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Epoxy is an extensively used polymer in several applications such as coatings, adhesives, structural
composites etc. However, it is a poor ultraviolet (UV) absorber and suffers from UV-degradation, which
usually leads to discoloration and loss of structural integrity. In this study, cellulose nanocrystals (CNCs)
conjugated with a UV absorbing molecule were investigated as a functional nanomaterial to enhance the
UV absorption of epoxy polymers. The grafting of a UV absorbing molecule, para-aminobenzoic acid
(PABA), on the surface of CNCs was confirmed using FTIR, proton NMR, and via elemental analysis. The
modified CNCs were then incorporated into an epoxy polymer and their efficacy in mitigating the
photo-degradation of epoxy was evaluated. For this, a neat epoxy control, native CNCs and modified
CNC based nanocomposite specimens were subjected to controlled UV irradiation and the resulting
structure—property changes were assessed. Results of UV absorption and discoloration showed that the
neat epoxy was impacted the most as a result of the UV irradiation. While the incorporation of native
CNCs displayed some UV absorption and reduction in the UV mediated discoloration of the epoxy
polymer, the most pronounced effect was obtained in PABA decorated CNC based epoxy
nanocomposites. The use of such tailored CNCs has great potential to mitigate UV induced degradation
of a range of polymers that are used especially in outdoor applications where direct exposure to UV is
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1. Introduction

Epoxy, a low molecular weight, thermosetting polymer resin, is
extensively used in adhesives, paints and coatings, structural
composites, electronics, construction and biomedical applica-
tions." The majority of these applications are found to be
outdoors involving continuous exposure of the epoxy surface to
sunlight. Along with a number of other radiations the sun emits
ultraviolet (UV) rays, which are not only harmful to animals and
plants but also damage materials such as plastics.>* While the
UV rays with longer wavelengths such as UVA (315-400 nm) and
UVB (280-325 nm) are absorbed by the ozone layer, some
remaining UVB rays are transmitted to the earth with enough
energy to break certain chemical bonds leading to accelerated
chemical degradation of polymers.>** In the literature, the UV-
degradation of polymers such as polyvinyl alcohol, poly-
urethane, and polyvinyl chloride has been reported.>*® Despite
its extensive use in outdoor applications, epoxy is among these
polymers that undergo considerable photo-degradation under
the exposure of ultraviolet (UV) light.***°

Epoxies exposed to UV radiation undergo discoloration
making them aesthetically unappealing.® Longer exposure of
epoxy to UV light also results in embrittlement of the polymer
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starting with the formation of micro-cracks on the surface.**
These are particularly unsuitable for epoxies used in coating or
structural composite applications. Thus, epoxy applications in
coatings are typically limited to underlayers that are not directly
exposed to UV radiation. Furthermore, UV degradation deteri-
orates the mechanical properties of epoxy resins when used as
a matrix in structural composites.® Such a compromise in
mechanical properties poses a disadvantage for epoxy via
shortening its service life span in critical structural and func-
tional applications such as in the automotive, construction, and
aerospace industries. Hence, most epoxy composites used in
structural material applications are coated with UV resistant
polymers.

The incorporation of organic and inorganic UV absorbers
and other stabilizers to polymeric material formulations has
been researched and commercialized. The direct incorporation
of inorganic UV stabilizers, such as ZnO and TiO,, and organic
stabilizers, such as benzotriazoles, benzophenones, benzoic
acid, and hindered amine light stabilizers (HALS) is extensively
studied to reduce UV and other types of photodegradation.>*'*
The use of para-aminobenzoic acid (PABA) as a UVB blocker in
sunscreen lotions to prevent skin damage and in extreme cases
skin cancer resulting from UV radiation is known to be due to
its UV-blocking properties in the UVB range.”” While a few
studies®* investigated the use of PABA as a potential UV
absorber in polymers, its extensive use in the polymer industry
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is rather limited. For instance, Fernandes et al.*® grafted PABA
to lignin and used the derivative as a co-blend with polyvinyl
alcohol. Results of the studies showed that the lignin-PABA
provided antioxidant/photo-protective properties to the PVA.
However, it is worth mentioning here that lignin itself has UV
absorption properties, and the observed photo-protection could
have been from a combination of the lignin and the PABA.™

The direct incorporation of PABA as a UV absorber in poly-
mers is also uncommon. This is attributed to its tendency of
migration and decomposition that results in reduced efficiency
over an intermediate to longer period of time." Moreover, such
small organic molecules (MW 137.14 g mol ') can easily leach
out of plastics and may pose an environmental hazard.*
Particularly with regard to epoxy, PABA could not be directly
incorporated in the baseline resin. This was because the highly
nucleophilic primary amine group of PABA can open and react
with the epoxide groups. This can severely limit the crosslinking
of epoxy with the typical bifunctional amine crosslinking agent
resulting in a less crosslinked network with poor properties. In
this research, the grafting of PABA on the surface of cellulose
nanocrystals (CNCs) and its UV absorption efficiency in epoxy
nanocomposites were investigated. The covalent bonding of
PABA on the surface of CNCs can circumvent the problem of
leaching from polymer matrices over the lifetime of the polymer
applications and potentially provide a reinforcing effect. Also,
CNCs have already attracted substantial interest as a reinforcing
filler of polymers, and their use as a multifunctional filler could
be of great scientific and industrial interest.

Cellulose nanocrystals (CNCs) were selected as model
nanoparticles due to their substantial importance in the poly-
mer industry associated with their renewability, biodegrad-
ability, high strength, and low density. Moreover, CNCs are rich
in hydroxyl groups associated with their anhydrous glucose
monomer units. These hydroxyl moieties, typically one primary
and two secondary, are amenable to several chemical modifi-
cations.”™® A significant body of research has already been
conducted on the use of CNCs as a reinforcing filler of epoxy
polymers.'”*® Investigation of the utilization of nanoparticles
and other organic molecules to mitigate UV degradation of
polymers is not entirely new as well. For instance, Woo et al.**
have studied the photo-degradation and resulting performance
of epoxy resins with organoclay as a filler. Nikafshar et al.* used
an organic filler (Tinuvin 1130) to enhance the UV resistance of
epoxy. Despite the diversity of modification chemistries and the
promising properties already offered by functional agents
grafted onto CNCs, the full potential of CNCs has not been
utilized, and more applied approaches are in great demand.
Furthermore, the use of coupling pathways to attach functional
molecules onto CNCs is still relatively rare, most likely due to
the lack of facile conjugation agents and methods. CNCs
modified with PABA can be used as a filler for polymeric
matrices to reduce degradation caused by extensive exposure to
UV-light. Thus, the goal of this study was to investigate the
conjugation of PABA onto CNCs using a coupling agent that has
a differentiated reactivity and evaluate their efficiency as
a functional UV protective nanomaterial in epoxy matrices.
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2. Experimental

2.1. Materials

Spray dried cellulose nanocrystals (CNCs) produced via sulfuric
acid hydrolysis of bleached kraft pulp with a crystallinity of 88%
were obtained from CelluForce Inc. (Montreal, Canada). Iso-
phorone diisocyanate (IPDI), dimethyl sulfoxide (DMSO),
dibutylin dilaurate (DBTDL), bisphenol A diglycidyl ether epoxy
resin, poly(propylene glycol) bis(2-aminopropyl ether) curing
agent, toluene, and acetone were purchased from Sigma
Aldrich. 4-Aminobenzoic acid (PABA) was obtained from Fisher
Scientific. All the chemicals used in this research were of
analytical grade and used as received unless otherwise
mentioned.

2.2. Preparation of modified CNCs

The grafting of PABA to the CNCs was conducted in a two-step
heterogeneous reaction process. In the first step, 2% (w/v) of
dried CNCs was dispersed in DMSO via magnetic stirring fol-
lowed by homogenization (Homogenizer, PowerGen 700) for
a total of 15 min and heated to 60 °C. Concurrently, the IPDI
coupling agent was heated to 60 °C and 0.8 mol% DBTDL
catalyst was added and stirred for 5 min in a nitrogen atmo-
sphere. The pre-heated IPDI/DBTDL and CNC dispersions were
then mixed at a weight ratio of 1: 30 (CNC : IPDI/DBTDL) in
a glass reactor equipped with a stirrer and thermostat. The
reaction was then carried out at 60 °C under a nitrogen atmo-
sphere for 4 hours. The CNC-IPDI intermediate product was
then washed with toluene, which involved dispersion in toluene
and centrifugation (4000 rpm for 3 min), which was repeated
five times to remove unreacted IPDI. The recovered CNC-IPDI
intermediate is referred to as iCNC throughout the manuscript.
One portion of iCNC was oven dried at 80 °C overnight for
further characterization.

The remaining iCNC was re-dispersed in DMSO and mixed
with the UV absorbing molecule, PABA, which was solubilized
in DMSO and pre-heated to 60 °C to produce the final tailored
CNC nanoparticles. The weight ratio of CNCs to PABA in this
reaction was set to 1:3 based on preliminary experimental
observation, and the reaction was conducted at 60 °C overnight.
The product was recovered via successive toluene and acetone
wash. This involved dispersing the product in excess toluene
followed by centrifugation (4000 rpm for 3 minutes) three times
followed by acetone washing (three times). The washed final
product (CNC-IPDI-PABA) referred to as pCNC throughout this
manuscript was dried overnight at 80 °C and used.

2.3. Characterization of the modified CNCs

2.3.1. Fourier Transform Infrared Spectroscopy (FTIR). In
order to investigate the modification of CNCs, samples were
characterized by Fourier Transform Infrared Spectroscopy
(FTIR) using a Nicolet 6700 model, Thermo Scientific unit.
Sample pellets were prepared by mixing dried sample powders
of native CNCs, iCNC, pCNC, PABA, and nanocomposites with
dried potassium bromide (KBr) salt powder and pressing them
into pellets using a Carver press. FTIR scans, in transmittance
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mode, were then collected in the frequency range of 500 and
4000 cm ™.

2.3.2. Elemental analysis. Elemental analysis was carried
out to confirm the coupling of IPDI to cellulose nanocrystals to
produce the IPDI-CNC (iCNC) intermediate product, followed
by attachment of PABA to the iCNC to produce PABA-IPDI-CNC
(pCNC). CNC, iCNC and pCNC samples were dried overnight at
70 °C prior to analysis. The elements C, H, and N were quan-
tified using a 4010 elemental analyzer (Costech instruments,
Italy) equipped with a Delta Plus XL continuous flow isotope
ratio mass spectrometer (Thermo-Finnigan, Germany).

The coupling efficiency of PABA onto CNCs was calculated in
accordance with a method reported by Guan et al.>® based on
elemental analysis results. The coupling efficiency was calcu-
lated as:

Wn — We

E= om "¢
C 7

x 100 (1)
Wm, We, and Wp represent the weight of modified CNCs (pCNC),
native CNCs and PABA, respectively. We and Wp were the
weights used to conduct the reaction, and W;, was a calculated
value as shown below.

I—GXWC (2)

G= 137% x N% (3)
G is the weight of PABA in the modified CNCs, which was
calculated based on the percent nitrogen (N%) obtained from
elemental analysis. 137.14, 1 and 14 represent the molar mass
of PABA, number of nitrogen atoms present in PABA, and molar
mass of nitrogen, respectively. The calculated weight of PABA in
PCNC (G) was then used to calculate Wy,.

2.3.3. Proton nuclear magnetic resonance ("H NMR). The
proton NMR spectra of CNCs, PABA, iCNC and pCNC were
recorded using a Bruker 500 MHz high-resolution NMR spec-
trophotometer (Bruker-electrospin 500 MHz Ultrashield, Bruker
Corporation, MA). Samples were prepared by dispersing 1 mg in
deuterated DMSO and the spectra were collected at 500 MHz at
room temperature.

2.3.4. Thermogravimetric analysis (TGA). The thermal
stability of CNCs, modified CNCs, and their nanocomposites
was evaluated using a TA instrument (TGA Q500) to study the
impact of modification on the thermal behavior of CNCs. The
thermal degradation behaviour of the samples was recorded
from 25 °C to 550 °C with a ramp rate of 5 °C min under
a nitrogen environment. The weight loss was used as an indi-
cator to analyze the thermal stability/degradation behaviour of
the samples.

2.3.5. Contact angle measurement. The impact of attach-
ing PABA on the hydrophilicity of CNCs was studied by
employing water contact angle (WCA) measurement. In order to
test the WCA, 200 mg of CNCs and pCNC were pressed into two
pellets using a Carver press. The pellets were then dried at 60 °C
for an hour before conducting the contact angle measurement.
Using a sessile drop device, a water droplet was dropped onto
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the pellets, and the instantaneous water contact angle was
recorded.

2.3.6. UV-visible (UV-vis) spectroscopy. The UV absorbance
of native CNCs, modified CNCs, PABA, and nanocomposite
samples was analyzed using a Cary 100 Bio UV-visible (UV-vis)
spectrophotometer. For this, 1 g of CNCs and pCNC were
dispersed in 10 mL of DMSO, and the UV absorbance was
collected from 200 to 800 nm wavelength with DMSO as the
baseline solvent. Similarly, the effect of the UV absorber (grafted
onto the CNCs) on the epoxy-CNC nanocomposites was
analyzed using a UV-vis spectrophotometer. A neat epoxy poly-
mer that was not exposed to UV irradiation (Neat epoxy_0) was
used as the baseline material and other samples with varying
CNC and pCNC compositions and UV irradiation treatments
were analyzed from 200 nm to 800 nm.

2.4. Epoxy-CNC nanocomposites

2.4.1. Preparation. Epoxy matrices for the nanocomposite
sheets were prepared by combining 70% (w/w) epoxy resin and
30% (w/w) curing agent. Nanocomposites were prepared by
incorporating 5 wt% and 10 wt% loading content of native and
modified CNCs (pCNC). For this, calculated quantities of CNCs
and pCNC were first dispersed well in the amine based curing
agent using a homogenizer (PowerGen 700) and then mixed
with the epoxy resin. The mixture was then further sonicated
using an ultrasonic processor (FB120, Fisher Scientific) to
obtain an enhanced dispersion of the native and tailored CNCs,
and degassed to remove air bubbles. Resin mixtures prepared as
such were then poured into a silicon mold and cured at 60 °C for
four hours followed by room temperature curing overnight to
produce the nanocomposite test specimens.

2.4.2. UvV-irradiation. Epoxy nanocomposites, which
include neat epoxy baseline, epoxy-CNCs and epoxy-pCNC,
were subjected to a controlled UV irradiation exposure. For this,
a UV lamp obtained from LSE Lighting (120 V and 50 W) was
placed 25 cm above the samples and allowed to irradiate the
samples for 0 (control), 72 and 144 hours, and in the case of
selected samples for 250 and 500 hours. For labelling purposes,
a three part system was used, xy_z. The prefix x represents the
weight percent of the filler added to epoxy composites. Epoxy
composites were prepared with different filler loadings indi-
cated by x (5 and 10 wt%), and y is the filler type used (CNCs,
PCNC and PABA). Finally, z is the number of hours the sample
was exposed to UV irradiation (0, 72, 144, 250 or 500 hours). The
epoxy without any filler added was denoted as neat epoxy with
appropriate irradiation time.

2.4.3. Color analysis. Discoloration is one of the indica-
tions of photo-degradation. In order to quantify the change in
color for UV irradiated epoxy nanocomposites, samples were
tested using a MiniScan EZ Diffuse SAV color measurement
spectrophotometer (HunterLab, VA, USA). Samples were tested
at least in triplicate, and the average was used for further
calculations. L*a*b* values were measured, which represent the
lightening-fading, red-green and yellow-blue coordinates,
respectively.”* A positive AL* value represents lightening of the
samples and a negative value represents fading. Similarly,

This journal is © The Royal Society of Chemistry 2019
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a positive Aa* corresponds to a color shift towards red, and
negative, towards green. In this way, a positive Ab* corresponds
to a color shift towards yellow, and a color shift towards blue is
represented by a negative Ab*. The total change in color was
then computed using the following expression:

ME= (L - L) 4@ —a) + (B8] (@)

The subscripts 1 and 2 correspond to the values for the
reference sample and values for samples after exposure,
respectively. For each of the epoxy nanocomposites, samples
before exposure, 0 hours of exposure, were taken as reference
samples to study the discoloration effect due to UV exposure.

2.4.4. Water absorption. The moisture absorption of the
baseline epoxy, native CNCs, and modified CNC based nano-
composites was studied in accordance with ASTM D570-98.
Sample specimens were cut into 20 x 20 x 2 mm pieces and
dried in a vacuum oven at 60 °C for two hours. The weight of
each dried sample was recorded as W; and then they were
submerged in deionized water at room temperature. After 24
hours the samples were removed from water, their surface dried
with a piece of blotting paper, and weighed, which was recorded
as W,. The samples were then re-immersed in water and the
process was repeated for 7 days with measurement every 24
hours. The water absorption, which was measured in terms of
weight increase, was calculated using the following relation:

W, — W,

1

% Water Absorbance = x 100 (5)

2.5. Statistical analysis

Experimental replicate results were expressed as the mean value
=+ standard deviation. The statistical analyses of the data were
conducted using the statistical software package Minitab
(Version 18). Single factor analysis of variance (ANOVA) was
employed to identify significant differences among mean values
with a 95% confidence level (P < 0.05) of LSD criteria.

3. Results and discussion

3.1. Modification of CNCs

3.1.1. Surface grafting of PABA on CNCs. The surface of
cellulose nanocrystals was decorated with PABA, a UV absorbing
molecule, using IPDI as the coupling agent. The grafting of
PABA onto CNCs was conducted in a two-step process as shown
in Scheme 1. IPDI, containing dual isocyanate functional
groups with differentiated selectivity, was used as a coupling
agent between PABA and the CNC nanoparticles. It has been
reported that in the presence of DBTDL as the reaction catalyst,
the secondary isocyanate functional group of IPDI has higher
reactivity than the primary group.””** In Scheme 1(a) the first
step of the reaction is presented, where the secondary isocya-
nate group was activated in the presence of DBTDL at
a moderate temperature (60 °C). The isocyanate group (-NCO)
was then covalently bonded with hydroxyls (-OH) on the surface

This journal is © The Royal Society of Chemistry 2019
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of CNCs as reported by Girouard et al. producing the interme-
diate product CNC-IPDI (iCNC).> The primary amine group of
PABA was then allowed to react with the unreacted primary-
NCO group of the iCNC intermediate product as shown in
Scheme 1(b) to produce CNC-IPDI-PABA (pCNC). To validate
these modifications of CNCs, FTIR, elemental analysis, and "H
NMR analysis were employed and discussed in the next
sections.

Native and modified CNCs, iCNC, pCNC and PABA were
analyzed using IR to confirm the proposed grafting between
PABA and the CNCs. Fig. 1(a) shows the comparison of the IR
spectra for CNCs, iCNC and pCNC along with those of PABA.
The broad peak at 3000-3550 cm ™ ‘of the CNCs was attributed
to -OH functional groups. The reduction in the -OH peak
(3000-3550 cm™') and appearance of the -NCO peak at
2240 cm ™! for iCNC as shown in Fig. 1(a) were indicative of the
modification of surface hydroxyls on CNCs as illustrated in
Scheme 1(a) to form iCNC.*** Furthermore, the emergence of
a carbonyl band at 1700 cm™' in iCNC provided further
evidence of urethane linkage formed as -NCO reacted with the
—-OH moieties of CNCs.***

The reaction between the amine groups of PABA and the
unreacted -NCO of the intermediate product as shown in
Scheme 1(b) was observed from the complete consumption of
the -NCO in pCNC compared to that in iCNC (Fig. 1(a)). Close
analysis of pCNC (Fig. 1(b)) showed the presence of an absor-
bance band at 1597 and 1402 cm ™!, which were attributed to the
C=C bond from the aromatic ring of PABA.?® The -C-H bond of
the benzene ring, observed at 844 cm ', was additional
evidence of a conjugated PABA onto the CNC surface. Moreover,
the broadening of the carbonyl peak at 1697 cm™ " in pCNC
compared to that in iCNC was indicative of further modifica-
tions. The carboxyl group from PABA and conjugation of the
primary and secondary isocyanate group leading to urea and
urethane linkages, respectively, were detected with the carbonyl
peak observed at 1775-1625 cm ' with the maxima at
1697 cm™ 1282

The tailoring of CNCs was further analyzed by "H NMR. Fig. 2
displays the proton signal spectrum of the different samples.
The main peaks at ¢ 2.51 and 3.33 ppm in all the samples
correspond to DMSO, the solvent in which the samples were
dispersed to obtain the "H NMR spectra. Characteristic signals
of CNCs chain backbone was observed at ¢ 3.6, 3.9, 4.7 and
5.48 ppm.> The "H NMR spectrum for PABA showed the aryl
protons at ¢ 5.94, 6.57 and 7.53 ppm. The protons adjacent to
amine (-NH,) on PABA cause the signal at 6.57 ppm to split into
a triplet. As the amine group reacts with the isocyanate group in
PCNC, a doublet was observed instead of a triplet at 6.57 ppm as
one of the protons gets consumed in coupling. Substituents of
the aromatic ring from the PABA in pCNC at 5.94, 6.42 and
7.61 ppm provided further confirmation of the covalent grafting
of PABA onto CNCs.

In addition to FTIR and '"H NMR studies, the changes in
elemental carbon and nitrogen composition between the native
(CNCs), the reaction intermediate (iCNC) and final product
(pCNC) samples were analyzed using elemental analysis. CNCs,
a polymer of anhydrous glucose units, do not contain any

Nanoscale Adv., 2019, 1, 2612-2623 | 2615
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Scheme 1 Reaction scheme of (a) modification of CNCs surface using IPDI to produce CNC—-IPDI intermediate product (iCNC); (b) attachment

of PABA to modified CNCs to produce CNC-IPDI-PABA (pCNC).
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Fig. 1 (a) IR spectra of CNCs, iCNC, pCNC, and PABA. (b) Detailed
spectra of the intermediate (iICNC) and final reaction product (pCNC).

nitrogen atoms. The increase in the nitrogen content for iCNC
shown in Table 1 was attributed to the covalent attachment of
isocyanate from IPDI. A further increase in nitrogen weight
percent (6.4%) in pCNC was associated with the attachment of
PABA to iCNC, and this is statistically significant (p < 0.05).
Furthermore, the nitrogen weight percent from elemental
analysis was used to estimate the coupling efficiency for

2616 | Nanoscale Adv., 2019, 1, 2612-2623

modified CNCs according to Guan et al.*® Calculations based on
eqn (1) provided a coupling efficiency of 8%. This demonstrated
that the use of IPDI as a coupling agent allowed to graft suffi-
cient amount of PABA onto the CNCs.

3.1.2. Characterization of modified CNCs. The thermal
stability of additives and fillers used in polymeric materials is
important, because most polymer processing operations such

PABA 1
2
£ [heNe
§ |pene I
3
£ licne

F Y
CNC Ly
0 2 4 6 8 10

Chemical shift (ppm)

Fig. 2 Proton NMR spectra analysis of PABA grafting onto CNCs.

Table 1 Elemental analysis for the modification of CNCs*

Sample %C %N

CNCs 42.47 + 1.08% —

iCNC 48.93 + 0.92° 5.47 + 1.23%
pCNC 49.46 + 2.75° 5.82 + 1.03%

¢ value - mean =+ standard deviation (n = 3), means with the same
superscript letters within a column are not significantly different at
the P < 0.05 level.

This journal is © The Royal Society of Chemistry 2019
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as melt processing, thermal curing, and injection or compres-
sion molding typically involve high temperature. To evaluate
the impact of grafting PABA onto CNCs on the thermal stability,
native and modified CNCs (pCNC), and PABA were analysed
using TGA, and their thermograms are shown in Fig. 3. The
native CNCs and pCNC showed a slight weight loss near 100 °C
which was attributed to the evaporation of bound water. A
major weight loss of CNCs was observed between 295 and
325 °C with a degradation peak at 319 °C. The degradation of
CNCs could be attributed to concurrent dehydration, depoly-
merisation of the cellulose chain, and decomposition of
glycosyl units.*® As displayed in Fig. 3(b), the peak degradation
temperature of PABA was observed at 211 °C, which was much
lower than that of the native CNCs. In comparison to CNCs, the
degradation of pCNC (PABA-CNC) began at a much lower
temperature, with a 15% weight loss observed at 265 °C. This
was likely associated with the degradation of the less thermally
stable PABA that was attached to the surface of CNCs. Despite
the lower thermal degradation initiation of the pCNC, the peak
degradation was remarkably higher than that of CNCs (18%
increase). The increase in the peak degradation temperature of
PCNC beyond that of CNCs could be pertaining to the reduction
in the number of surface hydroxyls groups, responsible for the
thermal dehydration as a result of the grafting of PABA. This
clearly indicated that the incorporation of PABA onto CNCs
improved the thermal stability of native CNCs. Such an
improvement in the thermal stability of CNCs is of great
importance for their use as a functional filler in polymer

120
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=40 -
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é 8 | CNC
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500

Fig. 3 TGA analysis of CNCs, PABA and pCNC: (a) weight loss curve
and (b) weight loss derivative curve.
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nanocomposites as this limits the risk of degradation, which
could occur during melt processing (in thermoplastics) or
curing in thermoset polymers.

CNCs display great potential as a sustainable nanomaterial
for a range of material applications. Studies have indicated that
they show inherently high hydrophilicity owing to the tendency
of their -OH moieties to associate with water via hydrogen
bonding with slight variation depending on the source and
extraction process of CNCs." The recorded water contact angle
(WCA) of native CNCs ranges from 9-30°."”**"** This can be an
advantage in some cases, for instance, to conduct water based
chemistries and in certain applications that enjoy wettability
and water dispersability.** However, such high hydrophilicity is
detrimental in many polymer nanocomposite systems,
including epoxy mainly because of their lack of dispersibility in
non-polar polymer systems. Some outstanding properties of the
epoxy polymer that make it the polymer of choice in several
applications can negatively be impacted via water absorp-
tion.>** For example, moisture uptake can cause a marked
reduction in the modulus, toughness, crack resistance, and
adhesion strength of epoxy materials.***® Combining the
hydrophilic CNCs with epoxy is anticipated to aggravate the
overall moisture absorption of the nanocomposites.

Fig. 4(a) and (b) present the WCA for native and modified
CNCs. The WCA observed for native CNCs was 32.7°. CNCs
modified with PABA showed a higher WCA (64.9°), which was
a 98% increase from that of the native CNCs and a marked
reduction in hydrophilicity. This was because the grafting of
PABA onto CNCs consumed the hydroxyl groups responsible for
the hydrophilicity of CNCs as shown in Scheme 1 and Fig. 1.
Thus, the grafting of PABA onto CNCs significantly improved
the hydrophobicity of CNCs, which is a desired attribute for
enhancing their dispersibility in mostly non-polar polymers.

3.2. UV absorption

Epoxy resins are among the most common thermosetting
polymers with a range of applications due to their marked
physical properties, chemical resistance, and processability.
However, epoxy based materials often degrade under direct
exposure to UV radiation, which curtails their use in many
applications. For instance, discoloration, chalking, loss of
adhesion, cracking etc. as a result of direct UV exposure limit
their use as an external layer coating in the construction and
automotive industries.** This is because epoxy polymers have an
aromatic backbone chain that can absorb UV and undergoes
detrimental chemical and physical changes, resulting in poor
material performance properties.*” The incorporation of UV
absorbing molecule decorated CNCs into epoxy and the UV
absorption properties are investigated using a UV vis spectro-
photometer and the results are presented in Fig. 5.

It was noted that native CNCs absorbed very minimal UV
radiation. PABA on the other hand displayed excellent UV
absorption within the UV light range, 250-340 nm. The CNCs
with grafted PABA (pCNC) exhibited UV absorbance within
a similar UV range (250-330 nm) to that of PABA. Compared to
PABA lower absorbance was observed for pCNC, and this was
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Fig. 4 Water contact angles for (a) native CNCs and (b) pCNC (CNC-IPDI-PABA).

because only 8% of PABA was attached to the CNCs. Despite the
PCNC carrying a lower amount of PABA, it displayed magnifi-
cent UV absorbance properties, which can bring about the
desired UV absorption when incorporated in polymer matrices.

As presented in Fig. 5(b), the spectra for neat epoxy showed no
absorbance in the ultraviolet or visible region. This is in agree-
ment with the study reported by Yuan-Qing et al.**. Epoxy-CNC
nanocomposites showed slight UV absorbance, and it was
evident that an increase in the CNC loading increased the UV
absorbance when comparing the UV absorbance of 5CNC_0 with
10CNC_0 (Fig. 5(b)). However, the UV absorbance was enhanced
significantly with the use of pCNC. For comparison reasons,
10 wt% PABA was directly incorporated in epoxy to produce
10PABA_0 epoxy nanocomposites that displayed the greatest UV
absorbance. 10PABA_O also showed an additional peak at 360 nm
(in the visible range). A similar peak was observed for 10 wt%
PCNC in epoxy. Comparing the direct addition of PABA in epoxy
with pCNGC, it was observed that the use of pCNC at both 5 and
10% loading displayed excellent UV absorption similar to that of
the direct addition of PABA confirming that the anchored PABA
onto CNCs maintained its UV absorbance efficiency. As expected,
10pCNC provided enhanced UV absorbance compared to 5pCNC.
While the native CNCs exhibited some UV absorbance, the pCNC
displayed remarkably higher UV absorbance owing to the
aromatic benzene with carboxyl and amine functionalities of
PABA that are known to provide high UV radiation absorption
(290-320 nm in the UVB region).*

Baseline epoxy, native CNCs and pCNC based epoxy
composites were subjected to controlled UV irradiation for 72
and 144 hours, and the impact of the irradiation on the UV
absorption properties and color changes was evaluated. Fig. 6(a)

—CNC
pCNC
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[}]
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c
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and (b) display the UV absorption of nanocomposite samples of
CNCs and pCNC before and after UV-irradiation with 5 wt% and
10 wt% loading, respectively. It was observed that the nano-
composite samples with pCNC had greater absorbance than
those that contain CNCs even after the UV irradiation. Moreover,
as the samples were irradiated for a longer time (144 hours), the
absorbance displayed a higher intensity, indicating that
a continued UV exposure may not change the UV absorbance
properties. Nikafshar et al.® also reported a similar trend in which
the UV absorbance of epoxy increased with an increase in the UV
irradiation when another UV absorber (Tinuvin 1130) was used. A
possible explanation for this observation could be that under UV-
exposure molecular arrangements of nanocomposites occurred
that led to the formation of chromophores which could absorb
specific wavelengths resulting in higher absorbance.

PABA as a direct UV absorbing molecule in epoxy could not
be used. This was because it has a primary amine group with
high nucleophilicity that opens the epoxide ring and reacts with
the epoxy resin. Such reactions reduce the reaction between the
epoxy resin and the polyetheramine crosslinking agent result-
ing in a poorly crosslinked epoxy thermoset. Such reduced
crosslinking density typically causes undesirable property
deteriorations in the epoxy thermosets.*>*®

3.3. Effect of UV irradiation on the chemical structure of

epoxy nanocomposites

The changes to the chemical structure of epoxy caused by UV
irradiation were analyzed by FTIR, as epoxy goes through photo-
degradation mainly through hydroxyl and carbonyl group
formation. Such photo-degradation mechanisms of epoxy have
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\
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Fig. 5 Comparative UV absorbance of (a) CNCs, PABA and pCNC; (b) epoxy nanocomposites prior to UV irradiation.
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Fig. 6 Effect of UV irradiation on the UV absorption of (a) epoxy nanocomposites with 5 wt% CNCs and pCNC after UV irradiation for 0, 72, and
144 hours; (b) epoxy nanocomposites with 10 wt% CNCs and pCNC after UV irradiation for 0, 72, and 144 hours.

been reported extensively in the literature.>**”*® It has been
reported that under extensive UV light exposure, oxidation of
the phenoxy part of epoxy leads to the formation of hydroxyl and
carbonyl groups.>'® Furthermore, photo-reaction of hydroxy-
alkyl-ether groups of epoxy forms methyl-end groups.'>* In
order to study the structural change of the nanocomposites,
FTIR analysis of samples irradiated for different times was
conducted. Fig. 7 presents the effects of such UV irradiation on
the chemical structure of the epoxy nanocomposites. With an
increase in the UV exposure time, all nanocomposites (neat
epoxy baseline, 10CNC and 10pCNC) exhibited common
changes as noted from the IR spectra. There was an increase in
the hydroxyl groups between 3000 and 3650 cm ™" of the nano-
composites indicating oxidation of the phenoxy part. A
remarkable increase in the peak between 2798-2985 and
1445 cm ', which represents stretching of the C-H bond and
the presence of methyl groups was noted as well. These can be
attributed to the increase in the methyl groups formed as
a result of reaction of hydroxy-ether groups. Moreover, an
increase in the carbonyl peak at 1610 cm ™" was observed for all
the nanocomposites. For the neat epoxy baseline another peak
was observed at 1505 cm™!, which was intensified with an
increase in the UV irradiation time. This can be attributed to the
formation of chromophores, such as C=C. The formation of
C=0 and C=C was a result of chain scission or chain cross-
linking.'*** These were chromophoric chemical species, in
which electrons were excited from the ground state upon
absorbance of the light when exposed to UV light, leading to
discoloration of epoxy materials.***®

3.4. Discoloration of epoxy nanocomposites

One of the vital indicators of epoxy degradation is its discolor-
ation. As epoxy is exposed to UV-light from the sun it displays
yellowing over a period of time, making it aesthetically unap-
pealing and leading to weakening of certain performance prop-
erties. Fig. 8(a) shows the appearance of the cured epoxy
nanocomposite samples upon UV exposure. The top row shows
the cured samples prior to UV-exposure (¢t = 0). The second and
third row display the changes in the color of the nanocomposites
as a result of UV exposure for 72 and 144 hours, respectively. The

This journal is © The Royal Society of Chemistry 2019
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Fig.7 FTIR spectra of (a) neat epoxy, (b) 10CNC and (c) 10pCNC upon
UV degradation.
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(a) Epoxy nanocomposites cured and UV irradiated for 0, 72 and 144 hours; (b) epoxy nanocomposites before curing: (i) neat epoxy, (ii)

5CNC, (iii) 5pCNC, (iv)IOCNC and (v) 10pCNC, respectively; (c) color change related to samples.

incorporation of both native CNCs and pCNC provided various
degrees of off-colors to the transparent baseline epoxy as noticed
from Fig. 8(a) (first row) and 8(b). The off-colors produced by
PCNC were more pronounced. This was associated with the
inherent grey color of the PABA molecule. As observed from
Fig. 8(b), these off-colors were produced prior to curing.

The UV irradiation for 72 and 144 hours caused substantial
color changes compared to the samples that were not exposed
to UV irradiation. The color changes as a result of the UV irra-
diation were calculated based on colorimetric measurements
and the results are shown in Fig. 8(c).

For the calculation, respective samples before UV irradiation
were used as reference samples, thus, for each sample at
0 hours the calculated change was taken as the baseline. It can
be noticed that as the time of irradiation increased more
changes in color were observed in all nanocomposite samples.
Neat epoxy was the most impacted as a result of the UV irradi-
ation that led to extensive discoloration of the samples. As
observed from Fig. 7, UV irradiation leads to the formation of
chromophores, which may absorb visible light leading to
discoloration. While the incorporation of native CNCs reduced
the discoloration at both 5 wt% and 10 wt% loading concen-
trations, 10 wt% provided a more distinct reduction in discol-
oration compared to the non-filled epoxy baseline (Fig. 8(c)).
However, the best results were achieved with the use of 10pCNC.

To further investigate the impact of long term UV exposure
on epoxy materials and the UV absorbance of pCNC, selected
samples were exposed to UV radiation for extended periods of
time (250 and 500 hours), and the discoloration was calculated
and is presented in Fig. 9. The unfilled epoxy continued to
discolor further with an increase in the UV irradiation time. In
contrast, epoxies filled with 10CNC showed a lower rate of
discoloration than the unfilled baseline epoxy. It was interesting
to note that the irradiation of the 10CNC based epoxy

2620 | Nanoscale Adv., 2019, 1, 2612-2623

nanocomposites for 250 and 500 hours did not present
a statistically different color change, as shown in Fig. 9. The
suspected reason for the UV absorption of CNC based nano-
composites was residual lignins left attached to CNCs during
their manufacture, as lignin is a known UV blocker due to its
phenolic, ketonic and other chromophore functionalities.***°
The incorporation of pCNC at 10 wt% (10pCNC) substantially
diminished the impact of UV-irradiation as observed from the
lessened discoloration of the nanocomposites compared to
both the unfilled and the 10CNC based nanocomposites.
Moreover, the 10pCNC based nanocomposites displayed no
color change beyond 144 hours of UV exposure. Hence, the
grafting of PABA onto CNCs and their use as a UV protective
molecule provided a very promising approach to mitigate
discoloration and other property deterioration of epoxy as
a result of UV degradation.

3.5. Thermal degradation of modified CNCs and the
nanocomposites

The thermal degradation behaviour of epoxy-CNCs was
analyzed to investigate two main effects. First, to analyze the

25

-e—Neat Epoxy

20 [ -e-10CNC

-s-10pCNC

0 100 200 300 400
UV Irradiation Time (hours)

500

Fig. 9 Discoloration of selected samples after exposure to UV radia-
tion for a prolonged period of time.
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impact of incorporating CNCs, pCNC and PABA on the thermal
stability of epoxy matrices. Second, to inspect the change in the
thermal decomposition behaviour of the epoxy nano-
composites subsequent to subjecting them to UV-irradiation.
The TGA thermograms of unfilled epoxy, and epoxy nano-
composites with CNCs and pCNC at 5 and 10 wt% loadings are
presented in Fig. 10. For comparison purpose, the thermal
degradation behavior of epoxy filled with PABA via direct
addition was included in this study. The unfilled epoxy dis-
played a peak degradation at 302 °C. Such thermal decompo-
sition of epoxy is mainly attributed to the dehydration caused
by the elimination of water from the backbone structure of
epoxy.**

The addition of CNCs and pCNC at both 5 and 10 wt%
loading had a negligible impact on the thermal decomposition
of the nanocomposites and the thermal stability was similar to
that of the unfilled epoxy. Some literature reported that the
incorporation of fillers such as clay at higher concentrations
could result in deterioration of thermal stability of epoxy
nanocomposites.*>** The observation here with the addition of
CNCs and pCNC at concentrations as high as 10 wt% did not
cause a slump in the thermal stability of epoxy. This indicated
that the CNCs (native and pCNC) did not impact the reactivity of
epoxy with the amine curing agent and hence the crosslinking
was maintained. Moreover, in all the CNC and pCNC nano-
composites a single degradation peak was observed suggesting
that there was good interfacial interaction between the nano-
fillers and the epoxy. In contrast, the direct addition of PABA to
epoxy resulted in a significantly reduced degradation onset
temperature as shown in Fig. 10(a) and (b). As presented in
Fig. 3, PABA itself has a low onset thermal degradation
temperature. Thus, epoxy-nanocomposites with PABA also
exhibited a lower onset degradation temperature as the PABA
decomposes at lower temperature substantiated by the obser-
vation of a new derivative degradation peak at a lower temper-
ature (180 °C) than for the rest of the epoxy nanocomposites.
Thus, the covalent grafting of PABA onto CNCs was quite useful
to overcome the thermal stability limitation of PABA for its use
as a functional UV absorbing additive to epoxy and possibly
other polymer systems.

3.6. Water absorption

Due to the inherent hydrophilicity of CNCs associated with their
OH moieties, CNC-polymer nanocomposites typically display
higher water absorption.* Fig. 11 presents the water absorption
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Fig. 11 Water absorption of composite specimens prior to UV
exposure.

of the unfilled epoxy and its CNC and pCNC nanocomposites at
5 and 10 wt% loading. It was observed that as the immersion
time increased the water uptake continued in all samples. The
unfilled epoxy displayed a relatively low water uptake. However,
the incorporation of CNCs led to a dramatic water absorption
increase, and the increase was further exacerbated with the
increase in the CNC loading from 5 wt% to 10 wt%. This was
attributed to the hydrophilic nature of CNCs as shown in
Fig. 4(a). The grafting of PABA onto CNCs (pCNC) substantially
reduced the water absorption compared to the native CNC
based nanocomposites. This was in line with the enhanced
hydrophobicity of pCNC as observed from the WCA studies
(Fig. 4). The increase in the loading of CNCs (native and pCNC)
noticeably increased the water absorption. While a slowing
trend in the water absorption kinetics was noticed with the
increase in soaking time, equilibration was not achieved at the
end of the seventh day.

4. Conclusions

In this study, tailored CNCs with excellent UV absorption
properties were prepared by grafting a known UV filter mole-
cule, para-aminobenzoic acid (PABA), onto CNCs in a two-step
heterogeneous reaction by using a coupling agent that has
differentiated reactivity (IPDI) among its reactive groups. The
grafting of the UV filter molecule onto CNCs was confirmed by
elemental analysis, IR and proton NMR spectroscopy analysis.
The tailored CNCs exhibited enhanced thermal stability,
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hydrophobicity, and more importantly excellent UV absorption
properties. Unfilled epoxies suffered from substantial structural
change and severe discoloration under UV exposure due to
mainly chain scission and chromophore formation, respec-
tively. In contrast, epoxy polymers filled with the modified CNCs
as a UV filter functional nanofiller displayed remarkable struc-
tural stability and less discoloration over a prolonged period of
UV exposure. Additionally, the incorporation of pCNC main-
tained the thermal stability and reduced the hydrophilicity of
epoxy nanocomposites which are beneficial for a range of
material applications. In recent times a large amount of
research has been conducted in using CNCs as a reinforcing
filler to improve mechanical performance. However, CNCs have
not been fully utilized to their full potential. This research
focuses on one such functionalization of CNCs, modifying
CNCs with PABA for UV-absorbing properties. The use of CNC-
PABA as a general UV protective functional filler could be
extended to other polymers that suffer from UV degradation.
The potential application of modified CNCs is mainly in poly-
meric composites suffering from UV-degradation due to exten-
sive exposure to UV light.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This research was financially supported by Innotech Alberta
through a CNC Challenge III grant. We would also like to thank
Dr Emmanuel Ogunsona, Jordan Jakymyshyn, and Joanna Jar-
din for the technical support.

References

1 F.-L. Jin, X. Li and S.-J. Park, J. Ind. Eng. Chem., 2015, 29, 1-
11.

2 J. A. Sirvio, M. Visanko, J. P. Heiskanen and H. Liimatainen,
J. Mater. Chem. A, 2016, 4, 6368-6375.

3 B. Elsevier, A. L. Andrady, S. H. Harnid, X. Hu and A. Torikali,
Photobiology, in Effects of increased solar ultraviolet radiation
on materials, 1998, vol. 46.

4 P. Gijsman, G. Meijers and G. Vitarelli, Polym. Degrad. Stab.,
1999, 65, 433-441.

5 S. Nikafshar, O. Zabihi, M. Ahmadi, A. Mirmohseni,
M. Taseidifar, M. Naebe, S. Nikafshar, O. Zabihi,
M. Ahmadi, A. Mirmohseni, M. Taseidifar and M. Naebe,
Materials, 2017, 10, 180.

6 R. S. C. Woo, H. Zhu, C. K. Y. Leung and ].-K. Kim, Compos.
Sci. Technol., 2008, 68, 2149-2155.

7 Z. Zhang, G. Sebe, X. Wang and K. C. Tam, ACS Appl. Nano
Mater., 2018, 1, 632-641.

8 D. Rosu, L. Rosu and C. N. Cascaval, Polym. Degrad. Stab.,
2009, 94, 591-596.

9 B. Mailhot, S. Morlat-Thérias, M. Ouahioune and
J.-L. Gardette, Macromol. Chem. Phys., 2005, 206, 575-584.

2622 | Nanoscale Adv., 2019, 1, 2612-2623

View Article Online

Paper

10 R. S. C. Woo, Y. Chen, H. Zhu, ]J. Li, J.-K. Kim and
C. K. Y. Leung, Compos. Sci. Technol., 2007, 67, 3448-3456.

11 N. S. Allen, M. Edge, A. Ortega, G. Sandoval, C. M. Liauw,
J. Verran, J. Stratton and R. B. Mclntyre, Polym. Degrad.
Stab., 2004, 85, 927-946.

12 M.-L. Hu, Y.-K. Chen, L.-C. Chen and M. Sane, Para-
aminobenzoic acid scavenges reactive oxygen species and
protects DNA against UV and free radical damage, 1995.

13 D. M. Fernandes, A. A. Winkler Hechenleitner, A. E. Job,
E. Radovanocic and E. A. Gomez Pineda, Polym. Degrad.
Stab., 2006, 91, 1192-1201.

14 M. Parit, P. Saha, V. A. Davis and Z. Jiang, ACS Omega, 2018,
3, 10679-10691.

15 P. Panchal, E. Ogunsona and T. Mekonnen, Processes, 2018,
7, 10.

16 S. Xu, N. Girouard, G. Schueneman, M. L. Shofner and
J. C. Meredith, Polymer, 2013, 54, 6589-6598.

17 B. M. Trinh and T. Mekonnen, Polymer, 2018, 155, 64-74.

18 E. Abraham, D. Kam, Y. Nevo, R. Slattegard, A. Rivkin,
S. Lapidot and O. Shoseyov, ACS Appl. Mater. Interfaces,
2016, 8, 28086-28095.

19 S. Nikafshar, O. Zabihi, M. Ahmadi, A. Mirmohseni,
M. Taseidifar and M. Naebe, Materials, 2017, 10, 180.

20 Y. Guan, L. Qian, H. Xiao and A. Zheng, Cellulose, 2008, 15,
609-618.

21 B. Forsthuber, C. Schaller and G. Grill, Wood Sci. Technol.,
2013, 47, 281-297.

22 H.-K. Ono, F. N. Jones and S. P. Pappas, J. Polym. Sci., Polym.
Lett. Ed., 1985, 23, 509-515.

23 N. M. Girouard, S. Xu, G. T. Schueneman, M. L. Shofner and
J. C. Meredith, ACS Appl. Mater. Interfaces, 2016, 8, 1458-
1467.

24 N. Lin, C. Bruzzese and A. Dufresne, ACS Appl. Mater.
Interfaces, 2012, 4, 4948-4959.

25 B. Schyrr, S. Pasche, G. Voirin, C. Weder, Y. C. Simon and
E.]. Foster, ACS Appl. Mater. Interfaces, 2014, 6, 12674-12683.

26 L. Rueda, B. Fernandez d'Arlas, Q. Zhou, L. A. Berglund,
M. A. Corcuera, I. Mondragon and A. Eceiza, Compos. Sci.
Technol., 2011, 71, 1953-1960.

27 T. H. Mekonnen, P. G. Mussone, P. Choi and D. C. Bressler,
Macromol. Mater. Eng., 2014, 299, 1003-1012.

28 N. V. Roik and L. A. Belyakova, J. Inclusion Phenom.
Macrocyclic Chem., 2011, 69, 315-319.

29 L.-S. Teo, C.-Y. Chen and ].-F. Kuo, Fourier Transform Infrared
Spectroscopy Study on Effects of Temperature on Hydrogen
Bonding in  Amine-Containing  Polyurethanes  and
Poly(urethane-urea)s, 1997.

30 M. Roman and W. T. Winter, Biomacromolecules, 2004, 5,
1671.

31 N. Lin and A. Dufresne, Macromolecules, 2013, 46, 5570-
5583.

32 M. Salajkova, L. A. Berglund and Q. Zhou, J. Mater. Chem.,
2012, 22, 19798.

33 T. A. Dankovich and D. G. Gray, J. Adhes. Sci. Technol., 2011,
25, 699-708.

34 J. Cao, X. Zhang, X. Wu, S. Wang and C. Lu, Carbohydr.
Polym., 2016, 140, 88-95.

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9na00265k

Open Access Article. Published on 20 May 2019. Downloaded on 2/14/2026 1:25:05 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

35 W. S. Chow, eXPRESS Polym. Lett., 2007, 1, 104-108.

36 H. Alamri and I. M. Low, Polym. Test., 2012, 31, 620-628.

37 Y. Takeshita, E. Becker, S. Sakata, T. Miwa and T. Sawada,
Polymer, 2014, 55, 2505-2513.

38 L. W. Jelinski, J. J. Dumais, A. L. Cholli, T. S. Ellis and
F. E. Karasz, Macromolecules, 1985, 18, 1091-1095.

39 1. Blanco, G. Cicala, M. Costa and A. Recca, J. Appl. Polym.
Sci., 2006, 100, 4880-4887.

40 L. Li, S. Zhang, Y. Chen, M. Liu, Y. Ding, X. Luo, Z. Pu,
W. Zhou and S. Li, Chem. Mater., 2005, 17, 839-845.

41 A. M. El Saeed, M. A. E. Fattah and M. M. Dardir, Prog. Org.
Coat., 2015, 78, 83-89.

42 A. Ghasemi-Kahrizsangi, J. Neshati, H. Shariatpanahi and
E. Akbarinezhad, Prog. Org. Coat., 2015, 85, 199-207.

43 Y.-Q. Li, S.-Y. Fu and Y.-W. Mai, Polymer, 2006, 47, 2127-
2132.

44 L. Doub and J. M. Vandenbelt, J. Am. Chem. Soc., 1947, 69,
2714-2723.

This journal is © The Royal Society of Chemistry 2019

View Article Online

Nanoscale Advances

45 A. Shokuhfar and B. Arab, J. Mol Model., 2013, 19, 3719-
3731.

46 T. Mekonnen, P. Mussone, N. El-Thaher, P. Y. K. Choi and
D. C. Bressler, Macromol. Mater. Eng., 2013, 298, 1294.
47 B. Mailhot, S. Morlat-Thérias, P.-O. Bussiére and
J.-L. Gardette, Macromol. Chem. Phys., 2005, 206, 585-591.
48 B. G.Kumar, R. P. Singh and T. Nakamura, J. Compos. Mater.,
2002, 36, 2713-2733.

49 B. D. Gesner and P. G. Kelleher, J. Appl. Polym. Sci., 1969, 13,
2183-2191.

50 S. Barsberg, T. Elder and C. Felby, Chem. Mater., 2003, 15,
649-655.

51 J. Macan, L. Brnardic¢, S. Orli¢, H. Ivankovi¢ and M. Ivankovic,
Polym. Degrad. Stab., 2006, 91, 122-127.

52 A. Gu and G. Liang, Polym. Degrad. Stab., 2003, 80, 383-391.

53 F. M. Uhl, D. C. Webster, S. P. Davuluri and S. C. Wong, Eur.
Polym. J., 2006, 42, 2596-2605.

Nanoscale Adv., 2019, 1, 2612-2623 | 2623


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9na00265k

	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers
	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers
	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers
	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers
	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers
	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers
	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers
	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers
	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers
	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers
	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers
	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers
	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers
	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers
	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers
	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers
	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers
	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers

	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers
	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers
	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers
	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers
	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers
	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers
	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers
	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers
	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers

	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers
	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers
	Tailored cellulose nanocrystals as a functional ultraviolet absorbing nanofiller of epoxy polymers


