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ARTICLE INFO ABSTRACT

Keywords: Natural fibers form economic and environmentally friendly substitutes for synthetic fibers in civil engineering
A-Natural fibers composites. However, natural fibers present flaws, irregular morphology and reduced durability in alkaline
A-Graphene

media. The present work reports the application of a new nanocomposite-based coating for flax and hemp fibers
that enhances their mechanical properties and environmental resistance. The nanocomposite coating is based on
graphene nanoplatelets (GNPs) and a waterborne polyurethane (WPU). Nanocomposites were prepared with
pristine and surface modified GNPs, the latter obtained by polydopamine self-polymerization, tailoring the
surface chemistry for strong interfaces with polyurethane. The coated fibers demonstrate enhanced tensile
properties and low water absorption. Hemp yarns present 120% and 163% increases in tensile strength and
elastic modulus, respectively, compared to the as-received yarns. The yarn properties achieved are adequate for
their application as reinforcement of brittle and hydrophilic matrices such as lime, thus setting a new milestone

D-Mechanical testing
E-Surface treatments

in natural fiber composites manufacturing.

1. Introduction

The historical masonry is characterized by low mechanical perfor-
mance and brittle behavior compared to modern materials like rein-
forced concrete or steel constructions [1]. Such specific structures are
highly susceptible to natural and manmade hazards, an issue that entails
the need for structural interventions to mitigate the consequent dam-
ages. Amongst the different techniques employed for strengthening and
repairing of masonry-built heritage, textile reinforced mortar (TRM)
systems have delivered a compatible structural solution that allows
masonry breathability [2 3]. The reinforcements utilized in TRM system
are usually prepared from strong synthetic fibers, such as glass, carbon
and steel. Nonetheless, natural fibers have shown potential as an alter-
native to synthetic fibers for composite materials manufacturing, spe-
cifically for applications where reinforcements with low-to-medium
mechanical properties favor the mechanical compatibility criteria [4 5].
In this context natural fibers constitute an economic, environmentally-
friendly and mechanically suitable candidate for manufacturing natu-
ral fiber textile reinforced mortars (NTRM).

* Corresponding authors.

The research on the application of NTRM has started recently,
however with limitations concerning structural behavior and durability
[6]. Hence, the advantages of natural fibers come along with the chal-
lenges associated to composite preparation using cement or lime
matrices. The natural fiber has a lignocellulosic composition that results
in fiber hydrophilicity, facilitating its degradation upon the absorption
of highly alkaline pore water present in the hydrophilic mortars, rich in
deleterious hydration salts [7]. Such drawbacks may be overcome by
means of a structural coating that endows the NTRM with the required
performance, enhanced durability and ageing resistance. Moreover, it is
critical that the coating meets environmental requirements to match the
purpose of using natural fibers.

In the literature, several commercial coating protocols were pro-
posed based on different types of epoxy or resins. Some of those coatings
do not address the environmental aspects and improvement of the nat-
ural fiber’s physical and mechanical properties. For instance, polyester-
based coatings were widely used as sealer agents of natural fibers.
Mercedes [5 8] employed polyester and epoxy coatings on different
natural fibers and observed improvement of the yarn mechanical
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Fig. 1. Full coating procedure: a) PDA-functionalization of H25GNPs, b) coating/film casting protocol.

properties for both polymer coatings, epoxy-coated yarns providing
higher composite performance [8]. Veigas et al. [9] tested different
polymer coatings for sisal fibers, including polyesters resins, detecting
the formation of voids in the matrix adjacent to the coated fibers, which
could be associated to absorption of pore water from the cementitious
matrix by the coating itself. The use of water-based styrene butadiene
rubber (SBR) coating is considered a green protocol and was studied by
Ferreira et al. [10] resulting in minor improvement in water absorption
resistance of sisal fibers (fibers water saturation was observed at 150 wt
% gain if compared to 200 % in the noncoated sisal). Ferrara et al [11]
detected an increase of the elastic modulus yet a drop in tensile strength
of the flax yarns upon coating with carboxylated styrene butadiene
rubber (XSBR). The composites prepared with the latter coated flax
delivered an improved composite behavior as compared to the non-
coated flax. Similarly, the bast fibers (i.e., Jute) studied by Ferreira et al.
[12] experienced a reduction in the mechanical properties after using
XSBR. Based on the literature, there is a fundamental need to engineer a
coating formulation that assist bast-based natural fiber yarns to over-
come their poor durability, low elastic modulus and weak interfacial
bonding, employing environmentally friendly protocols.

In this paper, the authors present a structural coating that matches
the environmental and mechanical criteria using waterborne poly-
urethane (WPU). WPU is an environmentally friendly polyurethane
water-based suspension that is temperature-cured into films with only
water as a curing by-product [13]. WPU is widely used in composites,
adhesives, paints and coating engineering for large scale applications
[14 15 16]. WPU films may have their expected lifespan reduced due to
microcracking, which affects both the mechanical and physical prop-
erties of the polymer [17]. Therefore, in this work the improvement of
WPU structural and physical properties was carried out through rein-
forcing the polymer with graphene nanoplatelets (GNPs) to produce
nanocomposites with adequate mechanical behavior and improved
physical properties. Furthermore, aiming at inducing chemical reac-
tivity between the WPU and the GNPs, the authors propose the chemical
functionalization of GNPs by means of the bio-based Mussel-inspired
chemistry through the self-polymerization of dopamine into polydop-
amine (PDA) and its adsorption onto the GNPs. The self-polymerized
PDA is a versatile coating that can adhere to most organic and

inorganic surfaces as it is rich in highly reactive catechol and amine
functional groups [18 19]. Such surface modification technique can
improve the interfacial reactivity between the polymer and the nano-
particles as well as the dispersion quality of GNPs in water-based poly-
mers. To the best of the author’s knowledge, the proposed dip-dry/
sprayed nanocomposite coatings were not yet introduced to civil engi-
neering applications in general, and in particular to the strengthening of
built heritage. The coated natural fibers delivered in this study may be
considered as composite natural fibers with potential to become a
milestone in NTRM manufacturing and pave the way for new technol-
ogies in the civil engineering sector.

2. Experimental campaign
2.1. Materials and methods

All materials, reagents, synthesis and coating casting, are described
in the supplementary materials.

2.1.1. Functionalization of graphite nanoplatelets
The functionalization procedure is presented in Fig. 1a). Detailed
description is provided in supplementary materials.

2.1.2. Preparation of polyurethane/ nonfunctionalized GNPs
nanocomposites

PEG (dispersing agent) and GL (polymer plasticizer) (2 ml of each)
were dissolved in 100 ml of WPU by magnetic stirring using IKA RCT
basic Magnetic Hot Plate Stirrer at room temperature for 30 min. Then
the GNPs were added to the mixture and ultrasonicated for 30 min,
keeping the mixture in a cold-water bath. Three GNPs suspensions were
prepared with reinforcement ratios of 0.5 %, 1 % and 2 % w:v of GNPs:
PU. WPU/GNPs nanocomposites without PEG and GL were prepared
following the same protocol and at the same reinforcement ratios. Films
were cast and then cured in a convection oven at 80 °C for three hours
and let cool slowly overnight, see Fig. 1b).
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Table 1
Designation of the nanocomposites-based coating.

Nanocomposite ID Percentage of nanoplateletes (wt.

% relative to PU)

Dispersant and
plasticizer

WPU/H25GNPs/0.5 % 0.5 % With PEG/GL

WPU/PDA/H25GNPs/ (PDA/H25GNPs) 0.5 % With PEG/GL
0.5 %

WPU/H25GNPs/1% 1% With PEG/GL

WPU/H25GNPs/2% 2% With PEG/GL

WPU/H25GNPs/0.5 %— 0.5 % Without PEG/GL
no PEG/GL

WPU/H25GNPs/1%-no 1% Without PEG/GL
PEG/GL

WPU/H25GNPs/2%-no 2% Without PEG/GL
PEG/GL

WPU/CGNPs/0.5 % 0.5 % With PEG/GL

Fig. 2. SEM micrographs: a) surface of the pristine hemp yarns, b) cross-section
of hemp-WPU/H25GNPs/0.5%, c¢) H25GNPs distribution in WPU/H25GNPs/
0.5%, d) H25GNPs-to-WPU interface in WPU/H25GNPs/0.5%,

2.2. Characterization and testing

2.2.1. Tensile testing

Direct tensile tests were carried out on hemp and flax yarns before
and after coating, testing 10 samples for each coating composition, see
Table 1. The samples were kept under laboratory conditions for at least
48 h before testing. The tests were performed according to EN ISO
2062:2009 using a gauge length of 250 mm and a displacement rate of
250 mm/min, on a H100KS testing equipment from Hounsfield, equip-
ped with a 5 kN load cell. Preloads of 5 N and 7.5 N were applied to
hemp and flax yarns, respectively, then the loading continued mono-
tonically until rupture of the yarn. All the test results considered for the
mechanical property calculations presented fiber rupture within the
gauge length defined. The statistical study was done according to ASTM
E178-16a to exclude outlying measurements [20]. The physical prop-
erties needed to calculate the yarn’s cross section area (in terms of linear
density and density) were reported in a previous work [21], see also
Section 2.1. The yarn cross-section was considered for all cases as that
obtained for the washed yarns, regarding the yarn itself as the main
structural component in the system. Thus, the cross-section of the hemp
and flax yarns were estimated to be 0.586 + 0.055 mm? and 0.971 +
0.08 mm?, respectively. The Young’s modulus was calculated as the
tangential modulus. In a parallel investigation from the authors, hemp
and flax yarns were subjected to a heat treatment similar to the condi-
tions of the curing of the coated yarns (at 80° for three hours).
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The other characterizations and tests are detailed in the supple-
mentary materials.

3. Results
3.1. SEM analysis

SEM analysis was conducted aiming at investigating the surface
morphology of the fibers and coatings, the uniformity of nanoplatelet
dispersion in the polymeric phase and the quality of the interfaces at
both fibril-to-polymer and GNPs-to-polymer levels. SEM results are
presented in Fig. 2 and Fig. 3 noting that Fig. 2d), Fig. 3b), Fig. 3d) and
Fig. 3f) are the zoomed-in micrographs of the red-squared regions of
Fig. 2¢), Fig. 3a), Fig. 3c) and Fig. 3e), respectively. Fig. 2a) and Fig. 2b)
show the SEM micrographs of the pristine hemp fibrils collected in their
longitudinal direction and the hemp fibrils-to-WPU interface acquired
from a cross section of hemp-WPU/H25GNPs/0.5 % obtained by cryo-
fracture, respectively. The noncoated yarns demonstrated a clean and
smooth surface after washing with the sequence of ethanol/ acetone/
hexane. Fig. 2b) depicts a good WPU/fibril interfacial adhesion where
the fibrils were well wet by WPU. Fig. 2¢) illustrates the cross-section of
the composite film formed by WPU and 0.5 wt% H25GNPs, showing
homogeneity of the nanoplatelets distribution in the polymeric matrix.
Good wetting of H25GNPs with the polymer as well as good interfaces
are observed, see Fig. 2d). The rare clustering of the H25GNPs observed
in WPU/H25GNPs/0.5 % demonstrates the effectiveness of the designed
protocol and homogenous nanoparticles distribution in the polymeric
matrix. Upon increasing the loading of H25GNPs to 1 % and 2 %, an
increase in nanoplatelets clustering was observed, caused by the pres-
ence of a larger concentration of nanoplatelets that facilitates their
interaction through Van der Waals forces and their hydrophobic nature
[15 22], see Fig. 3a) and Fig. 3c). Therefore, this in turn reduced the
quality of the interfacial areas as displayed by Fig. 3b) and Fig. 3d).
Finally, a good dispersion homogeneity was delivered upon the PDA
functionalization of H25GNPs (no clustering formation) as observed in
Fig. 3e. There was an improved interfacial adhesion (less voids) between
PDA/GNPs and WPU, Fig. 3f), if compared to the interface of the pristine
GNPs-to-WPU, Fig. 2d).

In a good agreement with the literature, PDA conveyed a robust tool
to tailor the surfaces of the materials with specific functionalities from
carbon nanotubes [23 24] to graphene [25 26] and graphene oxide with
WPU [18]. The performance of any nanocomposite, mainly the me-
chanical performance, depends at the first place on the good dispersion
of the nano reinforcements within the polymeric phase, as well as the
quality of the interface that allows the stress transfer from the polymer
to the reinforcing nanoparticles [27].

3.2. Tensile properties

The tensile tests were carried out on coated and as-received hemp
and flax yarns. The mechanical properties calculated for the tested yarns
were the ultimate tensile strength (fy), the ultimate elastic modulus (Er)
and the ultimate strain (¢,), presented in Table 2 and Table 2S for hemp
and flax, respectively. Hemp and flax yarns presented a remarkable
enhancement in the mechanical properties after application of the
different coating formulations mentioned in Table 2 and Table 2S. By
coating hemp and flax yarns with the neat WPU, the tensile strength
increased by 95 % and 20 %, respectively; the elastic modulus also
increased drastically by 213 % and 88 %, respectively. This improve-
ment of the mechanical properties of the fiber yarns may be attributed to
the excellent wetting of the fiber bundles that form the yarns by the
WPU/GNPs suspensions. The hydrophilic groups of WPU strongly
interact with cellulose and during the crosslinking phase covalent re-
action with the cellulose fibers’ surface hydroxyl groups may take place.
Thus, the coating acts as an adhesive holding the filament bundles
together and confining the space used by the filament bundles. This
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Fig. 3. SEM micrographs: a) H25GNPs distribution in WPU/H25GNPs/1%,), b) H25GNPs-to-WPU interface in WPU/H25GNPs/1%, ¢) H25GNPs distribution in
WPU/H25GNPs/2%, d) H25GNPs-to-WPU interface in WPU/H25GNPs/2%. e) PDA/H25GNPs distribution in WPU/PDA/H25GNPs/0.5%, f) PDA/H25GNPs-to-WPU

interface in WPU/PDA/H25GNPs/0.5%.

Table 2
Hemp mechanical properties.
Fibers GNPs type and fe Er £u
percentage (%) (MPa)* (GPa)* (mm/mm)*
As received 0% 220 + 8+1 0.0261 +
32 0.002
Hemp 80° C 0 % 241 + 8+1 0.031 +
40 0.003
Washed 0% 335+ 12 + 0.0273 +
79 1.9 0.003
Washed, WPU 0% 429 + 25 £ 0.0177 +
52 4.7 0.004
Washed, H25, 0.5 % 462 + 18 £ 0.0251 +
WPU, no 82 1.9 0.004
PEG/GL H25,1 % 469 + 23+6 0.0218 +
51 0.006
H25, 2 % 383 + 17 £ 0.0244 +
20 5.1 0.007
Washed, H25, 0.5 % 486 + 21 + 0.0234 +
WPU + PEG/ 26 2.7 0.003
GL H25,1 % 491 + 20 + 0.0246 +
66 2.8 0.003
H25, 2 % 500 + 17 £ 0.0305 +
36 3.4 0.005
PDA/H25, 0.5 % 534 + 24 + 0.0232 +
73 5.2 0.004
C,0.5% 432 + 22+3 0.02 +
52 0.004

* The results are presented with the corresponding standard deviation.

results in an overall enhancement of the interfacial mechanical inter-
locking and frictional stress-transfer between the bundles. Conse-
quently, more filaments bear the applied stress, enabling a more
effective use of the yarns’ mechanical properties. The ultimate strain
experienced a drop of 33 % for hemp and 35 % for flax yarns if compared
to the as-received ones. This drop can be related to the embrittlement
induced by the neat WPU coating itself or its curing temperature.

The effect of the curing temperature on the yarns mechanical prop-
erties was separately investigated by subjecting hemp and flax yarns to a
temperature similar to that of WPU curing conditions, see Fig. 4a) and
Fig. 4b).

It is possible to observe two different groups: the as-received present

higher initial modulus and appear to be more brittle (lower deformation
at break). After heat treatment the initial modulus is lower and the
stress, compared at the same strain level, is also lower; however there
seems to be a plasticizing effect of the heat treatment that awards the
yarns higher deformability, thus presenting higher strain at break, and
thus also a little higher tensile strength, compared to the as-received
yarns.

It was observed that hemp yarns coated with nanocomposites pre-
pared with the addition of PEG and GL outperformed the yarns prepared
with WPU only (see Table 2), while for flax yarns the exclusion of PEG
and GL from the nanocomposites resulted in a slight increase in their
tensile properties (see Table 2S). However, during tensile testing, the
samples coated with nanocomposites prepared without PEG/GL
exhibited a frequent rupture close to the clamping system, thus, the
nanocomposites prepared without PEG/GL were excluded from further
characterization. It was also observed that as the content in H25GNPs
increased the tensile properties tended to decrease, principally Young’s
modulus, see Table 2 and Table 2S. This observation may be associated
with the lower dispersion efficiency observed for higher nanoparticle
contents. At higher graphene nanoplatelet contents agglomeration is
expected, the nanoparticle agglomerates stabilized via Van der Waals
interaction, thus creating voids in the polymer with a consequent drop in
the mechanical properties. It was verified that the reinforcing effect of
CGNPs was lower than H25GNPs, as the WPU/CGNPs/0.5 % composite
presented similar tensile properties as WPU alone. Therefore, consid-
ering the tensile properties, the optimal coating formulation selected for
further studies was based on 0.5 wt% of H25GNPs (against 1 wt% and 2
wt% GNPs: PU).

Fig. 5 illustrates the typical tensile behavior of natural cellulosic
yarns (full line) and the expected tensile response of the same yarns after
coating with a protecting/reinforcing polymer (dashed line). It is held
that the complex yarn architecture, constituted by multiple filaments
containing crystalline fibrils oriented with a tilt angle relative to the
fiber axis, as well as the poor filament-to-filament bonding, induce a
variable stiffness response, depicted by the full line. This tensile
response features a global inelastic behavior that may be represented by
two stages, first stage characterized with a lower modulus, I:ZT, initials
corresponding to the initial yarn structure alignment along the tensile
test direction, and a second stage representing the maximum stiffness of
the overall yarn, Er [28 291, which is achieved upon the diminishing of
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Fig. 4. Tensile properties of a) hemp and b) flax yarns before and after heat treatment at 80° C.
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Fig. 5. Representation of typical stress-strain curves of natural fiber yarns
before and after coating.
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the tilt angle as well as the fibrils rearrangement in the load direction.
After alignment of the fibrils, higher Er is reached and possibly main-
tained until the yarn rupture [30]. However, the low ET, initial Tay
extend up to a considerable stress state of the yarn (up to 10-15 % of the
fiber tensile strength, ﬁu). This limits the application of natural cellulosic
yarns as reinforcements for brittle matrices such as lime mortar, pre-
senting an ]'ET, initial considerably lower than the mortar Young’s
modulus. Thus, the noncoated cellulosic yarns are inadequate for the
design of NTRM systems, leading to premature cracking of the matrix
before the yarns start their reinforcing effect. However, coating the
yarns with a pre-designed mechanical coating can enhance the initial
stiffness where it can be unified during the tensile loading, (bringing Et
~ ET, initia). The unified stiffness of the yarn may allow the required
composite response and avoid premature cracking of the mortar. The
ideal coating should also be designed to improve the adhesion and
mechanical interlocking between the yarns and the mortar, as they
exhibit weak bond behavior at yarn-to-matrix interfaces.

To illustrate, in the complex structure of natural fibers, it is possible
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Fig. 6. Stress—strain curves before and after coating with WPU/H25GNPs/0.5% and WPU/PDA/H25GNPs/0.5% of hemp (a, ¢) and flax (b, d).
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Fig. 7. ATR-FTIR spectra of WPU films reinforced with 0.5%, 1% and 2% of H25GNPs as well as 0.5% of PDA/H25GNPs.

to observe two groups of filaments, the inner filaments (core filaments)
and the outer filaments [31 32]. Upon NTRM casting, the core filaments
are not reached by the mortar materials, thus only the outer filaments
are anchored in the mortar and are responsible for the bond behavior.
This means that the non-coated yarn does not use its full capacity as a
reinforcement. Therefore, after coating the yarns, a strong reinforcing
system is applied to the yarn through the nanocomposites by which the
stresses are evenly distributed around the yarn perimeter, yeilding it a
rigid composite behavior [33]. see Fig. 1S.

Fig. 6a) depicts the stress-strain curves of WPU/H25GNPs/0.5
%-coated hemp yarns, showing an increase of 120 % and 163 % in
tensile strength (fy) and elastic modulus (Er) compared to the as-
received yarns. The tensile properties of WPU/H25GNPs/0.5 %-coated
flax yarns (Fig. 6b) presented a more modest increase in f, and E7 of 12
% and 75 %, respectively, relative to the as-received yarns. The func-
tionalized WPU/PDA/H25GNPs/0.5 % coated yarns presented a
remarkable improvement of the tensile properties of hemp and flax
yarns, see Fig. 6¢) and Fig. 6d). Compared to hemp-WPU/H25GNPs/0.5
%, a further increase of 10 % and 15 % for f,,, and Er, respectively, was
observed, which may be attributed to chemical bonding between PDA/
H25GNPs and the WPU. Finally, the initial stiffness (Er, jnitiar) of the
coated yarns, calculated at 2 % of f,,, and its corresponding strain &z,
demonstrated the same trend as Er, calculated at f, see Fig. 6. For
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200%

150% «...o. NOn-coated
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instance, WPU/H25GNPs-0.5 %-coated hemp and flax yarns demon-
strated a significantly higher initial stiffness Et; inisiqr if compared to their
as-received counterparts (425 % and 580 %, respectively). The WPU/
H25GNPs/0.5 % coating (with/without functionalization of GNPs)
recovered the low initial stiffness of bast natural fibers, and this is
essential to guarantee a reproducible design of NTRM.

3.3. Infrared spectroscopy

Attenuated Total Reflectance-Fourier Transform Infrared Spectros-
copy analysis (ATR-FTIR) was conducted to investigate the chemistry of
the nanocomposites in terms of functional groups and their possible
reactivity. Fig. 7 presents the ATR-FTIR spectra of the nanocomposite
films collected in the waveumber range 600-4000 cm ™. As it was ex-
pected, the FTIR spectra could not provide a very robust tool to detect
the various chemical changes in the nanocomposite cast with different
ratios (0.5 %, 1 % and 2 %). The spectra of reinforced WPU maintained
the significant bands of the neat WPU in both the functional group and
fingerprint regions, indicating that the bulk polymeric phase was not
damaged by the protocol formulation nor upon oxidation. The peaks
observed near 3323 cm™ !, 2918 ecm ™! and 2852 cm™! correspond to
N—H, C—H asymetric and symetric stretching, respectively, in poly-
urethane [34].
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Fig. 8. Water absorption trend of a) hemp and b) flax.
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All the nanocomposites demostrated a sharp band around 1729 cm™?
corresponding to carbonyl group stretching deformation (C=0) present
in urethane [35]. PDA present in WPU/PDA/H25GNPs/0.5 % is a multi-
species polymer and it is rich with catehcolic hydroxyl groups and
different monomers of amino groups, Fig. 3S [36]. The amines present in
the PDA as nucleophiles tend to attack positively charged carbons such
as the carbonyl groups present in the polyurethane and, thus, form imine
(C=N) via Schiff base reaction and/ or an amide (C-N) via Michael re-
action. The vibration of N—H is denoted by the band near 1530 cm™!
[37]. The medium band observed near 1137 cm™! is related to C—N
stretching [37], and it can be due to reaction between the PDA and WPU.
It was possible to see that this peak promoted a slightly higher intensity
in case of WPU/PDA/H25GNPs/0.5 % than the other nanocomposite
scenarios and it can be assigned to amines in the PDA [38 39].

3.4. Water absorption test

This test was conducted to assess the enhancement in water uptake
resistance conveyed by the designed nanocomposite-based coating
when the coated yarns are placed under water. This analysis is important
since natural fibers are hydrophilic, and the mortar matrix retains water
and hydration salts, weakening the cellulosic material of the natural
fiber. The results of water absorption tests for hemp and flax yarns
before and after applying the optimal coatings (containing 0.5 wt% of
H25GNPs with or without functionalization) are presented in Fig. 8a)
and Fig. 8b), respectively. The hydrophilicity of as-received hemp and
flax yarns is reflected on the weight gain of 60 % and 40 %, respectively,
observed after 10 min of immersion. After 3 h, the water absorption
reached a plateau indicating saturation of these yarns, with a maximum
weight increase of 185 % and 175 % for hemp and flax yarns, respec-
tively. This high-water uptake may be ascribed to the exposure of the
hydrophilic cellulose, enhanced by the washing protocol used to
partially extract lignin and other components, as reported in a previous
work [21]. Conversely, both hemp and flax yarns coated with WPU/
H25GNPs/0.5 % and WPU/PDA/H25GNPs/0.5 % significantly reduced
the water uptake. The non-coated yarns reached their saturation point
after 3 h immersion, while the coated yarns showed almost 0 % weight
gain after that period. The saturation level of the coated hemp and flax
was approximately 10 % weight, and was reached above 6 h of im-
mersion and maintained still until 24 h. Although neat WPU is not
strongly hydrophobic, the addition of the 2D high-aspect ratio GNPs will
decrease the permeability to water due to their hydrophobicity and 2D
morphology that induce a barrier effect [15]. Additionally, the nano-
composite coating may provide a restraining barrier to the fibers’
swelling, limiting the access and space for the accommodation of water
molecules within the hydrophilic parts in fiber lumen [10].

3.5. Raman spectroscopy

Raman spectroscopy is a powerful tool to characterize graphitic
materials [40]. This technique was used to confirm the functionalization
of the GNPs and to monitor their dispersion in the WPU matrix. Such
characteristics are related to the mechanical properties of the nano-
composites. The Raman spectrum of a graphitic material is informative
about the stacking of the carbon sp? graphene planes, the presence of sp®
carbon due to chemical reactions and bonding of other chemical func-
tions, and other relevant structural aspects [41]. Here, Raman spec-
troscopy was used to study changes in GNPs structure due to defects or
increase of sp® carbon upon functionalization, as well as to detect the
reinforcing GNPs in the WPU matrix [42]. The typical Raman spectrum
of GNPs shows the characteristic bands: G (~1580 cm’l), D (~1350
em ™), D’ (1610 ~ 1620 cm™Y) and G’ (or 2D, ~ 2700 cm™ %) [40 43].
The G mode is present in all carbon-based materials with conjugated
C=C double bonds, reflecting the in-plane bond stretching motion of
pairs of sp? carbon atoms [40 42]. The D mode is a breathing mode that
is forbidden in perfect graphene, becoming active in the presence of
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Fig. 9. Raman spectra of the nanoparticles and their films.

disorders. It indicates a disturbance of the hexagonal sp? carbon network
by chemical bonding such as that observed on a graphene edge or a
structural defect [44 45]. The D’ band shows as a shoulder peak of the G
band and it is due to the formation of sp3 carbon [42 46 45]. The G’ (or
2D) band is a second-order mode that is not related to graphene defects,
always presenting high intensity in graphene. The shape and position of
the G’ band varies with the number of graphene layers [46]. Fig. 9a)
presents the Raman spectra of as-received H25GNPs and two samples of
PDA functionalized H25GNPs, showing the G, D, D’ bands. The pristine
GNPs present a low intensity D band, indicating a dominant sp? carbon
structure, while both of PDA/H25GNPs samples show an intensity in-
crease mainly due to chemical reaction that transform part of the sp?
carbon to sp® hybridization, see the deconvoluted spectra in Fig. 4S. The
presence of PDA at the GNPs surface is also confirmed by the broadening
of the G band and presence of the D’ band for PDA/H25GNPs, as
compared to the pristine GNPs, see Fig. 9a). Moreover, in accordance
with Bin Fei et al [24] PDA itself shows a broad Raman peak around
1580 cm !, contributing to the broadening of the G band. The overall
analysis of the Raman spectra underlined the successful functionaliza-
tion of H25GNPs via Mussel-inspired surface modification [47].

The Raman spectra of the WPU composite films were collected and
normalized for the peak corresponding to CHy bending in WPU, see
Fig. 9b). The pristine WPU film presented a typical spectrum of poly-
urethane with a predominant peak ~ 1440 cm ™! characteristic of (CH»)
bending [48]. The Raman spectrum of WPU/H25GNPs in Fig. 9b) shows
the presence of the G band of the GNPs, increasing its intensity as the
weight load of GNPs increases (i.e., from 0.5 % to 2 %). WPU/PDA/
H25GNPs/0.5 % also presents the characteristic G band at ~ 1579 cm ™,
Fig. 9b), with higher intensity than that observed in WPU/H25GNPs/
0.5 %. This increase in intensity may be indicative of good PDA/GNPs
dispersion and enhanced interface of PDA/GNPs with the WPU matrix,
thus exposing a larger GNPs covered area exposed to the Raman
analysis.

3.6. Thermogravimetric analysis

TGA analysis was carried out to monitor the water adsorption of the
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derivative of the TGA curves.

functionalized GNPs as well as their functionalization degree in terms of
weight fraction. The TGA results of the GNPs and corresponding WPU
composite films are presented in Fig. 10. The pristine H25GNPs showed
a stable thermal response along time up to 800 °C under inert atmo-
sphere, with a maximum of 5 % weight loss observed at the end of the
analysis. This weight loss is due to the thermal decomposition of the
oxygen-containing groups present in low concentration in the as-
received GNPs. Conversely, the PDA/H25GNPs exhibited a weight loss
throughout the heating process to reach a 75 % residual weight at
800 °C. In the latter case the initial 6 % weight loss at 100 °C is attrib-
uted to water present in the sample, thus an estimate of the PDA/
H25GNPs weight functionalization level indicates ~ 19 % wt. The
thermal degradation trend delivered by the nanoparticles before and
after functionalization is in agreement with references [15 24 18]. TGA
was also used to evaluate the thermal stability of the coatings for the
desired application in inorganic matrices. The WPU films demonstrated
a typical response of the thermal degradation of polyurethanes. Simi-
larly to the results highlighted in the references [35 17], two dominant
stages are normally assigned to the degradation of pristine WPU, at
278 °C and 351 °C, as depicted in Fig. 10b), and they are linked to the
decomposition of the hard segment and the soft segment of WPU,
respectively. The WPU nanocomposites also showed the two-stage
degradation with a shift to lower temperatures. The small weight loss
observed at ~ 190 °C in both WPU/H25GNPs/0.5 % and WPU/PDA/
H25GNPs/0.5 % is associated to the vaporization of the lower molecular
weight components of the nanocomposite, PEG and GL. TGA results
confirm that the coating is thermally stable within the temperature
range required for the desired application.

4. Conclusion

This work presents a novel application of graphene nanoplatelets/
waterborne polyurethane to enhance the mechanical properties and the
durability of natural fibers, aiming to make them suitable for NTRM
casting. The authors presented a step-by-step description of the scientific
aspects and preparation protocols, using environmentally friendly pro-
cedures, to deliver the product (i.e., nanocomposite-impregnated hemp
yarns) at laboratory scale. The optimal formulation was selected from
composites prepared with 0.5, 1 and 2 wt% of GNPs dispersed in WPU,
and was found to be 0.5 wt%, based the tensile properties. The surface
functionalization of H25GNPs was tailored using a Mussel-inspired
chemical method that further enhanced the dispersion of the function-
alized graphene (PDA/H25GNPs) in the aqueous polymer suspension
and provided good interfacial bonding with the polymer. Both WPU/
H25GNPs/0.5 % and WPU/PDA/H25GNPs/0.5 % demonstrated to be
excellent coating materials to enhance the water resistance of hemp and
flax fibers. The coated yarns delivered the mechanical response required

for a functional NTRM system, presenting an increase of the initial
modulus, relative to the uncoated yarns, of 425 % for hemp and 580 %
for flax yarns. Thus, the coated yarns provide a promising solution for
developing smart NTRM systems with different functionalities in the
future. Further investigation will focus on the composite natural fibers
interfacial bond with mortar materials as well as the up-scaling process
and cost analysis for the optimized textile reinforcement design.
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