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Within the cheese industry is used the milk of a specific species of sheep whose wool is not suitable for the fibre
industry. Therefore, this fibre becomes a waste by-product. To take advantage of this waste, the formulation of a
fibre-reinforced polymer based on a poly(lactic acid) (PLA) matrix plasticised with maleinised linseed oil (MLO) is
proposed. The work began by evaluating the feasibility of four fibre-cleaning processes. Then, to study the
composition and processing conditions of the material, a complete factorial design of experiment 22, improved with
four centre-points, was considered. Afterwards, the mechanical and thermal properties of the formulations were
assessed. The results showed that the most suitable washing method was the one similar to the industrial cleaning
process. The reprocessing of the material increased its homogeneity due to an improvement in the fibre–matrix
interface. The Pareto chart showed that there was no interaction between the wool content and the number of
times the material was reprocessed. In general, the addition of sheep wool to a PLA/MLO matrix did not significantly
modify the mechanical and thermal properties of the matrix. These results indicate a viable alternative to reduce the
wool waste generated in the food industry by means of new bio-based material formulations.
Notation
f poly(lactic acid) (PLA) weight fraction in each

fibre-reinforced polymer
Tcc cold crystallisation temperature
Tg glass transition temperature
Tm melting temperature
Xc degree of crystallinity
DHcc cold crystallisation enthalpy
DHm melting enthalpy
DH0

m melting enthalpy of purely crystalline PLA (93 J/g)

1. Introduction
Wool is an animal-derived fibre essentially composed of proteins and
amino acids and constituted by a complex assembly of phases of
different compositions.1,2 Wool fibre, as well as other fibres, has
rather good elastic and medium mechanical properties, but it is better
known not only for its ability to regulate moisture and as an insulator
of temperature and sound,3–5 but also as a sustainable and natural
material and an absorber of volatile organic compounds.6,7 Indeed,
wool has an insulating ability just a little weaker than mineral and
glass wool, for example (0·05 against 0·04W/(m K)).8,9 All of these
characteristics have caused this natural fibre to be used by humans in
textile applications for more than 3000 years.10 Nowadays, the world
situation is that the wool of one species called ‘Merino’ has a quasi-
monopoly on the aforementioned textile applications of sheep wool
thanks to its great softness.1,2
In contrast, there is a species of sheep that is specifically raised
for its milk and for producing cheese. Therefore, the wool derived
from this species appears to be a by-product since the wool of this
particular species is not the most wanted for the textile industry,
which represents the most common use of this raw material.
According to the Food and Agriculture Organization of the UN,
the world’s production of grassy wool was about 1·4Mt from
2013 to 2017.11

Poly(lactic acid) (PLA) is one of the most commonly known
biodegradable polymers.12,13 This material has a density between
1·21 and 1·43 g/cm3,14,15 a melting point between 150 and 180°C
and a glass transition temperature reported to be 60°C.16–18 Its
price is around US$2000–5000/t.19 The total amount of plastics
produced in 2017 was 348Mt, of which 2·11Mt were bioplastics,
where PLA represented 10·3%.20,21 The lactic acid monomer
naturally exists in several organisms, and for the production of
PLA the fermentation of starch using bacteria must take place.22

Then, the polymer is created essentially using the ring-opening
polymerisation method.13,23,24 Furthermore, PLA is considered a
compostable polymer because it is degraded and disintegrated
under special industrial composting conditions, which often occur
at 60°C in the presence of microorganisms.12,25

Thanks to its biocompatibility, PLA has been extensively used in
medicine to make implants, for the controlled release of drugs, in
1
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biodegradable surgical sutures and in biodegradable fixation devices,
such as screws, plates and pegs.13,26 Currently, the use of PLA in
packaging is increasing due to the growing consideration of the
environmental impact of plastics.18,27 Moreover, it has been used for
three-dimensional printing because it can be easily shaped.28,29 The
advantages of PLA, such as low toxicity, biocompatibility, easy
shaping and compostability, have led to a forecast of increasing
growth of the PLA market despite the poor mechanical performance,
low temperature resistance and high market price of PLA compared
with those of other polymers.30

In the materials engineering field, fibre-reinforced polymers (FRPs)
have been employed, mainly to replace traditional materials in many
structural applications.31–33 Likewise, to improve PLA properties,
such as temperature resistance, fire resistance and mechanical
properties, some papers reported the study of the PLA matrix with
different fibres. For instance, FRPs based on a PLA matrix reinforced
with flax34,35 or sisal36 were used to make a 100% bio-based
material. Furthermore, lignin has been also studied as a natural
reinforcement for PLA.37 Results showed that it was possible to
process the blends and to improve some of the properties of virgin
PLA. In addition, wool has also been extensively experimented with
as a reinforcement through many different kinds of FRPs, using
different matrixes, polypropylene,38–44 polyester45,46 and others.47,48

In many of these studies, the results showed that wool fibres were
not only used as mechanical reinforcement fibres, but also as a fire
retardant, due to their great thermal properties.49,50

Similarly, many natural plasticisers have been used to improve
PLA properties, as an environmentally friendly alternative to
traditional petroleum-based plasticisers. In this context, some
natural vegetable oils and epoxidised vegetable oils have been
employed at the industrial level.24,51,52 Thus, in a previous work,
maleinised linseed oil (MLO) was used as a natural plasticiser and
compatibiliser for PLA blends, where it was found that the
chemical structure of this plasticiser, which contains maleic
anhydride groups, allows some reactions with the hydroxyl
groups of PLA. Consequently, MLO (at low contents, i.e.
2
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2–6 parts per hundred resin) leads to an improvement in the
mechanical properties of PLA blends.24 On this basis, it was
decided to add MLO to the PLA matrix, to attempt to obtain an
FRP with improved mechanical performance.

To sum up, a study to obtain a biocomposite or a bio-fibre-
reinforced polymer using PLA and wool fibre does not seem to
have been conducted yet, as it has not yet been reported in the
literature. Consequently, the aim of this work was to study the
feasibility of producing an FRP using PLA as the matrix and
wool fibre as the reinforcement to generate an alternative value
for this by-product of the alimentary industry and to reduce the
wool waste generated in the sheep cheese production process.
First, the work began to study the cleaning methodology to obtain
wool fibres suitable to use as reinforcement material. Then, a
complete factorial design (CFD) of experiment 22, improved with
four centre-points, and two blank samples were considered to
assess the influence of the wool composition and the number of
times the material was reprocessed on the properties of the FRP.
Moreover, a complete characterisation in terms of mechanical,
thermal and microstructural properties was conducted in each
material obtained in the development of the designed experiment.
2. Experimental section

2.1 Wool fibre preparation
The first step of the work was to find an efficient way to clean the
wool, to sort it and to cut it in order to be able to use it as a
reinforcement material in an FRP. The received wool came
directly from the shearing of sheep, so it was extremely dirty and
not sorted, as shown in Figures 1(a) and 1(b). It was composed
not only of wool, but also of plenty of vegetables, faeces, soil and
grease called lanolin, which is invisible to the human eye.

The wool was first sorted by hand in order to remove as much
dirt as possible, including big aggregates of waste. It was also
sorted depending on the different parts of the animal’s body it
came from in order to get homogeneous fibres, considering the
(a) (b) (c)

Figure 1. (a) Raw wool fleece; (b) dirty wool as received; (c) optical microscopy image at ×56 zoom of dirty wool fibres
ission by the ICE under the CC-BY license 



Green Materials A new bio-based fibre-reinforced
polymer obtained from sheep wool short
fibres and PLA
Aldas Carrasco, Rouault, Ferri Azor, López-Martínez and
Samper Madrigal

Downloaded by
fact that their properties can differ, according to Charlet et al.53

Then, the wool was stretched by hand in order to make the
following wash process easier.

Several wool-washing processes were assessed with samples of
raw material to find the most efficient one for the aim of this
work. The first experiment was conducted with a bath using
distilled water at 50°C, sodium hydroxide (NaOH) (pH = 12) and
commercial detergent, based on the washing process performed in
the industry, as well as in textile craft. Then, based on the
literature and the results obtained in the first bath, it was decided
to use sodium carbonate instead of sodium hydroxide as a weaker
product.54,55

Therefore, four trials of washing processes (A, B, C and D) were
studied with different samples of wool in order to find the best
methodology for the purpose of this study. The washing processes
were performed in a home-type laundry machine as follows

■ process A: one water wash (using only water), plus one wash
using detergent, plus rinse

■ process B: one water wash, plus one wash using detergent,
plus one water wash, plus rinse

■ process C: one wash using sodium carbonate, plus one water
wash, plus one detergent wash, plus one water wash, plus
rinse

■ process D: one water wash, plus one wash using sodium
carbonate and detergent, plus one water wash, plus rinse.

All the washing processes were performed under the following
conditions

■ 500 ml of distilled water at 50°C
■ sodium carbonate, pH = 9, 1 g per 500 ml
■ 10 ml of detergent
■ 30 min of the washing process.

Additionally, the percentage of weight loss after each washing
process was measured to quantify the dirtiness removed as an
indicator of the performance of the process, since raw wool can
contain up to a third of its weight in lanolin,56,57 without taking
into account the other kinds of impurities, as shown in Figure 1(c)
(the red arrows show lanolin and impurities).

Finally, after the cleaning process, the wool fibres were carded to
align the fibres to allow the use of wool in an FRP. The carded
wool was cut with scissors into 2 cm length.

2.2 FRP formulation
Commercial-grade PLA, Ingeo Biopolymer 6201D, was supplied
by NatureWorks LLC (Minnetonka, MN, USA). Its density was
1·24 g/cm3, and it contained about 1·5% d-isomer. MLO was
supplied by Vandeputte (Mouscron, Belgium). The MLO weight
percentage was fixed at 10 wt.% with respect to the PLA content
according to a previous work.24 The wool content was established
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as minimum of 1 wt.% and maximum of 11 wt.% fibres in the
formulations, based on preliminary processing tests. PLA and
wool were dried in an air-circulating oven for 4 d at 40°C. Then,
each studied formulation was prepared. First, each component of
the formulations was mixed in a plastic container.

Next, the prepared formulations were processed in a twin-screw
extruder (Dupra SL, Castalla, Spain), with the following
temperature profile: 175/180/180/170°C (from hopper to die) at
20 revolutions per min. The FRPs were allowed to cool, and then
they were milled. Afterwards, the milled material was injected in
an injection moulding machine (Sprinter-11, Erinca SL,
Barcelona, Spain) to obtain injection moulding test specimens.
The temperature profiles for the injection process was set as 170/
180/175°C (from hopper to die). The test specimens were
standard rectangular specimens (80 × 10 × 4mm) and standard
tensile specimens 1BA according to UNE-EN ISO 527-1:2012.58

The schematic process followed to obtain and characterise the
wool–PLA FRP can be seen in Figure 2.

2.3 Design of experiment
As it was noticed that the milling of the FRP had been logically
reducing the size of the fibres into the matrix, it was decided to
use the number of times that the material was milled and extruded
(reprocessed) as a variable of the study. Theoretically, this would
allow both reduction of the size of the fibres and improvement of
the homogeneity of the blend. Therefore, for studying this
variable, some steps for formulating the FRP were repeated as
necessary, specifically extruding, cooling and milling. In this
work, reprocessing once and three times were studied.

Therefore, the design of experiment chosen in this work was a
CFD 22, with two factors (wool wt.% and number of times of
reprocessing (extruding/milling)) and two levels – namely, 1 and
11 wt.% wool content of the material and carrying out
reprocessing (the extruding/milling process) once and three times.
Thus, four runs were assessed without replication, labelled 1%x1,
1%x3, 11%x1 and 11%x3. The design was improved by adding
four centre-point runs to provide information on variability and to
make the analysis of variance possible. These points were labelled
6%x2_A, 6%x2_B, 6%x2_C and 6%x2_D. In addition, two trials
were conducted with PLA and PLA + MLO formulations, as
blank samples, and an additional point (6 wt.% wool and one
milling, labelled 6%x1) was added. In total, 11 blends were
processed and characterised. The software employed to analyse
the data from the design of experiment was Minitab.

2.4 Characterisation
The Shore D hardness of samples with 4 mm thickness was
measured using a model 673-D durometer from Instruments J.Bot
SA (Barcelona, Spain), in accordance with ISO 868:2003.59 The
mean of the measurement of five specimens is reported as the
hardness value, as required by the standard. The resistance to
Charpy’s impact was measured using a Metrotec SA machine
(San Sebastian, Spain), using a 6 J pendulum as per ISO 179-
3
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1:2010.60 Following the standard guidelines, ten specimens were
tested, and the mean was reported.

The tensile and flexural properties of the FRP were determined
using an Ibertest Elib 30 universal testing machine of SAE
Ibertest (Madrid, Spain) at room temperature. The tests were
performed with a 5 kN loading cell, and the test speed was
10 mm/min for tensile tests and 5 mm/min for flexural tests,
following UNE-EN ISO 527-1:201258 and ISO 178:2010,61

respectively. At least five samples of each formulation were
assessed, according to the standards’ instructions. The maximum
strength, Young’s modulus, the elongation at break and the
flexural strength are reported.

Differential scanning calorimetry (DSC) assessments were
conducted using a DSC 2000 calorimeter from TA Instruments
(New Castle, DE, USA) in an aluminium pan, under a nitrogen
atmosphere (50 ml/min), with a ramp from 25 to 250°C, at a
heating speed of 10°C/min. The glass transition temperature (Tg),
melting temperature (Tm), cold crystallisation temperature (Tcc),
cold crystallisation enthalpy (DHcc), melting enthalpy (DHm) and
the degree of crystallinity (Xc) were determined from the DSC
curves.

The degree of crystallinity in percentage Xc (%) of the formulated
wool–PLA FRP was evaluated according to the following
equation

Xc ð%Þ ¼ DHm − DHcc

f � DH0
m

� 100
1.
4
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where DH0
m is the melting enthalpy of purely crystalline PLA

(93 J/g) and f is the PLA weight fraction in each FRP.62

Finally, scanning electron microscopy (SEM) of the fracture surface
of the impact specimens was carried out using Phenom SEM
equipment from FEI (Eindhoven, the Netherlands) with a voltage of
5 kV. The samples were fixed to the carrier with double-faced
graphite adhesive and subsequently coated with a gold–palladium
alloy to allow electrical conductivity, on an Emitech SC7620 sputter
coater (Quorum Technologies, East Sussex, UK).

3. Results

3.1 Wool fibre-washing process
The baths with distilled water (50°C), sodium hydroxide (pH =
12) and commercial detergent involved a complete loss of the
original physical aspect of the fibres, which means indubitably
that the high pH of the solution was altering the structure of the
fibres. Indeed, they were huddled and were compacted in such a
way that it was seriously affecting the washing process.
Therefore, it was decided to use sodium carbonate as a weaker
product instead of sodium hydroxide.

Figure 3 shows the optical microscopy view of the clean fibre after
the different washing processes. As observed, the differences
between the cleaning methodologies are insignificant. Nevertheless, it
is possible to see that the fibres with fewer impurities and less
dirtiness on their surface correspond to cleaning method D.

Regarding the percentage of weight loss, calculated as an indicator of
the washing process performance, as shown in Figure 4, the highest
percentage of dirtiness was removed by processes A and D. In
Preparation Extrusion Cooling

M
illing

InjectionTesting

Figure 2. Methodology followed to formulate and assess the FRP of wool–PLA/MLO
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addition, these cleaning methods required fewer steps than process C,
which is not suitable when big volumes of raw wool need to be
washed, such as in the present study. Process B removed the least
amount of dirtiness among the four methods assessed. Furthermore,
since process A was performed in a laundry machine, the wool fibres
were very compacted after the cleaning process, which could make
the next steps of the study difficult. Therefore, the method chosen to
be used in this study, and for large-scale washing, was process D.

Consequently, as a result of the previous washing process
experiment and based on the results, to clean 2 kg of raw wool,
the following conditions were established: bath volume: 60 l;
water temperature: 50°C. The wool-cleaning process consisted of
the following steps: (a) 20 h of settling in water in order to take
off the main part of soil, dust and dirt; (b) 5 h in water with 30 g
of sodium carbonate (pH = 9) and 200 ml of detergent to take the
grease off; (c) 14 h in water as first rinsing to take the foam off;
(d ) 4 h in water to eliminate chemical residue; and (e) finally,
wringing, dispersing and spreading the wool on a clean 3 m2

surface, to allow drying of fibres, for 3 d. The washing process
A

C D

B

Figure 3. Optical microscopy images at ×56 zoom of fibres from different cleaning processes labelled A, B, C and D
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Figure 4. Weight loss of wool fibres after each washing process
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was performed in big plastic buckets. Figure 5 shows the results
of the final steps of the described process.

3.2 Characterisation and design of experiment results
Table 1 shows the results for the different FRP mechanical
properties determined in terms of hardness and Charpy’s impact,
as well as the results of tensile and flexion tests.
6
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Regarding the hardness of the materials, it is possible to observe
that the materials containing wool had values similar to those of
the control materials (PLA and PLA + MLO). The standard
deviation of hardness was not very high, which is indicative of
the homogeneity of the material, in terms of this property. In
contrast, it can be observed that the incorporation of wool in the
biodegradable matrix (PLA and PLA + MLO) decreased the
(a) (b)

(c) (d) (e)

Figure 5. (a) Final wool-washing process; (b) drying process; visual appearances of (c) clean wool, (d) carded wool and (e) 2 cm cut wool
employed in the FRP formulation
Table 1. Variation of Shore D hardness, Charpy’s impact energy and mechanical and flexural properties of the studied materials
Formulation

Hardness
(Shore D)
Charpy’s impact
energy: kJ/m2
Maximum
strength: MPa
ission by
Young’s
modulus: MPa
 the ICE under the CC
Elongation at
break: %
-BY license 
Flexural
strength: MPa
PLA
 81·20 ± 1·54
 0·90 ± 0·07
 63·6 ± 0·9
 2389 ± 220
 8·5 ± 1·0
 107·60 ± 5·17

PLA + MLO
 82·08 ± 0·90
 1·58 ± 0·39
 44·3 ± 0·9
 2122 ± 118
 35·4 ± 4·8
 80·30 ± 6·79

1%x1
 79·70 ± 0·90
 0·70 ± 0·18
 37·3 ± 1·8
 1931 ± 162
 50·3 ± 3·1
 55·40 ± 1·89

1%x3
 79·60 ± 0·57
 0·76 ± 0·15
 33·1 ± 0·7
 2051 ± 50
 46·6 ± 4·4
 49·60 ± 0·19

6%x1
 80·16 ± 0·43
 0·50 ± 0·13
 27·1 ± 1·2
 1976 ± 108
 19·8 ± 6·3
 50·60 ± 1·29

6%x2_A
 80·12 ± 0·39
 0·54 ± 0·09
 28·3 ± 0·9
 2060 ± 116
 13·5 ± 3·9
 56·20 ± 8·00

6%x2_B
 79·28 ± 1·87
 0·48 ± 0·08
 25·0 ± 1·4
 1957 ± 71
 15·7 ± 1·9
 43·80 ± 0·42

6%x2_C
 79·04 ± 0·67
 0·61 ± 0·11
 29·5 ± 1·3
 1897 ± 101
 24·3 ± 3·5
 51·10 ± 0·80

6%x2_D
 79·32 ± 0·64
 0·57 ± 0·10
 25·9 ± 2·4
 2023 ± 200
 23·2 ± 4·3
 48·60 ± 4·10

11%x1
 79·00 ± 2·17
 0·55 ± 0·13
 22·6 ±1·8
 2066 ± 169
 12·0 ± 4·3
 42·30 ± 0·63

11%x3
 77·64 ± 0·65
 0·44 ± 0·13
 19·2 ± 0·6
 1904 ± 75
 4·7 ± 1·3
 34·50 ± 3·88
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impact resistance. This behaviour can be attributed to the low
compatibility of the components in the FRP. It is also noted that
in the PLA + MLO material, the impact resistance increased due
to the incorporation of MLO, which acted as plasticiser of PLA
and therefore allowed greater absorption of energy before the
material failed. Finally, it is noted that among the formulated
FRPs, the 1%x3 material had the greatest reported Charpy’s
impact resistance, due to the high homogeneity of the material,
since it contained fewer fibres and was processed three times.

Concerning the mechanical properties, the reinforcement effect of
wool can be confirmed in the formulations containing 1% fibre
(1%x1 and 1%x3). In the values reported in Table 1, an increase
in the elongation at break is verified. This property increased
around 500% with respect to PLA and 42% with respect to
PLA + MLO in the 1%x1 formulation. This was because at low
concentrations of wool, it was much easier for the fibre to be
distributed homogeneously in the matrix and, consequently, the
ductility of the material increased.

In contrast, the maximum strength tended to decrease with
increment of the wool content. This behaviour was due to the low
or null compatibility between the wool and the PLA matrix. It can
be remarked that for the case of the maximum strength of the
11%x3 material, the decrease in the property reached 50%
compared with that of the base material (PLA + MLO).
Regarding the elongation at breakage of the same material, the
reduction in properties represents 86% compared with PLA +
MLO and 45% compared with PLA. Concerning the flexion
properties, the maximum property fall occurred likewise in the
11%x3 material, with a decrease of 57% in the flexural strength.

Moreover, if the properties of the materials that were reprocessed
(1%x3 and 11%x3) are compared, it can be observed that the
more times reprocessing was done, the greater the homogeneity of
the material, since the standard deviation of the properties
decreased compared with that for the samples processed once
(1%x1 and 11%x1). Nevertheless, in any case, the reprocessing of
materials resulted in an improvement of the properties.

Finally, referring to Young’s modulus, this property decreased in
PLA + MLO with respect to that of pure PLA, because MLO
acted as a plasticiser. This behaviour is in good accordance with
the literature.24,62 This draws attention to the observation that the
Young’s modulus values of materials containing wool are
equivalent to each other, regardless of the wool content of the
formulation. This performance resulted because when the number
of times the material was reprocessed increased, the material
tended to be more crystalline, since low-molecular-weight PLA
chains were generated by the thermal degradation processes,
specifically by the scission process produced by hydrolysis during
the processing, generating short chains in the microstructure of
the material.12 These short chains act as a plasticiser and
contributed to a greater crystallinity, and, therefore, the loss of
mechanical properties due to the null PLA–wool interaction with
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the increase of spherulites in PLA, which conferred mechanical
resistance to the materials.

With respect to thermal characterisation, Table 2 shows the DSC
test values of the formulated materials. If the percentages of
crystallinity calculated by the DSC technique (Xc (%)) are
compared between the PLA + MLO formulation and PLA, it can
be observed that the crystallinity of the material increased due to
the presence of MLO, as reported in the literature.62 In addition, it
can be verified that the values of Xc for formulations with the same
wool content increased according to the number of times the
material was reprocessed. This behaviour confirms what was
discussed for Young’s modulus – that is, when the number of times
the material was reprocessed increases, PLA degrades into smaller
chains, which are more easily ordered, and, therefore, Xc
increases.12 Moreover, if the Xc values of the wool-containing
materials are compared with that of PLA + MLO, it can be
observed that the crystallisation decreased because the wool fibres
prevented the ordering of PLA chains. However, at higher
concentrations of wool (11%x1 and 11%x3), the fibres formed
agglomerates between them, which generated, on the one hand,
large domains of PLA and, on the other hand, domains of fibre.
Therefore, the number of crystalline areas in the material increased
again because the crystallisation process was not obstructed by the
fibres, which allowed a greater number of PLA molecules to be
distributed in an orderly manner, and, therefore, a greater number
of crystalline zones were generated in the PLA domains.

Regarding Tg, it was observed that the value decreased when MLO
was incorporated in PLA, due to the plasticising effect that facilitated
the mobility of the chains (resulting also in an increase of the
crystalline zones – Xc (%)). This behaviour is in good accordance
with the literature.62 Additionally, when wool was incorporated in the
formulation, the values of Tg did not have important variations in the
materials that contained wool. The decreases detected (which were
between 0·5 and 2·7°C, with respect to PLA + MLO) were due to
the fact that there was variation in the crystallinity of the materials,
previously discussed, and, therefore, the mobility of the chains
tended to be greater at low temperatures.
Table 2. Thermal properties of the studied formulations and neat
matrix materials
n 
Formulation
by the ICE unde
Tg:
°C
r the CC
Tcc:
°C
-BY lice
DHcc:
J/g
nse 
Tm:
°C
DHm:
J/g
Xc:
%

PLA
 61·4
 99·7
 22·1
 171·1
 46·76
 26·6

PLA + MLO
 60·2
 88·9
 6·9
 172·5
 32·34
 30·4

1%x1
 58·2
 89·5
 15·4
 173·6
 34·38
 22·9

1%x3
 59·7
 87·3
 17·8
 170·3
 42·37
 29·7

6%x1
 59·7
 88·5
 18·6
 170·8
 37·01
 23·5

6%x2_A
 59·1
 86·7
 24·5
 169·6
 45·03
 26·1

6%x2_B
 57·5
 87·9
 25·2
 169·2
 45·83
 26·3

6%x2_C
 58·7
 88·8
 20·6
 173·1
 40·73
 25·6

6%x2_D
 59·1
 86·8
 20·1
 172·7
 40·59
 26·0

11%x1
 58·0
 88·0
 19·4
 169·7
 42·68
 31·2

11%x3
 59·3
 89·5
 19·6
 173·4
 43·91
 32·6
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Additionally, Tcc remained constant and equal to that of PLA +
MLO for most of the FRP formulations. The small variations in
this parameter can be attributed to the homogeneity of the final
material. About the cold crystallisation enthalpy (DHcc) and the
melting temperature (Tm), no definite trend was detected. In
contrast, the value of the melting enthalpy (DHm) increased with
the content of wool, in all the formulations, compared with that of
the base matrix material PLA + MLO.
8
ed by [ Universidad Politecnica de Valencia] on [05/11/19]. Published with perm
On the matter of the microstructure of the studied materials, the
SEM images shown in Figure 6 allowed the examination of the
fibre–matrix interface in the FRP. First, the characteristic flaky
fracture surface of PLA is easily remarkable in Figures 6(a) and
6(b), demonstrating its brittleness. The filaments visible in the
image at the greatest zoom (Figure 6(b)) are proof that PLA
sometimes presents a plastic behaviour. Moreover, the PLA +
MLO surface has a lumpy aspect due to the plasticising effect of
(a) (b) (c)

(d) (e) (f)

(i)(h)(g)

(j) (k) (l)

120 µm 20 µm

20 µm

20 µm 20 µm

40 µm

120 µm 260 µm

260 µm

120 µm

240 µm

240 µm

Figure 6. SEM images of fracture surfaces of (a, b) pure PLA, (c, d) PLA + MLO, (e, f) 1%x1, (g) 6%x1, (h) 11%x1, (i, j) 1%x3, (k) 6%x2
and (l) 11%x3
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MLO, and the bubbles shown in Figures 6(c) and 6(d) are due to
an excess of MLO.

In Figures 6(e)–6(h), corresponding to 1, 6 and 11 wt.% wool
FRP processed once, it is possible to see some wool filaments
soaked in the PLA + MLO matrix (Figure 6(e)) and the linking
between the wool fibres and the PLA + MLO matrix. Also, the
characteristic wool fibre surface, made of solidified cells
overlapping each other, is verified. It is possible to establish a
very weak structural interaction between the reinforcement and
the matrix. At a bigger zoom (Figure 6(f)), it is possible to see
poor adhesion between the components of the FRP, which
explains the poor mechanical properties. Moreover, Figure 6(g)
confirms how easily the fibre was detached from the matrix. As
also shown in Figure 6(h), at a high wool content (formulation
11%x1), it is possible to detect that the fibres were distributed in a
 [ Universidad Politecnica de Valencia] on [05/11/19]. Published with permissio
random way and that there were weak interactions between the
components of the material.

However, regarding the reprocessed materials (1%x3, 6%x2 and 11%
x3) shown in Figures 6(i)–6(l), the slight improvement in the
fibre–matrix interface is remarkable. It is possible to see that the
matrix stuck to the fibres more than the case where only one milling
and extrusion process was carried out (Figures 6(i) and 6(j)). Despite
this behaviour, the mechanical properties did not improve in the
reprocessed formulations, as discussed before. With the highest
amount of wool (11%x1 and 11%x3), the fibres overlapped each
other, producing a non-homogenous material, which caused the
decrease in the interactions between the fibres and matrix, as shown
in Figures 6(h)–6(l). As discussed, in all cases, the values of
mechanical properties were lower than those of the matrixes (PLA
and PLA + MLO), except for the elongation at the break, where the
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Figure 7. Contour plots obtained from the analysis of the design of experiment
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incorporation of 1wt.% wool led PLA and PLA + MLO to gain up
to 42 and 15% more elongation, respectively.

The SEM results revealed the lack of chemical and physical
interactions between the wool and the PLA matrix since no good
contact at the fibre–polymer interface was observed. This
behaviour denotes the importance of a future study to find a
coupling agent that could lead to a high reinforcement effect
between the wool and PLA, since the properties of the FRPs and
composite materials are intimately related to the fibre–matrix
interface. For this reason, the chemical modification of the wool
fibre surface could be a decisive factor in improving the general
properties of the FRP formulations. In the literature reviewed, no
information was found about FRPs or composite materials based
on PLA and wool. However, in some works that used
polypropylene and wool, maleic anhydride was used as a
compatibiliser for both materials.38,39 In another work, the surface
10
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of wool was modified by an oxidation process followed by
functionalisation with a silane-based coupling agent, to improve
the interaction with polypropylene.63 Furthermore, chemical
modification of wool can also be done by improving its alkali
resistance by removing the covalent bonds of lipids and fatty
acids present on the wool surface.47 Finally, trisodium citrate,
used as a reducing agent for obtaining silver nanoparticles, acts as
a linker between wool and silver nanoparticles.64

From the contour plots of the experimental results shown in
Figure 7, it can be seen that the mechanical properties weakened
with the incorporation of wool fibres. Indeed, the contour plots
show that the best mechanical properties were obtained with the
lowest percentage of wool fibres. Also, it is possible to notice that
the reprocessing of the FRP tended to improve the properties of
the final material, but it is not mandatory for improving the
properties.
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Figure 8. Pareto charts from the analysis of the design of experiment: (a) breaking energy (J); (b) elongation (%); (c) flexural resistance
(MPa); (d) maximum tensile strength (MPa); (e) Young’s modulus (MPa); (f) relative hardness. In all charts a = 0·05
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Finally, the Pareto charts shown in Figure 8 confirm that an
interaction between the two parameters (wool wt.% and times of
reprocessing) does not exist. Also, the influence of the number of
times the material was reprocessed (milled and extruded) is always
negligible but contributes positively to the homogeneity of the
material based on the standard deviations of the properties.
Consequently, the parameter that impacts the properties of the FRP is
the wool content.

4. Conclusion
In this work, a by-product of the sheep milk and cheese industry was
employed in order to formulate a 100% bio-based and 100%
compostable material. Several technical fields were involved:
concepts from the textile industry for obtaining suitable fibres,
concepts from the plastics industry for processing the FRP, statistics
for the embellishment of the design of the experiment and its analysis
and materials science for the characterisation and evaluation of the
final products. It was shown that it is possible to produce an FRP
based on PLA, plasticised with MLO, as the matrix and wool fibre.
The most appropriate washing process for obtaining wool fibres
suitable to be employed in the FRP formulation was a first wash with
water, a second wash with sodium carbonate and detergent followed
by two water washing processes as a rinsing step. Regarding the
mechanical properties, the hardness of the formulated materials
remains similar to that of the matrix alone, while the Charpy’s impact
energy decreased with the increment of wool in the FRP. Similar
results were obtained for Young’s modulus and maximum strength in
the tensile and flexural assessments. In contrast, the elongation at
break increased with the incorporation of 1wt.% wool. Concerning
the thermal properties, there was no clearly defined trend and the
values present a random behaviour with the increment of wool
content in the FRP. Finally, it can be concluded that the reprocessing
of the material did not contribute to the improvement of the
properties, but it increased the homogeneity of the final material. In
general, the use of wool as reinforcement did not significantly modify
the mechanical and thermal properties of PLA, although, at low wool
concentrations, a slight improvement in the ductile properties was
observed. These results open a real possibility to reuse, recycle and
take advantage of the wool considered as a waste by-product of the
food industry, avoiding waste generation by disposing of these fibres
to landfills. This study is a base for future works aimed at improving
the properties of formulated materials with superficial modification
treatments of wool fibres with coupling agents. With this, an
improvement of the fibre–matrix interface could be expected.
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find detailed author guidelines.
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