content of coir fibres which have a slightly brown colour.

7. Due to its properties and low cost, coconut fibres are increasingly used to obtain
composite materials containing thermoplastic polymer matrices.

8. The biocomposite materials obtained from pp fibres and coconut fibres can be used in
various fields such as the furniture industry, cars, constructions, etc.
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