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Abstract

Laminates were produced with epoxy resins from waste vegetable oil (WVO) intended for the manufacturing of environ-
mentally-friendly alternatives for the composites industry. Post-use cooking oil appears a promising source of triglycerides
for polymer manufacturing. Matrices cured with methylhexahydrophthalic anhydride (MHHPA) were reinforced with glass
and flax fibres, creating a library of composites that were compared to analogues from virgin oil and benchmarked against
commercial diglycidyl ether of bisphenol A (DGEBA). Glass fibre-reinforced composites presented Young’s moduli similar
to the benchmark but reduced tensile strength. Chemical pre-treatment of the flax fibre (NaOH and stearic acid) countered
the limited tensile performance observed for materials with untreated flax; improvements were evidenced by DMA and SEM.
Moreover, WVO-based resins greatly improved impact properties and reduced density with no effect on thermal stability.
Therefore, WVO-based composites appear as more sustainable alternatives in applications demanding toughness, stiffness

and lightweight over strength.
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Introduction

Natural fibre-reinforced composites (NFRC) have gained
attention in industry and academia in recent decades as an
environmentally-friendly alternatives for traditional com-
posites produced with glass fibres (GFRC) [1]. Vegetable
fibres have been rediscovered as reinforcing agents and
extensively investigated in applications with thermoplastic
and thermoset matrices [2]. They present advantages over
traditional fibres such as reduced density, price, renewabil-
ity, biodegradability, and lower environmental burdens [3].
Consequently, NFRC have demonstrated their successful
applicability in a number of segments, ranging from auto-
motive sector (both in interior and exterior applications),
construction, design and packaging industry [4-8].
Nevertheless, the utilisation of petroleum-derived res-
ins for the production of composite laminates reduces the
overall environmental benefits of using NFRC [9]. The use
of these resins not only restricts the potential reductions
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in carbon footprint, but also presents challenges regard-
ing eco- and human toxicity [10]. For example, diglycidyl
ether of bisphenol A (DGEBA), a molecule predominantly
used in the epoxy resin market, uses bisphenol A (BPA) as
a precursor [11]. This molecule is a recognised teratogenic
agent, endocrine disruptor, presents long lasting effects to
aquatic life, and has been removed from polymers used in
baby bottles [12—-14]. Specifically, bisphenol-based networks
such as those formed with DGEBA can release BPA even
after curing since these cross-linked units are susceptible to
hydrolysis [11].

Increasing environmental concerns, tighter legislation and
awareness about the toxicity of these resins have driven stake-
holders to seek more sustainable alternatives for the thermoset
composite market [15, 16]. In this regard, the community has
explored the production of thermoset matrices from environ-
mentally-friendly resins as a strategy to reduce the manufac-
turing impacts [17-19]. Amongst different candidates, veg-
etable oils (VOs) have been considered as a key platform to
enable a shift towards a greener polymer industry due features
such as price, availability, safety and chemical versatility [20].
The main chemical constituent of VOs, triglycerides, can be
manipulated with ease to produce resins with different func-
tionalities such as epoxy, maleic and acrylated resins, therefore
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enabling a wide range of applications [21-24]. Consequently,
VO-based resins have successfully demonstrated in the prepa-
ration of biocomposites reinforced with vegetable fibres such
as hemp [25, 26], flax [27, 28], kenaf, switchgrass [29], wheat
straw and recycled paper [27]. These approaches manufactured
composites combining competitive mechanical properties with
increased bio-based content. Most importantly, these materials
proved to be able to deliver extra properties such as biodegra-
dability and improved impact performance in comparison to
traditional resins [30, 31].

The production of polymeric networks from waste vegeta-
ble oil (WVO) offers opportunity for the production of a next
generation of bio-based materials based on the waste valori-
sation principle [32]. The exploration of this post-use mate-
rial (which can be collected from food outlets, households
etc.) is aligned with sustainable principles [33-35]. Since
WVO becomes a non-edible feedstock after the frying pro-
cess, its use alleviates potential pressures on the commodity
food price caused by the exploration of vegetable oils in
engineering applications [36, 37]. Additionally, its valorisa-
tion combats hazardous practices of human and animal con-
sumption of reprocessed oil [38]. Finally, the use of WVO
as a technological feedstock also diminishes environmental
impacts associated with the production phase of the resin
as WVO can be assumed as a burden-free feedstock [39].

The incorporation of WVO-derived triglycerides into
epoxy-based polymer networks has been recently demon-
strated in the literature [33]. Partially bio-based matrices
enabled the production of composites with recycled carbon
fibres by resin casting with maximum of Young’s Modulus
of 3.2 GPa and a tensile strength of 53 MPa. This investi-
gation permitted further development of networks entirely
derived from epoxy resins synthesised from WVO [40]. In
the current study, we report the first production of a library
of composites exploring the combination between WVO-
based matrices with fibres such as glass and flax. These
matrices are compared to analogues produced from neat
vegetable oil to investigate effects of the use-phase in the
resulting networks. The study also investigates the use of
different molar ratios of curing agent in the system, aiming
to find the best balance between final properties of the ther-
moset and renewable content. Chemical modification steps
were implemented to NFRC in order to improve fibre/matrix
adhesion and produce more competitive materials from a
mechanical performance standpoint.

Materials and Methods
Materials

Waste vegetable oil (used for deep frying for 4 days, a
blend of rapeseed/palm oil approximately 3:1) and pre-use

vegetable oil (same blend) were collected from a food out-
let at the University of Warwick, Coventry, UK. Hydrogen
peroxide (30% v/v), toluene (puriss. p.a.>99.7%), dichlo-
romethane (puriss. 99%), methyl-hexahydrophtalic anhy-
dride (MHHPA, 96%, mixture of isomers cis and trans)
and 2-methylimidazole (2-MI, 99%) were supplied by
Sigma-Aldrich UK. Stearic acid, ethanol, MgSO, (dried),
NaHCOj; and NaOH were supplied by VWR International.
All chemicals, with the exception of the WVO, were used as
received. Flax fibres (Biotex Flax Fiber 2/2 Twill 200 GSM)
and Glass fibres (Woven Glass 2/2 Twill 280 GSM) were
supplied by Easy Composites Ltd, UK. Bio-based epoxy
resins were synthesised from purified waste vegetable oil
(epoxidized purified vegetable 0il—EPVO) and neat vegeta-
ble oil (epoxidized neat vegetable 0il—ENVO) according to
previous reported methodologies [33]. Super Sap CLR® Part
A was used as the epoxy part A (DGEBA, Entropy Resins,
United States) and a part B of hardener (mixture of iso-
phorone diamine and 1,3-benzenedimethanamine, Entropy
Resins, United States) as the benchmark epoxy.

Flax Fibre Modification

For the mercerization treatment, flax fibres (40 x 40 cm?
plies) were immersed in aqueous NaOH solution (4 wt%) at
room temperature and remained under stirring for 1 h. The
4 wt% concentration was chosen as it has previously been
shown to produce fibres with the highest tensile strength
[41]. After this time, fibres were carefully washed with dis-
tilled water to remove excess NaOH and oven dried (Ther-
moScientific Heraterm, 95 °C for 6 h). Fibres obtained
from this methodology were denominated NFF. For the
treatment with stearic acid, flax fibres (40 x40 cm? plies)
were submerged in a 3 wt% stearic acid solution in ethanol
and continuously stirred at 70 °C for 1 h. 3 wt% treatment
with stearic acid has previously been used to improve the
mechanical properties of natural fibres [42]. After the treat-
ment, fibres were oven dried (ThermoScientific Heraterm,
95 °C for 6 h). Fibres obtained through this methodology
are denominated SFF.

Composite Manufacturing

Reinforcing fibres were cut into 40 x40 cm? squares from
the roll of material, and oven dried (ThermoScientific Her-
aterm) at 95 °C for 4 h prior to the lamination. In order
to obtain panels of suitable thicknesses for the mechanical
tests (2 mm), two plies of flax fibres and four plies of glass
fibres were used in the lamination process. After drying,
fibres were weighed to allow the calculation of the resin
content required to produce formulations with constant vol-
ume fraction (30 vol%) of the reinforcing agent. This strat-
egy was adopted to manufacture panels presenting similar
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level of reinforcement agents despite the inherent differences
between glass and flax fibres in terms of density. Conver-
sions between vol% and wt% were performed considering
the following densities: pp,, = 1.5 gcm™, pgp =2.5 gem™
and pyy,i = 1.07 g cm™ [3]. The thermoset resin was for-
mulated through the addition of an appropriate amount of
bio-derived epoxy resin (EPVO or ENVO) into a 250 mL
round bottom flask. The catalyst (2-MI) was added to the
system and the mixture was heated at 100 °C under constant
stirring to allow the solubilisation of the catalyst into the
system. The mixture was kept under these conditions for
5 min, and thereafter an appropriate amount of hardener
(MHHPA) was added to the system according to proportions
presented in Table 1, producing anhydride-rich (1.4:1.0) and
oil-rich (1.0:1.0) systems. Formulations were thoroughly
homogenized for 3 min to ensure proper mixing between
components.

Laminates were produced by combination of intercalat-
ing layers of resin and reinforcing fibres by wet lay-up. The
resin was applied using a bush and a paddle roller to ensure
plies were being well wetted. Panels were laminated against
a steel plate covered with PTFE and cured (ThermoScien-
tific Heraterm) according to the following heating/cooling
regime: 50 °C to 140 °C at 1.5 °C min~!; 10 h at 140 °C;
and 140 °C to 50 °C at — 1.5 °C min~!. Resulting panels
were post-cured according to the following regime: from
50 to 160 °C at 1.5 °C min™, 2 h at 160 °C; and 160 °C to
50 °C at — 1.5 °C min~'. Equivalent panels were produced
with DGEBA (SuperSap CLR®) to benchmark the biocom-
posites against a known commercial formulation, and the
cure regime was adjusted according to the recommendations
of the resin manufacturer. Table 1 presents a breakdown of
the components utilised in each formulation. Composites
prepared with the chemically modified fibres in later stages
followed the manufacturing procedure and adopted the same

Table1 Summary of the composite formulations prepared in the
study according to the origin of the epoxy resin, molar ratio of curing
agent and reinforcing fibre

Formulation Molar ratio Epoxy resin Reinforcing fibre

(anhydride:epoxy) origin
10 Neat FF  1.0:1.0 Neat oil Virgin flax (FF)
14 Neat FF  1.4:1.0 Neat oil Virgin flax (FF)
10 Purif FF  1.0:1.0 Purified WVO  Virgin flax (FF)
14 Purif FF 1.4:1.0 Purified WVO  Virgin flax (FF)
DGEBA FF * DGEBA Virgin flax (FF)
10 Neat GF  1.0:1.0 Neat oil Glass (GF)
14 Neat GF  1.4:1.0 Neat oil Glass (GF)
10 Purif GF  1.0:1.0 Purified WVO  Glass (GF)
14 Purif GF  1.4:1.0 Purified WVO  Glass (GF)
DGEBA GF * DGEBA Glass (GF)
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nomenclature, with NFF and SFF suffix indicating the fibre
used.

Characterisation of the Materials

Characterization of the bio-based epoxy resins (EPVO and
ENVO) was performed by Infrared spectra (ATR-FTIR) and
"H Nuclear Magnetic Resonance (‘H NMR) according to
the methodologies previously described in literature [33].
Weight-loss curves were obtained by thermogravimetric
analysis (TGA) using a Mettler Toledo TGA 1 STARe pro-
grammed to heat the sample from 25 to 600 °C, with heating
rate of 10 °C min~!, under N, flow of 100 mL min~'. The
initial temperature of degradation (T, was defined from
the main thermal event and the temperature of maximum
degradation rate (T,,,,) was determined from the maximum
of the 1st derivative curve of percentage of weight loss
with respect to temperature. Dynamic Mechanical Analysis
(DMA) was conducted using a dual cantilever configura-
tion, with oscillating frequency of 1.0 Hz, displacement of
0.05 mm, temperature range of — 100 to 120 °C, heating rate
of 2 °C min~!. Samples were cut in rectangular format with
nominal dimensions of 1.5 X5 X 24 mm. The glass transition
temperature (T,) was defined from the maximum of the peak
of tand in curves of tand versus temperature.

For the tensile tests, composite panels were dimensioned
according to ASTM D3039/D3039M. Tests were per-
formed using a universal test machine (Instron 30 kN Static
Load Cell) with extensometer (80 mm), at test speed of
2 mm min~!. A minimum of seven specimen were success-
fully tested for each formulation. Charpy impact tests were
performed according to ASTM D4812-1, with a pendulum
adjusted for a 7.5 J impact force (Ray Ran Pendulum Impact
Tester) and a flatwise impact. A minimum of seven speci-
ment of nominal size 3 X 25 X 100 mm (unnotched) were suc-
cessfully tested for each formulation. To obtain Scanning
Electron Microscopy images (SEM, Hitachi TM3030Plus),
untested impact test samples were cryo-fractured after
immersion in liquid N, for 10 min, and dimensioned accord-
ing to the sample holder size. Prior to the analysis, the sur-
face of the samples was metallized for best results. Images
were obtained using secondary electron (SE) beam with
acceleration voltage of 15 kV.

Results and Discussion

Characterisation of Formulation Components
Bio-based epoxy resins used in this study were synthesised
according to procedures previously developed in our group,

Fig. 1 [33]. Although WVO presents a number of impuri-
ties and by-products deriving from hydrolysis and thermal
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oxidation during the frying process, the development of
purification methodologies based on liquid-liquid (L-L)
extraction was capable of producing a clean source of tri-
glycerides [43].

These molecules were then epoxidized using a peracid
approach, capable of producing EPVO with up to 2.11
oxirane rings per triglyceride unit. It is important to empha-
sise that control over the degree of functionality could be
established according to the relationship between the num-
ber of unsaturation sites in the vegetable oil (determined by
"H NMR) and the epoxidation stoichiometry. Resins pro-
duced from virgin oil followed the same procedure, only
with adjustments in the quantities of the reagents to reflect
the different degree of unsaturation; ENVO contained 2.66
oxirane rings per unit.

Compatibilization between the hydrophilic nature of veg-
etable fibres and the hydrophobicity of the polymeric matrix
is a well-known challenge with NFRC [5]. Therefore, com-
posites reinforced with flax were prepared with the fibre in
natura and also after mercerization and stearic acid-based
treatments, methodologies which have been recurrently
explored in literature. Mercerization chemically removes
lignin, hemicellulose and waxes from the surface of the
fibres, consequently increasing the relative content of cellu-
lose and the nature of the surface charges [44]. A secondary
effect of this treatment is the fibrillar rearrangement caused
by ionization of hydroxyl groups, leading to fibrillation and
consequently higher surface area and aspect ratio. This fea-
ture improves mechanical interlocking between fibre and
matrix. Conversely, stearic acid-based treatment function-
alizes the surface by esterification, simultaneously reduc-
ing the concentration of hydroxyls on the surface whilst
attaching long aliphatic chains (C,;) to the fibre. reducing
its polarity [45].

ATR-FTIR spectra of fibre samples after the chemi-
cal treatment (Fig. 2) revealed a decrease in signals at
1730 cm™! and 1450 cm™!, evidencing partial removal of
hemicellulose and lignin, respectively [46]. Interestingly,
the region between 3300 and 3500 cm™!, associated with
the v O—H of cellulose molecules does not show any sig-
nificant changes with respect to its shape. This observation
indicates that despite the decrease in the levels of hemicel-
lulose and lignin there are no significant transformations

n
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in the inter- and intramolecular arrangement between the
cellulose chains [47]. Also, the signal present at 1703 cm™!
exclusively observed in the SFF sample is associated with v
C=O0 in stearic acid.

Changes in the fibre surface and morphology were also
monitored through electron microscopy images. Topologi-
cal and microstructural arrangement of the flax fibres were
dramatically altered by both treatments (Fig. 3). Surfaces
became more irregular, with increased roughness and pres-
ence of grooves that can act as point of physical interac-
tion with the matrix [48]. Medium and high magnification
images revealed the effect of fibrillation, which is character-
ized by the opening of the fibre bundles. The surface of SFF
fibres also indicate the presence of points of accumulation
of stearic acid and that the fibres are physically covered by
a thin layer of the fatty acid. For comparison, micrographs
of glass fibres are also included.

Thermogravimetric curves of the reinforcing fibres dem-
onstrated that NFF fibres were less thermally stable than the
untreated flax fibres (T, of 297.2 and 323.2 °C, respec-
tively). As NFF fibres becomes proportionately richer in
cellulose, the other components lose the ability to protect
the polysaccharide chains from thermal degradation [49].
It should be noted, however, that other studies also have
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Fig.2 ATR-FTIR spectra of the flax fibre before (FF) and after
the alkaline (NFF) and stearic acid (SFF) treatments, from 4000 to
500 cm™!
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Fig. 1 Representation of the production of epoxy resins from waste vegetable oil
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Fig.3 SEM images of a untreated flax fibres (FF), b NaOH-treated fibres (NFF), ¢ stearic acid-treated fibres (SFF) and d glass fibres (GF), mag-

nification of X 500

illustrated that the thermal stability of some fibres can be
also increased by the alkaline treatment process due to
removal of less stable fractions [50]. This demonstrates the
importance of finding a balance between time and concentra-
tion of the alkali solution in this kind of treatment. On the
other hand, SFF presents increased thermal stability (T,
of 336.1 °C), which is attributed to the addition of stearic
acid to the structure. Fatty acid segments create a barrier
effect that prevents the thermal degradation of the cellu-
lose units [51]. Values of T, follow the same behaviour
observed for T, (Table 2). Thermogravimetric curve of
glass fibres demonstrate the superior thermal stability of this
material since no degradation was observed in this tempera-
ture range.

Mechanical Performance of Glass Fibre Reinforced
Composites

The first group of laminates manufactured for creation of the
WVO-based composites library were reinforced with glass
fibres due to the commercial significance of this reinforc-
ing agent in the composite market. Table 3 presents values
of Young’s modulus and tensile strength for composites

@ Springer

Table 2 Initial temperature of degradation (Tg,,) and maximum
degradation (Ty,,) temperatures of the treated flax fibres (NFF and
SFF) compared to virgin fibre (FF) and glass fibres (GF)

Formulation Tonset CC) Tuax CC)

GF Do not degrade Do not degrade
FF 3232 357.7

NFF 297.2 339.3

SFF 336.1 372.1

reinforced with glass fibres. GFRC materials prepared with
WVO-based epoxy and anhydride-rich matrix (/14 Purif GF)
exhibited tensile modulus (7.6 +2.1 GPa), which is statisti-
cally equivalent to those observed for the reference formula-
tion produced virgin oil (7.8 + 1.1 GPa) and the commercial
benchmark with DGEBA (8.3 +£0.3 GPa). These results
demonstrate the capacity of production of alternative mate-
rials with highly elastic character that emulates the bench-
mark material even though it comes from waste sources.
The comparison of these materials with those produced with
oil-rich networks (/0 Neat GF and 10 Purif GF) demon-
strate the reduction in tensile moduli of 22% and 17% lower,
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Tabls 3 Ten.sile proP erties, Formulation Young’s modu- Tensile Elongation at  Density (g cm™) Impact
density .and 1rr}pact strength of lus (GPa) strength (MPa) break (%) strength (kJ
composites reinforced with GF m?)

10 Neat GF 6.3+0.4 77+10 43+1.2 1.37+0.03 76 +8

14 Neat GF 7.6+2.0 91+22 1.3+0.4 1.41+0.02 87+12

10 Purif GF 6.0+0.2 26+5 6.6+3.1 1.33+0.04 141+ 14

14 Purif GF 77x1.1 46+5 72+1.0 1.37+0.04 117+23

DGEBA GF 83+04 151+14 2.1+0.1 1.51+0.02 51+8

respectively. The incorporation of less hardener molecules
in the network can be associated with an overall reduced
rigidity and less tightly connected cross-linked networks.

Similar effects are observed in terms of tensile strength,
which proved to be dependent on the oil origin and the
amount of hardener in the formulation. In this regard, the
superior strength of laminates produced with ENVO can be
associated with the higher number of oxirane rings per unit
of triglyceride due to its unsaturated nature [40]. In terms
of molar ratio, the use of an excess of MHHPA lead to an
increase of 77% in the tensile strength of materials produced
with WVO. Therefore, adjustments in the formulation from
the hardener point of view prove to be a key factor to control
the properties of the resulting composites and mitigate the
reductions caused by the less functionalised resin (EPVO).

Although these vegetable oil-derived networks dem-
onstrated Young’s moduli property comparable with
the commercial benchmark, no bio-based formulation
rival the DGEBA composites in terms of tensile strength
(150+ 13 MPa) due to differences in the molecular back-
bone. In fact, the use of triglyceride-based epoxies instead
of DGEBA reduces the aromatic character of the network,
which is responsible for providing high strength proper-
ties due to good intermolecular forces. Nevertheless, these
results demonstrate that GFRC produced from WVO are
valid alternatives where stiffness is more critical than ten-
sile strength.

Most importantly, the use of WVO-based resin led to
improvements in comparison with other systems in some
areas. For example, the substitution of DGEBA for WVO
resulted in a reduction of 12% in density, therefore being an
attractive alternative for applications where weight reduction
is a critical design parameter. Moreover, significant improve-
ments were observed in impact resistance due to the utili-
zation of bio-based epoxy. Composites manufactured with
WVO-based resins demonstrate higher impact strength than
laminates produced with neat oil and DGEBA (up to 86%
and 176%, respectively). This feature is a consequence of
the capacity of quick relaxation of networks based on long
aliphatic chains, therefore facilitating the phenomenon of the
rapid energy dissipation through chain relaxation [52]. These
results represent substantial improvements since DGEBA

is known for its brittle nature with poor resistance to crack
propagation [53]. The reduction in brittleness through the
use of bio-based is also observed in higher values of elon-
gation at break. Additional control of over the impact per-
formance was achieved by the use of different amounts of
hardener: anhydride-rich networks presented lower impact
strength associated with the creation of denser and more
rigid networks with reduced capacity for fast relaxation.

Figure 4 summarises the findings for GFRC in a radar
plot format, comparing mechanical and physical properties
of the best composite prepared with WVO versus the lami-
nates manufactured with virgin vegetable oil and DGEBA
matrices. The plot visually demonstrated that materials
herein produced can compete with other resins in uses that
demand increased toughness, stiffness and lighter weight
over strength. In addition, the renewable character of the
formulation was improved without sacrifices in Young’s
modulus. Finally, a trade-off between impact strength and
tensile strength can be identified as a critical design param-
eter when selecting WVO or virgin vegetable oil as feedstock
to produce the bio-based resins.

Young's Modulus
(GPa) DGEBA GF
10 | 14 Neaf GF
14 Purif GF

Bio-Based
Content

Tensile Strength
(%) S

MPa)

20

180
Impact Strength
(kJ m2)

Density
(g em?)

Fig.4 Radar plot of composites reinforced with glass fibres produced
with waste oil and neat oil-based resins versus DEGBA reference in
terms of mechancial properties (tensile and impact), density and bio-
based content
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Mechanical Performance of Flax Fibre Reinforced
Composites

The library of composite laminates from WVO was
expanded through the produced based on NFRC as an
approach to manufacture materials with improved the envi-
ronmental performance and distinct properties from GF
equivalents. In this regard, materials combining EPVO and
untreated natural fibres presented a maximum Young’s Mod-
ulus 0.60 +0.05 GPa and tensile strength of 22.7+ 0.9 MPa
of tensile strength, Table 4. The utilisation of resins pro-
duced from neat oil produced laminates with very similar
properties, while DGEBA-FF resulted in laminates with
much superior performance. These differences illustrate the
challenge of compatibilizing the triglyceride-based matri-
ces and the untreated natural fibres, which present a highly
hydrophilic nature, and therefore producing components for
structural applications.

Similarly to what observed for GFRC, values of tensile
strength and tensile modulus fluctuated according to the
relationship with anhydride content and the resin origin.
Therefore, networks more tightly connected and presenting a
higher ratio of the most rigid moiety presented better tensile
performance. Despite the modest specific tensile moduli, it
is noteworthy that reductions of up to 27% were obtained in
the density values by the replacement of glass by untreated
flax fibres. This represents an opportunity to explore these
materials for non-structural applications where the design
constrain is linked with weight savings.

In terms of the impact performance, WVO once again
increased the impact strength of the laminates by up to 135%
and 274% when compared to formulations manufactured
with ENVO and DGEBA, respectively. Due to the reduced
brittle nature, these WVO-based composites also presented

increased elongation at break versus both neat oil and com-
mercial counterparts. Interestingly, a comparison between
GFRC and NFRC in terms of impact strength revealed that
laminates produced with untreated flax fibres performed
poorer than glass analogues despite previous studies dem-
onstrating the superiority of natural fibres over glass in this
property. In this regard, the reduced interaction between the
fibre and the matrix observed in the NFRC can result in the
formation of micro-cracks at the interface [54]. These act
as mechanical stress concentrators, therefore enabling crack
propagation and ultimately reducing the impact resistance.
SEM images are used to illustrate the presence of these
micro-cracks (Fig. 5). Also, extensive fibre pull-out and
debonding of whole fibre bundles (detected even at low mag-
nification levels) are also observed in the NFRC sample.
On the other hand, the same resin formulation led to GFRC
with well-wetted fibres and fibres breakage rather than fibre
pulled-out, indicating that the fibre/matrix interaction is suf-
ficiently higher than the cohesive forces in the fibres.
Given the limited results achieved for composites pre-
pared with untreated FF, chemically-modified fibres were
used to boost the mechanical performance of NFRC pro-
duced with bio-based matrices. In comparison with lami-
nates produced with WVO and untreated fibres (/4 Purif
FF), the alkaline treatment increased the tensile modulus
by 36%, Table 4. Similar improvements are observed when
these reinforcements are combined with ENVO-based
with matrix, so that the Young’s modulus of these lami-
nates exceed the 1.0 GPa mark (59% higher). SFF fibres are
also capable of producing laminates with moduli 35% and
15% higher for resins synthesised from neat oil and WVO,
respectively. These results demonstrate the improved adhe-
sion deriving from changes in chemical and physical proper-
ties of the fibres, with NFF fibres leading to more significant

Table 4 Tensile properties,

- . Formulation Young’s modu- Tensile Elongation at  Density (g cm™) Impact
density anc} 1mp ?Ct strength lus (GPa) strength (MPa) break (%) strength (kJ
of composites reinforced with m=2)
untreated flax (FF), NFF and
SFF fibres 10 Neat FF 0.48+0.03 20.3+0.6 122+1.7 1.08 +0.01 5448

14 Neat FF 0.65+0.14 30.2+1.8 6.3+0.6 1.08+0.01 54+4
10 Purif FF 0.47+0.03 142+1.0 143+29 1.03+0.01 127+10
14 Purif FF 0.60+0.05 22.7+0.9 70+1.1 1.11+0.01 104+11
DGEBA FF 4.6+0.2 432+32 3.6+0.5 1.17+0.01 34+8
10 Neat NFF 0.54+0.04 28.0+2.9 78+1.3 1.08+0.01 68+7
14 Neat NFF 1.03+0.07 34.6+28 65+24 1.083 +0.005 6010
10 Purif NFF 0.47+0.03 24.6+3.5 109+2.5 1.088+0.010 13517
14 Purif NFF 0.82+0.15 253+1.7 7.6+0.8 1.051+0.010 114+9
10 Neat SFF 0.45+0.06 20.7+1.7 7716 1.110£0.007 59+4
14 Neat SFF 0.88+0.22 30.7+£29 6.4+0.5 1.080+0.007 56+8
10 Purif SFF 0.40+0.10 172424 102+2.5 1.084 +0.009 1308
14 Purif SFF 0.69+0.12 21.8+1.3 7.6+0.8 1.063+0.011 109+10
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Fig.5 SEM micrographs of bio-based matrix composites reinforced with glass (left) and flax fibres (right). Red circles highlight observable fea-

tures (Color figure online)

results. The tensile strength of these panels proved to be also
positively affected by the treatment: an increase of 14% was
registered for anhydride-rich panels, while oil-rich formula-
tions, /0 Neat NFF and 10 Purif NFF, presented improve-
ments of 23 and 73%, respectively.

Moreover, chemically-modified fibres also enhanced the
impact properties of these laminates. Formulations present
improvements between 10 and 23% in the impact strength
in comparison to analogues produced from untreated fibres.
Higher impact performance can be associated with the
improved compatibility between the fibre and the matrix,
therefore reducing the presence of micro-cracks in the
interface between the two components. SEM micrographs
of composites prepared with modified fibres (Fig. 6) demon-
strate the reduction of pull-out and fibre breakage achieved
by both treatments, evidencing stronger interfacial inter-
action between the components. In addition, micrographs
obtained at higher magnification (X 1000) demonstrate that
the matrix is efficiently wetting surfaces and grooves cre-
ated by the chemical modifications step (as highlighted).
Consequently, the mechanical load can be more effectively
transferred from the matrix to the fibre, enhancing the rein-
forcing effect.

Radar plots (Fig. 7) summarise the performance of mate-
rials produced with untreated flax fibres and those obtained
through the best chemical treatment (NaOH). Positive results
are observed in all tensile parameters, and the treatment also
boosted the impact performance while leaving density and
bio-based content virtually unchanged. This collection of
improvements are direct consequences of the fibre/matrix
interaction enhancement achieved by the treatments. Overall,
these findings support the application of the chemical modi-
fication to produce NFRC from WVO with better mechanical
properties. Nevertheless, it is important to acknowledge the
limitations of this approach in comparison with the com-
mercial benchmark. Contrary to what observed for GFRC,

NFRC produced from WVO are indicated for non-structural
applications when untreated fibres are used, and intermedi-
ate applications after the fibre treatments.

Dynamic Mechanical Properties

DMA was used to establish relationships between transfor-
mations in the microscopic scale such as polymer chain rear-
rangements, medium scale properties such as fibre/matrix
interaction and, finally, at the macroscopic scale through
mechanical performance of the material [55]. Curves of stor-
age modulus (E’) versus temperature (Fig. 8) demonstrated
that formulations prepared with DGEBA had superior values
of E’ at the elastic plateau in comparison with the bio-based
formulations. This characteristic was attributed to superior
molecular stiffness of the DGEBA backbone in compari-
son to the aliphatic backbone of the chemically modified
triglycerides.

Also, formulations prepared with resin derived from neat
oil demonstrated a higher initial storage modulus than those
prepared with WVO as a consequence of its higher degree
of functionality [33]. However, other parameters proved to
directly affect the dynamic-mechanical properties of the
composites and positively affect the properties of laminates
produced with WVO-based resin. For example, the com-
parison of the formulations with different contents of hard-
ener revealed that anhydride-rich networks have increased
E' response as consequence of the higher stiffness of these
moieties at a molecular level. Therefore, the network became
richer in the stiffer component and displayed more elastic
behaviour, even though they have been prepared with WVO.
The series of composites produced with flax and glass fibres
presented very similar values of E’; however, DGEBA GF
formulation showed E’ at an order of magnitude greater than
the equivalent produced with flax fibres.
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Fig.6 SEM micrographs of bio-based matri reinforced with flax fibres modified with a NaOH and b stearic acid at different magnificaitons
(%100 on the left and x 1000 on the right). Red circles highlight observable features (Color figure online)
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Fig.7 Radar plot of composites produced with WVO-based resin and
reinforced with unmodified (FF) and NaOH-treated flax fibres (NFF)
in terms of mechancial properties (tensile and impact), density and
bio-based content
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Fig.8 Storage modulus curves versus temperature of composites pro-
duced with flax (above) and glass fibres (below)

T, values (Table 5) were obtained through the peaks of
the tand curves (Fig. 8), following a similar behaviour to
what observed for E' values. Composites prepared with
anhydride-rich polymer matrices and more functional res-
ins presented superior T, due to a combination of more
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Table 5 T, values for GFRC and NFRC formulations ;_«T
Formulation T, °O) Formulation T, °O) é

el

o
10 Neat FF 14.6 10 Neat NFF 34.8 2
14 Neat FF 439 14 Neat NFF 44.1 g
10 Purif FF 6.6 10 Purif NFF 24.4 Z : : , , : ,
14 Purif FF 17.9 14 Purif NFF 345 1500 %0 0 30 60 %0 120

’ ——10 Neat NFF ____
DGEBA FF 46.7 5 107 o — 2‘::} i i venpead
. - / ot —_— uri —— i

10 Neat GF 13.3 10 Neat SFF 28.8 S 8.2 T I0purtNFE - 10PurfSFE
14 Neat GF 43.6 14 Neat SFF 30.2 bg 0'4 ]
10 Purif GF 34 10 Purif SFF 10.9 o 0:2 ]
14 Purif GF 222 14 Purif SFF 29.6 0.0 E==———— . e -
DGEBA GF 495 -30 0 30 60 90 120

rigid and denser networks. The presence of one single
tand peak in the curves indicates the formation of a single
polymeric phase, but their broad nature evidences the for-
mation of heterogeneous networks from the crosslink dis-
tribution point of view [56]. In the context of the utilisa-
tion vegetable oil-based resins, this characteristic derives
from the statistical distribution of double bonds along
the mixed triglycerides found in these natural materials,
which are composed by mixed fatty acids [57]. Addition-
ally, no residual cure or secondary transitions (i.e., Tp)
were detected in this temperature range.

Effects of the modification strategy were also investi-
gated from the dynamic-mechanical properties. Composite
followed similar behaviours to those previously observed
for materials produced with unmodified fibres regarding E'
(Fig. 9). On the other hand, values of Tg observed for com-
posites prepared with NFF and SFF were superior to those
obtained from untreated flax fibres. This change illustrates
the improvements in the fibre matrix interactions: with better
interfacial interaction, reinforcing fibres are able to introduce
an immobilization effect in the polymeric matrix. Therefore,
chain mobility is reduce, which is physically translated into
higher Tg values [58].

From the group of materials produced with modified
fibres explored in this study, NFF-reinforced composites
demonstrated the best improvements in T,. This indicated
mercerization promoted the best enhancement of the inter-
facial interaction between the two methods herein inves-
tigated. Also, the additional interaction introduced by the
chemical treatments enabled bio-based networks to present
Tg above room temperature, feature which was reflected in
the tensile performance of these laminates. This is an inter-
esting finding since T, is often used as a design parameter.
Overall, the fibre modification was responsible for producing
laminates with more competitive mechanical and physical
performance over those obtained with untreated flax. Also,
it is important to highlight that the DGEBA formulation
used as benchmark (SuperSap®) present reduced T, versus

Temperature (°C)

Fig.9 Storage modulus (above) and tand (below) curves versus tem-
perature of composites produced with NFF and SFF

other high-performance DGEBA systems (e.g. EPIKOTE™)
because it presents bio-based additives in the formulation.

Thermal Properties

Thermogravimetric curves of the GFRC and NFRC, as well
as their respective first derivative curves of weight loss with
respect to temperature are presented in Fig. 10a—d. The pres-
ence of non-volatile residues at the end of the analysis of
NFRC (modified/unmodified fibres) is associated with aro-
matic compounds in the lignin structure, which form highly
condensed products and lead to the formation of carbonized
residues [59]. On the other hand, residues observed in the
weight loss curves of GFRC reveal the presence of unde-
graded reinforcing agents as consequence of the superior
thermal stability of glass fibres. The reduction of the quan-
tity of non-volatile residues observed for materials produced
with SFF directly demonstrates the delignification caused by
the treatment based on stearic acid is the most effective one
between the treatments.

Values of Tq,; of GFRC (Table 6) revealed a correla-
tion between thermal stability and anhydride content. As
observed previously, this behaviour can be related to the
reduced thermal stability of this moiety in comparison with
the triglyceride-derived units [40]. In contrast, Tq, val-
ues for NFRC fluctuated with no particular order. In fact,
the polymeric network and the flax fibres undergo thermal
degradation processes at very similar temperature ranges.
Therefore, the observable weight loss behaviour represented
the combination of simultaneous degradation phenomena,
consequently masking the effect caused by the reduced sta-
bility of the anhydride.

Composites prepared with alkaline-treated fibres present
a slight reduction in Ty, reflecting the results observed for
the thermogravimetric analysis of the fibres. Nevertheless,
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Fig. 10 Thermograms and first mass loss derivative with respect to temperature composites reinforced with a glass fibres, b flax fibres, ¢ alkali-
treated fibres and d stearic acid-treated fibres, from 25 to 600 °C, under N, atmosphere

the reduction in thermal stability is not as accentuated as in
the comparison between FF and NFF. This finding evidenced
that the polymer matrix is capable of retarding the degrada-
tion effect thanks to its higher thermal stability and because
of a synergistic effect, which makes the T, of the com-
posites higher than that observed for the isolated materials.

Thermal degradation could be followed in more details
through the curves of first derivative. Since glass fibres do
not present any thermal degradation event in this tempera-
ture range, curves obtained from GFRC (Fig. 10a) could be
used to understand phenomena exclusive associated with
degradation of the polymeric matrix. Derivatives revealed
that thermal degradation of the network took place as a
broad event from 340 to 420 °C. On the other hand, com-
posites prepared with plant fibres (Fig. 10b—d) presented
a maximum in approximately 350 °C that was assigned
with the degradation of the cellulosic units of the fibre
and confirmed by the values of Ty;,,. The second degrada-
tion event evidenced by the peak at 400 °C was therefore
associated with the simultaneous thermal degradation of
the cross-linked units. In addition, particularly in SFF this

@ Springer

peak is not clearly observed because of the degradation of
the stearic acid as well. Also, the thermal event exclusively
found in the /4NeatFF at 235 °C is associated with thermo-
degradation of unreacted hardener. Most importantly, TGA
results revealed that the use of resins produced with WVO
causes no sacrifices from a thermal stability standpoint in
comparison with analogues produced from neat oil or the
commercial epoxy.

Conclusions

Composite laminates were prepared by wet lay-up with
bio-based epoxy resin produced from WVO reinforced
with glass, flax and chemically modified flax fibres, creat-
ing a library of new composites based on the waste valori-
sation concept. The comparison between the mechanical
properties of these materials revealed a strong dependence
on the reinforcing fibre selected. Bio-based GRFC emu-
lated the tensile properties of the commercial benchmark
and laminates produced with virgin oil in terms of Young's
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Table 6 Temperature of initial degradation (T,,) and temperature
of maximum degradation rate (T;,,) of GFRC and NFRC formula-
tions

Formulation Tonset °C) Tyax CC)
10 Neat GF 337.6 414.9
14 Neat GF 330.6 416.3
10 Purif GF 336.8 413.7
14 Purif GF 330.8 407.3
DGEBA GF 348.5 369.0
10 Neat FF 3393 359.0
14 Neat FF 336.8 360.3
10 Purif FF 331.1 361.0
14 Purif FF 333.7 360.3
DGEBA FF 347.0 370.3
10 Neat NFF 324.0 355.0
14 Neat NFF 326.2 354.1
10 Purif NFF 322.1 3553
14 Purif NFF 320.0 3533
10 Neat SFF 3313 368.3
14 Neat SFF 323.0 353.7
10 Purif SFF 326.1 3523
14 Purif SFF 3254 351.0

modulus. On the other hand, untreated flax fibre rein-
forced composites presented different tensile properties
due to incompatibility between the polymeric matrix and
the fibres, being suitable for non-structural applications
only. Chemical modifications with NaOH and stearic acid
increased tensile and impact properties without sacrific-
ing other parameters such as density. Improvements in the
fibre/matrix interaction were confirmed by SEM images
and DMA, which revealed an increased in Tg (values
above room temperature). Adjustments in the formulation
through the selection of a suitable hardener molar ratio
mitigated the losses caused using resins with reduced func-
tionality in terms of mechanical and dynamic-mechanical
properties. Most importantly, the use of waste-based resins
greatly improved impact properties in comparison with the
brittle DGEBA matrix in all cases and led to reductions
in density, demonstrating the usability of WVO-based
formulations in applications that demand toughness, stiff-
ness and light-weight over strength. The use of WVO to
replace virgin oil or DGEBA caused no observable effect
on thermal stability, which proved to be mainly ruled by
the natural fibre. In conclusion, epoxy resins from waste
vegetable oil appear as more sustainable alternative for
composites laminates for both structural (with glass) and
non-structural applications (with modified flax), opening
space for the development of a next generation of bio-
based materials based on the waste valorisation principle.
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