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Spectroscopic Chemical Insights Leading to the Design of Versatile
Sustainable Composites for Enhanced Marine Application

Agnieszka S. Dzielendziak®, James I. R. Blake®, Richard Boundsb, Karl A. WiIkinsonb, Marina
Carravettab, Alan R. Chambers®, Chris-Kriton Skylarisb and Robert Rajab

The viability of a novel sustainable polymeric composite material, based on photocurable linseed oil resin was explored,
with a view to exploiting its potential in marine environments. The study focused on a UV-curable resin subjected to
setting through photoinitiated cationic polymerisation. Deployment of heterogeneous solid catalysts, containing isolated
Brgnsted acid centres, further improved the efficiency of cationic polymerisation, leading to enhanced thermal stability
and water resistance. These features are highly desirable in the design of composite resins for marine applications. A wide
range of spectroscopic, calorimetric and thermogravimetric methods as well as computational simulations have been
employed to study the physico-chemical characteristics of the resin and its resistance to black and grey waste, UV
resistance and hygrothermal ageing. The findings have revealed that, unlike conventional epoxy resins, the ELO resin
demonstrated no decrease in glass transition temperature, Tg, despite having been exposed to different methods of
ageing. Tg is an important quantity to a composite engineer, as it defines a change from elastic to viscoelastic behaviour
and structural capacity becomes less predictable if Tg reduces through a structure’s life. In addition, the water molecules
that are absorbed by the resin during hygrothermal ageing have been found to be structurally-bound through hydrogen
bonding, which is supported by initial computational studies. The structure-property correlations that have been derived
help to better understand the ageing process, which could be beneficial in predicting the lifetimes of these sustainable
polymeric composite materials and consequently developing novel chemical methods for improving their durability and
stability.

efficient and sustainable.
The marine industry is one of the largest consumers of
composite materials that are derived from polymer resins and

Given the legislative requirements on the reduction of the use
of fossil fuels for composite manufacturing, there is a growing
interest in the long-term structural and improved performance
of sustainable alternatives to conventional fibers and resins’™.
Whilst the shipping industry is the most efficient mode of
transport, and growing year by year, it contributes around 3%
of global CO, emissions®. A commonly observed tendency in
the marine industry is the conscious effort to reduce the
overall mass of ships through the use of novel polymeric
materials. This should potentially lead to a decrease of
resistance and lower fuel consumption, with a concomitant
increase in the cargo vessels’ carrying capability. With smaller
fuel consumption come lower emission levels of CO, and other
pollutants, which makes the ships more environmentally
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the marine environment represents a unique challenge for
sustainable composites. According to Composite Insightss, the
demand for composite polymeric materials in the global
marine-composites industry is expected to grow 5.8% per year
between 2013 and 2018. This represents an opportunity for
the maritime sector to realise the potential for polymer-
composites application, both from a material and chemical
perspective. It is therefore vital for the physical and chemical
properties of these sustainable composite materials to be well
understood at a molecular level in order to meet the stringent
requirement of operation in the harsh marine environment.®

In order to ensure safe performance of sustainable composite
structures it is necessary for the users to have confidence in
the material properties, processability, and their through-life
capacity to sustain loads and retain stability (Figure 1).
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Figure 1 The lifecycle of sustainable composite materials derived from linseed oil 7

Failure mechanisms during service can be identified but the
root cause behind material degradation and the chemistry
associated with these processes remains unclear®®.

Malmstein et al.® reported that after 20+ weeks
hygrothermal ageing, glass fibre/linseed oil-based
specimens lost 72% of their dry strength, which may be caused
by insufficient level of resin curing (polymerisation) and

of
resin

chemical reactions between water and linseed oil resin
(polymer matrix) and/or fibre-matrix interface (ageing
processes). They also noted that the physico-chemical

properties of glass/conventional epoxy resin were subjected to
constant degradation, while the moisture content remained
fairly constant, indicating chemical degradation of the
composite material. It was apparent8 that the glass/linseed
resin degraded rapidly during the first 2 weeks of immersion,
but after 4 weeks and until the end of the testing period, it
suffered no further degradation.

In  recent years fibres plant-based
resources’®*® have received much attention and, as a result, a
substantial amount of research has been conducted in order to
rationalize and quantify their properties. However, in stark
contrast, very little attention has been devoted to
understanding the physico-chemical
sustainable resins, with a view to enhancing their potential
impact. To the best of our knowledge there is very little
information in the open literature from a design-application
perspective and hence polymeric composite materials utilizing
them are not widely used or even considered as a technically
viable option. This work is aimed at achieving a better
understanding of the underlying chemistry principles behind
the degradation process in harsh marine environments, as has
been acquired to date for conventional epoxyM'15 resins, which
is one of the most widely used in the marine industry sector.
Only a combined, multiscale and multidisciplinary approach,
involving the study of both the physical and chemical
attributes, that is aligned at addressing structure-property
relationships, will help bridge the gap between the
engineering and chemistry aspects of sustainable polymeric
composites.

derived from

characteristics  of

2| J. Name., 2012, 00, 1-3

Linseed oil (see Scheme 1) is a drying oil and, in its
polymerised form, has been used for centuries as a protective
t:oating.16 In recent years, it has been successfully employed,
albeit in small-scale, as a composite coating material in boat
building applications17 (Figure 1). With a number of recent
advances'®™! substantiating its potential as an effective
coating material, its use in the maritime sector is likely to
witness further growth, which makes it a good model system
for the current study.
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Scheme 1 Chemical structure of epoxidised linseed oil (ELO)

Sharma et al.”2 reported that linseed oil is composed of about
53% linolenic acid, 18% oleic acid, 15% linoleic acid, 6%
palmitic acid and 6% stearic acid; it can be polymerized by
cationic, thermal, free radical polymerisation, as well as by
oxidative polymerisation.23 It has been further reported that,
on average, an epoxidised triglyceride of linseed oil has a
molecular weight of about 950 g mol™ and contains about five
epoxy group524. Epoxidised linseed oil (ELO) along with some
its derivatives has been investigated using analytical methods
(for instance properties of thermosetting resin based on
epoxidised linseed oil have been reported by N.
Supanchaiyamat at al.zs), but, to the best of our knowledge,
this is the first report outlining the physico-chemical attributes
of UV-curable epoxidised linseed-oil-based resins, with a view
to their potential implementation as a sustainable composite
material.

In this study, a combination of spectroscopic techniques
(Fourier Transform Infrared spectroscopy (FT-IR), solid-state
Nuclear Magnetic Resonance (BC NMR)) and experimental
gravimetric  analytical methods (Differential Scanning
Calorimetry (DSC), Thermogravimetric analysis (TGA)) have
been astutely used with a view to understanding the
underlying chemical processes and mechanisms of sustainable
composite ageing. In the case of UV cured resins, which in
their future lifecycles will be exposed to additional quantities
of UV radiation (unavoidable in marine applications), it is of
paramount importance to systematically monitor the level of
curing; and secondly to find the point from which the
additional amount of UV light is causing damage to the
polymer (the boundary between UV-curing and UV ageing).
With the above in mind, a range of samples have been
exposed to UV radiation for different periods of time and
consequently analysed via FT-IR, DSC and TGA. The maximum
level of curing that is likely to be achieved is also influenced by
the efficiency of the epoxidation (see the supplementary
information Scheme S1); and it was therefore necessary to
monitor liquid samples by FT-IR for completeness within this
study.

Other physical properties that
prerequisites for future marine deployment such as resistance
to fresh and sea water (hence the resin could be used as a
building material for both boat exterior and interior

and chemical are

This journal is © The Royal Society of Chemistry 20xx
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applications) and the resistance to black (any waste from

toilets or urinals)zs’27 and grey waste (wastewater that has
been used for washing, laundering, bathing, etc.)zs’27 were also
considered during this investigation.

Experimental

MATERIALS

Epoxidised linseed oil (ELO) based UV curable (via

photoinitiated cationic polymerisation) resin was obtained
from Sustainable Composites”. The resin consists of 95% of
epoxidised linseed oil, £2.5% of undisclosed photoinitiator and
<2.5% propylene carbonate (CAS: 108-32-7).

Standard Buffer solution pH4 (phthalate) stabilised with 10
ppm mercury (ll) chloride and Standard Buffer Solution pH7
(phosphate) stabilised with 10 ppm mercury (Il) chloride have
been purchased from Fisher Scientific. Buffer solution pH10
has been purchased from Eutech Instruments. H-ZSM5
(SiO,/Al,0; Mole Ratio = 30) and Zeolite-Y (SiO,/Al,0; Mole
Ratio = 30) have been purchased from Zeolyst. Pripol 1009 was
kindly supplied by Croda.

SAMPLE PREPARATION

For the preparation of pure samples, the resin was mixed at
40°C using magnetic stirrer for 20 minutes prior to UV curing.
For the preparation of Zeolite enhanced samples, firstly
catalyst (ZSM-5 and Zeolite Y, Si/Al =30, NH,+ form) was
converted into the protonic (H+) form by calcination at 600°C
for 16 hours under a flow of air. The resulting zeolite was then
mixed with resin (catalyst concentration: 2wt%) at 40°C for 30
minutes. After degasing in a vacuum chamber for 30 minutes,
samples were UV cured at ambient temperature. Samples
with the addition of 10wt% of the bio-derived crosslinker
(Pripol 1009) were mixed at 40°C for 20 minutes prior to UV
curing.

Curing

Typically samples were cured from 40 minutes up to 24 hours
(depending on the size and thickness) under a UV lamp that
consists of 4x18W tube (Maplin N29CH), 230V, 50-60Hz, 365
nm at ambient temperature. After the UV curing process, the
samples were left in a covered petri dish for 10 days to allow
completion of the curing process.

Powdering

Samples were subjected to grinding in a ball-mill grinder (Mini-
Mill Pulverisette 23 FRITSCH) to ensure uniformity before TGA,
DSC, FT-IR and NMR measurements. The average grain size
was in the range 24-100 um (Figure S1).

RESISTANCE TO BLACK AND GREY WASTEWATER

In order to investigate resistance to grey and black water a
number of experiments have been carried out, in which
samples were immersed in various buffer solutions (pH 4, pH
7, and pH 10) for 4 weeks. These studies were aimed at
examining the behaviour of samples immersed in solutions
over a wide range of pH values (from strongly acidic to
alkaline). This choice of pH values was selected on the basis of

This journal is © The Royal Society of Chemistry 20xx

international and regional regulations for black and grey water
discharges27
UV AGEING

Samples were subjected to UV irradiation for varying periods
of time in order to accurately determine the time scales for
distinguishing UV curing (polymerisation) and UV ageing
processes. The solid samples have also been exposed to UV
radiation for 1h, 5h, 24h, 4 days and 7 days, respectively
(Figure S2)

HYGROTHERMAL AGEING

In order to investigate the chemistry behind the degradation
of the polymer matrix (resin) in the marine environment, a
hygrothermal ageing experiment was carried out. The
specimens were first dried in the oven at 35°C, followed by the
immersion of the first series of samples in distilled water,
employing a constant temperature of 40°C for 6 weeks. A
second series of samples were immersed in salty water (3.5
w% NaCl in distilled water) at a constant temperature of 40°C
for 7 weeks. The salinity level was adjusted to correspond to
the average salinity of sea-water and the temperature was
chosen on the basis of published literature results® based on
the ASTM D5229 standard.

GRAVIMETRIC ANALYSIS

The samples were cured in a latex moulding cast of dimensions
2x12x35 mm. It was subsequently dried in an oven at 35°Cto a
constant weight and thereafter immersed in distilled water at
40°C for 12 weeks. During this period gravimetric analyses
were undertaken. Samples were weighed routinely using
Ohaus Explorer Prom EPC114C analytical balance.

The resultant moisture uptake was calculated as follows:

Wy — Wqy

-100
Wa

Moisture uptake % =
Where:
W4- Wet sample mass
W,,- Dry (reference) sample mass
DIFFERENTIAL SCANNING CALORIMETRY (DSC)

DSC analysis was carried out using DSC TA Instruments Auto
Q20 with a heating rate 20°C/min and a temperature range
from -90°C to 300°C in an aluminum pan with a lid. The sample
weight employed was in the region of 5-15 mg.
THERMOGRAVIMETRIC ANALYSIS (TGA)

TGA analysis was performed in a nitrogen atmosphere using
TGA TA Instruments Q50 with a constant heating rate of
20°C/min and a temperature range from 25°C to 600°C. The
quantity of sample used was in the region of 10—-20 mg.
FOURIER TRANSFORM INFRARED SPECTROSCOPY (FT-IR)

Tests have been carried out using a Nicolet iS10 FT-IR
Spectrometer from Thermo Scientific.
SOLID-STATE NMR

The measurements were carried out on a wide-bore Bruker
Avance-ll spectrometer operating at 14.1 T using ramped cross
polarisationzg. A contact time of 1.2ms and 80 KHz SPINAL64
decoupling during the acquisition period was employedzg. The
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samples (approximately 50 mg) were packed into 4mm
zirconium oxide rotors and spun about the magic-angle at 10
KHz. Each spectrum is the result of 512 acquisitions. All B¢
data were referenced with respect to adamantane®®

MOLECULAR DYNAMICS SIMULATIONS

All calculations were performed on an Intel Xeon E5-1650 CPU
using version 12.0 of the AMBER software package31. The ELO
monomer was parameterised using antechamber and the
GAFF*?® force field. A system containing 144 ELO monomers
was created using the PACKMOL?** software package. In vacuo
calculations were first energy minimized for 5000 steps and
then heated gradually to 340K for 10ps in the NVT ensemble
and then equilibrated for a further 10ps at 340K before a
100ns production run. Calculations in solvent used the TIP3pP*®
water model (23426 molecules) and energy minimized with a
restraint of 500 kcal/mol A on the non-water atoms for Sps
followed by no restraints for 5ps. The system was then heated
to 340K over 10ps in the NVT ensemble and then equilibrated
for a further 10ps at 340K in the NPT ensemble before a 100ns
production run in the NPT ensemble.

The solvated periodic system was constructed by first
packing 53 ELO monomers (8851 atoms) into a cube with sides
50A in length using the PACKMOL package. Using periodic
boundary conditions, this system was then equilibrated in the
protocol described above for the non-solvated system in order
to obtain a cubic system with a density of 0.95gml"1
(experimental value: 0.95 gml"l) and sides of length 44A. The
resulting periodic box was then extended to 90A in the z-axis
and PACKMOL was used to add 3,400 water molecules (19,051
atoms). The resulting solvated, periodic system was then
equilibrated using the scheme used for the solvated system
above to obtain a system with a density of 0.98 gml'1 before a
production run of 5 ns.

Results and discussion
DURABILITY STUDIES

In order to correctly predict the lifetime of the composite
material, which is technically and economically important, the
ageing mechanism needs to be understood. For instance,
water uptake not only leads to increase in total mass of the
vessel, therefore increasing its resistance, fuel consumption
and exhaust emissions>**’ but also accelerates degradation of
the material, which increases the probability of failure and
reduces the service life*®.

A polymer molecule can adopt many different conformations.
Properties of the polymer matrix among others depend on
fractional free volume (FFV), in other words on porosity, and
therefore potential water molecule penetrability of the
material. The impact of water on composite material may be
chemical (decomposition caused by hydrolysis leading to chain
scission resulting in embrittlement or osmotic cracking) and/or
physical (water that enters the specimen cause swelling that
creates internal stress resulting delamination
instering).gg"m'41

in and

4| J. Name., 2012, 00, 1-3

In our studies the saturation with distilled water was
reached after 36 days with a moisture uptake level of around
6.3% (see Figure 2). The corresponding saturation with salty
water was after 49 days with a moisture uptake level around
5.4% (see Figure 2). In stark contrast to earlier work® no
blisters were observed, indicating that these could have
previously been caused by delamination of the interface
between the resin and the fibres.
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Figure2 Gravimetric analysis of a hygrothermally aged resin sample (40°C; distilled
water —red and 3.5% NaCl - blue). The dashed lines represent linear regression fit to
the first 28 data points.

The most important transition temperature that defines
application of the polymeric material (its working
temperature) is the glass transition temperature (Tg). Below
the Tg the polymer matrix is normally elastic, and brittle,
above the Tg it exhibits viscoelastic behaviour. Therefore, Tg is
an important criteria to a composite engineer influencing the
choice of polymeric matrix for a fibre-reinforced composite.
The Tg value is directly related to such mechanical properties
as strength, hardness, brittleness, volume, and Young's
modulus, that the polymer presents at the temperature that it
is exposed to™. Polymers that are subject to stress are usually
being used at temperatures below their Tg to avoid creep
under sustained loads®. This is because the structural capacity
becomes less predictable if Tg reduces through a structure’s
life. It is important from a design perspective to create a
material with not only the highest possible Tg, but also a stable
one to obtain the most versatile product.

The Differential Scanning Calorimetry (DSC) test has been
employed in order to investigate possible changes in the Tg
caused by different methods of ageing as well as gain more
knowledge about the mechanism of hygrothermal ageing of
ELO resin. In contrast to the conventional epoxy resin® the Tg
value for the investigated resin remained at the same level
(40-46°C, Figure 3 and Table S1) despite the different methods
of ageing (i.e. UV ageing, hygrothermal ageing in salty water
and distilled water) that were employed. These results are
particularly noteworthy, as conventional epoxy resins™ exhibit
a perceptible drop in Tg values by 20°C, for every 1% of water

This journal is © The Royal Society of Chemistry 20xx
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adsorbed (up to 7% moisture content). The noticeable absence
in the water crystallization signal (around 0°C) may lead to the
hypothesis that the adsorbed water is in some way adsorbed
on to the resin (see supplementary materials).

The region of the plot (presented in Figure 3) marked with
a red dashed rectangle is expected to correspond to the post-
curing process. By comparing the results for the reference
sample (red line) with the specimen hygrothermally aged at
40°C plot (black dashed line) one may notice that after ageing
the curve becomes more flat around the glass transition
Hou®® reported that the best mechanical
properties for composite consisting of the resin discussed
herein and glass fibres have been obtained while curing at an

temperature.

elevated temperature of 37°C. Our hypothesis is that, when a
sample reaches a certain level of polymerisation, remaining
free monomers become trapped in the structure, thus losing
the ability to move or react. The process of heating up the
sample close to its Tg value may restore the mobility of the
molecules in the specimen increasing the probability of further
polymerisation. To confirm this hypothesis further tests have
been conducted and are described in the subsequent sections
of this paper.

T = e—— —
| = ELO B1 ref
——ELOUV 24h L
----- ELO hygro distilled water 7Tweeks |
""" ELO UV 4 days |
ELO hygro NaCl 3.5% 6weeks | |
= ELO pH4 4weeks |
————— ELO pH10 dweeks \

Exo Up

Temperature [°C]

Figure 3 Differential Scanning Calorimetry (DSC) data showing heat flux as a function of
temperature between -90°C and 300°C. Data for each series has been offset along the
vertical axis to highlight the differences and similarities between particular samples.

Thermo-Gravimetric Analysis (TGA) is a widely used tool for
stability and decomposition of
polymeric materials at different temperatures.46 All the
samples employed in this study revealed a similar
decomposition pattern, with the only exception being the
specimen that was hygrothermally aged in salty water
(highlighted in green in Figure 4). To confirm if the accelerated
ageing of salty water specimen had a direct influence on the
properties of the resin, further tests are required (see below).
More importantly, the absence of a signal at 100°C (Figure 4)
(water evaporation) in all samples further confirms that free
water species are not present and is largely consistent with the
DSC findings (no free-water was observed in the specimens).

assessment of thermal

This journal is © The Royal Society of Chemistry 20xx

RSC Advances

120 T T T T T
100 + 2
80 b sosresssssssaseves .
z
Eﬂ (| R 4
@
2
—ELO B1 ref
40 ——ELO UV 24h T
= ==—ELO hygro distilled water 7weeks
===ELO UV 4 days
20r ELO hygro NaCl 3.5% 6weeks 1
= ELO pH4 4weeks
= ==ELO pH10 4weeks :
[] T T T 1
0 100 200 300 400

500 600
Temperature [°C]

Figure 4 Thermogravimetric analysis (TGA) data showing weight loss of specimens as a
function of temperature between 25°C and 600°C. Note that there is no peak
corresponding to water evaporation present and that the only difference in behaviour
is observed for sample that has undergone hygrothermal ageing in NaCl solution (green
line).

Colin X. et al.”’ reported that if there are any remaining
oxirane rings in an epoxy resin exposed to the water
environment, they may undergo reversible hydrolysis, thus
contributing to the process of water-trapping and detrapping
and causing internal stress. This type of ageing is reversible at
the atomistic level; however, it may cause irreversible changes
at the macroscopic level, affecting long term physical and
mechanical performance of the composite material. FT-IR
study has been employed in order to investigate the efficiency
of curing (conversion of oxirane rings to ether bridges, see
Scheme S2 and S3), as well as influence of ageing processes on
chemistry of resin.

In the IR spectra, it has been observed that after UV curing
(Figure 5 red line) the peak N°10 in the fingerprint region at
around 821 cm'l, which corresponds to the oxirane ring48, has
been substituted by a noticeable feature at 1066 em™ (peak
N°9 in the solid sample that was cured for 3 hours; blue line),
that can be attributed to the ether bridge - this unequivocally
proves that the curing process has been initiated (Figure 5). At
the same time, it was also observed that the peak N°7 at 1243
cm'l, which also corresponds to the oxirane ring signature, has
not completely disappeared, indicating that the polymerisation
process was incomplete and that the resin was not fully cured.
It is believed that the remaining oxirane rings contributed via
aforementioned mechanism to 5.4-6.3% water uptake and can
partially be responsible for the mechanical testing results
reported in the work by Malmstein et al®.For the purpose of
calibrating and further optimizing our results, a comparative
sample (black line, Figure 5) was post-cured for an extended
period of time (4 days) to ensure a greater degree of
polymerisation. It was noteworthy that the additional UV
irradiation had no visible effects, when compared with our
normal UV-cured (3 h) sample (blue line, Figure 5). These

J. Name., 2013, 00, 1-3 | §
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findings are in good agreement with TGA and DSC results; but
be
required to understand the mechanism and mode of action in
greater detail.

further optimization of the reaction parameters will

Table 1 Wave numbers of the main peaks observed (by FT-IR) with the resin sample and

their corresponding chemical assignments.

N° Wave Chemical Assignments
number

1 ~3487 OH

2 ~2926 Asymmetric C-H stretching of CH,, CH3

3 ~2854 Symmetric C-H stretching of CH,, CH;

4 ~1738 0-C=0

5 ~1463 Scissoring of CH,, asymmetric bending of CH;

6 ~1374 Symmetric bending of CH;

7 ~1243 C-O-C oxirane (epoxy)

8 ~1151 C-O stretching of 0-C=0

9 ~1066 C-O-C ether bridge

10 ~821 C-O-C oxirane (epoxy)

11 ~722 (CH,), when n>3 rocking

12 ~659 O-H out of plane bend (alcohol)

Percent Transmittance

= ELO resin liquid
= ELO resin cured for 3h
= ELO resin UV aged (4 days)

0.74

2000 1000
Wavenumbers

T T
4000 3000

Figure 5 Comparison of the FT-IR spectra of liquid resin (red), the solid sample that was

cured for 3 hours (blue) and solid sample that has been post-cured for additional 4 days
(black). Note the partial disappearance of the peaks corresponding to the oxirane rings

and the emergence of the ether bridge signature following the curing process (see also

Table 1 for chemical assignments).

It has been reported49 that conventional epoxy resins are
resistant to many chemical substances, especially to alkali. In
order to compare the resilience of our sustainable composite
resin to black and grey waste, a range of buffer solutions (pH4-
10), covering the international rules for black and grey water
discharges (pH6-8)27, were prepared and our solid resin was
subjected to exposure periods in this simulated environment
for four weeks. It was noteworthy that no significant changes
in the physical and chemical properties were observed, when
extremities of both acidic and basic pH environments were
applied (Figure 6).

6 | J. Name., 2012, 00, 1-3

In order to gain better understanding of the influence of the
aforementioned water uptake on the chemistry of the
considered resin, hygrothermally aged samples (Figure 7) have
been subject to FT-IR testing. The only difference in the
appearance of the spectra of hygrothermally aged specimens
that has been observed was the reduction in the intensity of
the 659 cm™ peak (O-H out of plane bend alcohol) (Figure 7).
This result may suggest that resin is chemically stable despite
water ingress.

Percent Transmittance

ELO resin cured for 3h (unaged)
——— ELO aged pH 4 (4weeks)

ELO aged pH 10 (4weeks)

06

T T
2000 1000

Wavenumbers

T T
4000 3000

Figure 6 Comparison of the FT-IR spectra of the UV-cured (3h) solid resin (blue line) and
its corresponding analogues that were subjected to strongly acidic environment (pH 4)
(magenta line) and strongly basic environment (pH 10) for 4 weeks (black line).

Percent Transmittance

= ELO resin cured for 3h (unaged) Ic —
= ELO aged in distilled water (40°C, 7 weeks)
=" ELO aged in salty water (40°C, 6 weeks)

06

2000 1000

Wavenumbers

4000 3000

Figure 7 Comparison of the FT-IR spectra of the UV-cured (3h) solid resin (blue line) and
its corresponding analogues that were subjected to hygrothermal treatment at 40°C in
distilled (black line) and salty (3.5% NaCl) water (magenta line) for 7 and 6 weeks
respectively. Note the highlighted reduction in the intensity of the 12th peak (O-H out
of plane bend alcohol).

Solid-state NMR measurements were further employed to
corroborate the FT-IR findings: the UV-aged solid polymerised
resin and its corresponding analogues that were subjected to
hygrothermal treatment in distilled and salty water were
evaluated by magic-angle spinning solid-state NMR
measurements. Solid-state >C MAS-NMR showed a consistent
chemical structure under the experimental conditions used in
this study. The NMR findings are in good agreement with FT-IR
results (see Figure 7 and c.f. with Figure 8) and no significant
changes in the chemical environments were observed. The
peak assignment can be summarized as follows: CH; groups (<

This journal is © The Royal Society of Chemistry 20xx
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20 ppm), CH, groups (large signal centred near 30 ppm), epoxy
groups (60-85ppm), and ester groups (173 ppm). There is no
evidence of different types of carboxylic environments. All the
spectra are very similar and consistent with the structure given
in Figure 1. These assignments are in agreement with previous
literature®**".

Despite the low Tg values, the solid-state resin seems to be
chemically stable and this augurs well in terms of future
prospects of this material from a chemical standpoint.

= ELO resin cured for 3h (unaged)
= ELO aged in salty water (40°C, 6 weeks)
=~ ELO aged in distilled water (40°C, 7weeks)

A

o NI

230 210 190 170 150 130 110 90 70 50 30 10
“C chemical shift (ppm,

-10 -30

Figure 8 >C NMR spectra recorded at 600MHz (14.1 Tesla) using a ramped cross
polarization sequence, sample spinning at 10 kHz (red — normal UV-polymerized solid
resin that was cured for 3 h with no treatment; green and blue: the solid resin
subjected to hygrothermal ageing in 3.5 % NaCl for 6 weeks and in distilled water for 7
weeks respectively).

COMPUTATIONAL SIMULATIONS

In order to gain better understanding of the interaction
between the polymeric matrix (resin) and the water molecules
at the atomic level, Molecular Dynamics (MD) simulations have
been performed. A simplified model of the polymerised resin
system was constructed by packing 144 ELO monomers to the
reported densitysz. Figure 9 presents a snapshot of the ELO
resin model obtained from an in vacuo molecular dynamics
simulation. The cavities that are present in this system have
been highlighted. A subsequent simulation in which this
structure was solvated shows that it is possible for water
This
Figure 10. However, as the cavities are small, only a small

molecules to enter into these cavities. is shown in
number of water molecules are able to enter each cavity. In
order to more accurately represent the interaction of the
interface between bulk ELO and water the periodic system
shown in Figure 11 was constructed. It can be seen in this
Figure that water molecules permeate to a considerable depth
into bulk ELO in this more representative system as well. It is
expected that the nature of the crosslinking of the monomers
during polymerisation will reduce the efficiency of the packing,
resulting in even larger cavities. These will likely be capable of containing
more water molecules. Despite the fact that the prediction of
a polymer structure is a complex task that is outside the remit
of this publication and will be approached in future work,
these to better the
mechanism by which water is adsorbed into the resin.

simulations allow us understand

Specifically, this process occurs due to the movement of water

This journal is © The Royal Society of Chemistry 20xx
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through the transient pores. This observation highlights the
necessity of resin cross-linkage improvement, that would, as a
result, lead to reduction of free volume ratio of the matrix and
reduction of water uptake.

Figure 9 Snapshot of the ELO resin model from MD simulations (GAFF“'”force field,
temperature 340K, simulation time: 100ns) in vacuum. Cavities that could

accommodate water have been highlighted as orange surfaces.

Figure 10 Snapshot from the MD simulations of the polymerised ELO resin model in
water. Water molecules entering the cavities within the polymer are highlighted as
blue surfaces.

Figure 11 Snapshot from the periodic MD simulations of the ELO monomers in water,
showing water permeation into a periodic slab of ELO. Water molecules that have
permeated into the bulk ELO are highlighted. The periodic cell is highlighted with a blue
box, but for formatting purposes the image has been truncated in the vertical axis. A
non-truncated version of this Figure is available in the supplementary information
(Figure S4).
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From an engineering perspective these results are very
significant in that they confirm the effects of hygrothermal
ageing as measured by moisture absorption and its effect upon
the mechanical properties. Without an understanding of the
degradation mechanisms involved, the product development
required to improve the properties of epoxidised linseed oil
based resins to the point where they are commercially viable
would largely be trial and error.

RESIN MODIFICATION

Further to these studies, a preliminary attempt has also been
made to improve the properties of the ELO resin by increasing
the level of crosslinking. Based on the fact that the resin is
cured via photoinitiated cationic polymerisation, it has been
established®>** that Brgnsted acid sites”” play a key role in
accelerating rate of cross-linking, and, in order to explore the
above hypothesis, we have carried out some initial tests with
zeolites, which have been industrially-used in the polymer and
petrochemical industry as solid-acid catalyst556'57. Zeolites are
aluminosilicates, which are composed of alternating AlO, and
SiO, tetrahedra and possess an overall net-negative charge. In
order to compensate for this charge-imbalance and to afford
greater stability, charge-compensating cations (such as H*) are
utilized, which leads to the origin of strong Brgnsted acid sites.
With a view to harnessing these Brgnsted acid sites to
accelerate the cross-linking process, we selected two
commercially well-known zeolites (Zeolite v*® and ZSM-SSQ,
industrially used as heterogeneous solid-acid
catalysts, and for sake of comparison, we used a homogeneous
sustainable cross-linker (a bio-derived diacid Priopol 1009)25 to
calibrate and contrast our results. It was noteworthy, from our
preliminary tests that the addition of small quantities of the
zeolite catalysts (Zeolite Y and ZSM-5) reduces the curing time.
The addition of Priopol 1009 did not affect this property,
though it visibly increased the elasticity of the sample.

In the IR spectra of the epoxy region, it has been observed

that the addition of 2w% of Zeolite Y and H-ZSM5 had a
marked influence on the degree of curing (decrease in the
peak intensity around 1239 cm™, C-O-C oxirane - (Figure 12). In
stark contrast, the addition of acetic acid inhibited the curing
process (increase of the peak intensity around 1239 cm'l).
Those results support our hypothesis that Brgnsted acids sites
favourably influence the photoinitiated cationic polymerisation
(Scheme S2 and Scheme S3), leading to the creation of new
crosslinks that are visible as the reduction of the oxirane peak
intensity.
It is also worth highlighting that the addition of Pripol 1009
and the introduction of the heterogeneous Zeolite Y and H-
ZSM5 catalysts improved the thermal stability of the resin
(Figure 13a and 13b), in contrast to the addition of acetic acid,
which had a detrimental effect. The Td5% (initial degradation
temperature at which 5% mass loss of the tested sample is
observed) for samples with addition of ZSM5, Zeolite Y and
crosslinker rose from 258.9°C (ELO resin 100w%) to 303.6°C,
314.8°C and 315°C respectively (Figure 13b). The addition of
acetic acid caused a drop of Td5% to 198.5°C.

which are

8 | J. Name., 2012, 00, 1-3

Despite the above modification, the Tg value of the samples
remained fairly consistent, with the exception of sample
containing acetic acid, which displayed negative change in its
behaviour (decrease of the Tg value, which might be
connected with lower level of curing) (Figure 14).

More importantly, the addition of Zeolite-Y, H-ZSM5 and bio-
derived crosslinker significantly reduced water uptake by
1.5w%-2w% (Figure 15). The saturation with distilled water at
40°C was reached after 62, 38 and 78 days respectively with
moisture uptake levels between 4.1w% - 4.6w%.

08

0.76 -

07+

065 -

Percent Transmittance

06

056 -

=—ELO resin 100w%
ELO resin 90w% + acetic acid 10w%
ELO resin 90w% + crosslinker 10w%
~——ELO resin 98w% + Zeolite-Y 2w%
= ELO resin 98w% + H-ZSM5 2w%

—ELO resin UV postcured at40°C for 3 hours

05
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1300 1280 1260 1240 1220 1200 1180
‘Wavenumbers

Figure 12 Comparison of the FT-IR spectra of the UV-cured (3h) solid resin (red line) and
its corresponding analogues that were subjected to modification via addition of acetic
acid 10w% (green line), acetic acid 10% and Pripol 1009 10% (sky blue line), Zeolite-Y
2% (magenta blue) and ZSM5 2% (black line), UV postcuring at the elevated
temperature 40°C (blue line).
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Figure 13a Thermogravimetric analysis (TGA) data showing weight loss of the
specimens as a function of temperature between 25°C and 600°C. Note that a
significant difference in behaviour is observed for samples altered by the addition of
acetic acid and also with ZSM-5 and Zeolite Y.
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Figure 13b TGA data showing the mass-loss temperature versus mass-loss for ELO resin
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Figure 14 Differential Scanning Calorimetry (DSC) data showing heat flux as a function
of temperature between -90°C and 300°C. Data for each series has been offset along
the vertical axis to highlight the differences and similarities between particular
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Figure 15 Gravimetric analysis of a hygrothermally aged (40°C; distilled water) resin
samples with and without the additives showing the positive influence of the additives
on resins water resistance
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These preliminary results are indeed promising, as they
reveal that the importance of water uptake by the polymer
matrix, which is a crucial physical property for potential marine
application. Furthermore, the thermal stability of the
sustainable polymer resin matrix can by suitably improved via
dexterous chemical manipulation and modification. The scope
for potential expansion involving a range of sustainable cross-
linkers and zeolite (and zeotype)so'61 catalysts affords further
opportunities for understanding of the chemistry of the resin
system and the mechanisms of its degradation at a molecular
level, as well as improving the Tg, which will lead to a rational
design of sustainable composites for future marine application.

Therefore, the possibility of wusing sustainable
heterogeneous solid-acid catalystsﬁz'63 to improve the overall
efficiency of photoinitiated cationic polymerisation of
bioderived epoxy resin systems, might pave the way for future
applications within the marine composite industry.

Conclusions and Future Prospects

By using a combination of physico-chemical, gravimetric and
spectroscopic characterisation methods, along with molecular
dynamics simulations, we have gained preliminary chemical
insights on the nature and extent of UV-curing of plant oil
based resin and ageing processes in sustainable polymeric
composite matrix. The detection of oxirane entities, post-
curing, has shed further light on the nature and type of
potential active centres that are present and how these are
instrumental in initiating chemical degradation processes that
are detrimental to the lifetime of the sustainable composite
material. It is important to note that the Tg values for the
sustainable resin, however low, remained constant post-
ageing, in stark contrast to the conventional epoxy materials,
thereby highlighting the former’s potential advantages for long
term marine applications. From an engineering perspective,
this finding is important as the designed average life span of
components built from such materials is typically around 25
64,65

The combined spectroscopic approach, which is supported
by molecular dynamics simulations, facilitated the detection
and location of trapped water molecules, which we believe has
a marked impact on the transparency and stiffness of the
resulting hygrothermally-aged samples. It was also noteworthy
that the addition of zeolite catalysts (ZSM-5 and Zeolite-Y),
which possess strong Brgnsted acid sites, greatly influenced
the level of crosslinking, whilst simultaneously enhancing the
thermal stability of the resin, as well as its water resistance.
From a maritime engineering perspective, these findings are
highly desirable, as they reveal how a dextrous chemical
modification at the atomistic level could lead to significant
enhancements in the physical properties of the resin. In the
long term, these improvements are expected to help reduce
the risk of failure of the sustainable composite material, during
the service-life of ships and other smaller marine vessels. It is
also envisaged that this will simultaneously contribute to
increasing the overall fuel efficiency, thereby affording
significant environmental benefits. This has further highlighted
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the need for establishing robust structure-property

correlations that would enable a more accurate prediction of
the average life-span of sustainable composite materials, in
our quest for a design-application approach to marine and
maritime engineering.
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