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Abstract. The development of sustainable hydrophobic composite coatings is of high interest
for aircraft applications. Currently, the use of natural derived functionalized microparticles as
filler to obtain hydrophobic epoxy-based coatings was not deeply investigated. In this scenario,
a novel hydrophobic epoxy-based composite including waste hemp microparticles
functionalized with silica layer, 3-aminopropyltriethoxysilane, polypropylene-graft-maleic
anhydride and silanes (hexadecyltrimethoxysilane and 1H,1H,2H,2H-
Perfluorocotyltriethoxysilane) is presented. The resulting coating was casted on typical
aeronautical panel, based on carbon-fiber-reinforced polymers, to achieve an improved
hydrophobicity and anti-icing property induced by functionalized hemp microparticles.

The wettability and anti-icing property were investigated. Compared to unfilled epoxy resin, the
obtained composite coating achieved a greater water contact angle of 30° and doubled increase
in icing time. Despite the low content (2 wt.%) of hemp particles, DSC analysis displayed a
relevant increase in Tg value, confirming an efficient interaction between the epoxy matrix and
the functionalized hemp filler. AFM analysis proved how the presence of hemp filler leads to an
increase in roughness due to the hierarchical structure formed by the long chains of silane
molecules. The combination of silane activity and rough morphology allows the development of
hemp composite coatings with enhanced hydrophobicity, anti-icing behavior and thermal
stability for aircraft applications.

1. Introduction

Polymer composites and nanocomposites play an important role for several manufacturing industry,
such as automotive and aerospace [1-3]. Recently, much work has been focused on the development of
polymer composite coatings due to their strong damping capacity, high specific modulus and strength,
anti-icing and self-monitoring properties [4-6]. The physical and mechanical enhancements result from
the interaction (e.g., hydrogen bonds) between filler (e.g., inorganic particles and fibers) and polymer
matrix at the nanometre scale [7-8].

Nowadays, the increased awareness of the environmental impact of composite materials at the end of
their life has directed both academic and industrial research towards alternative solutions with almost
similar performance and functionality but, at least partially, derived from renewable resources or
recyclable raw materials, even for advanced applications [9 -10].
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In this scenario, natural fibers (e.g., hemp, flax) have been widely validated as a promising alternative
to conventional ones as reinforcement of polymeric matrices because of their renewability, lightness,
high specific mechanical properties, ease of surface modification, cost effectiveness, etc [9, 11-12].
However, the incompatibility between natural fiber and matrix, the fiber size variability, their
flammability and difficult processability limit the use and development of natural fiber composites. [13]
Such drawbacks need to be overcome by fostering further investigations. Additional research efforts for
the development of eco-friendly materials are crucial to achieve a more sustainable future.

In the present study, thermosetting composite coatings with enhanced hydrophobicity were deposed by
casting on carbon-fiber-reinforced (CFR) polymer panels typically employed for aircraft structures. The
novelty of this work was to demonstrate the possibility of using waste hemp functionalized particles to
obtain innovative hemp-epoxy coatings with improved hydrophobicity and anti-icing performances for
aircraft applications [14]. Specifically, morphological, structural, thermal and hydrophobic/anti-icing
properties of hemp composite coatings are discussed.

2. Materials and Methods
Waste hemp rugs supplied by by MAEKO S.r.l. (Italy) and, as shown in Figure 1, were functionalized
in 3 steps procedure:

o Initially hemp rugs surfaces were modified by employing sodium metasilicate in a sol—gel
procedure allowing the formation of a silica layer on the hemp surface, making them brittle and
suitable for obtaining hemp-silica powder (HEMPSI).

¢ In the second step, a second functionalization with amino groups of HEMPSi (HEMPN) was
carried out by using the coupling agent 3-aminopropyltrimethoxysilane (APTS).

¢ Finally, to confer hydrophobic character to hemp particles HEMPN, the amino groups were left
to react with polypropylene-graft-maleic anhydride (PPgMA), leading to HEMPP
microstructures.
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Figure 1. Procedure for the preparation of hydrophobic hemp particles (HEMPP) (reprinted with
permission from [14]).

For the preparation of polymer-based coatings, as shown in Figure 2, the epoxy resin system bisphenol
A diglycidyl ether (DGEBA) and modified cycloaliphatic polyamines hardener, purchased from
MATES S.r.l. (Italy), were mixed with 2 wt% of functionalized hemp particles HEMPP and 1 wt% of
silanes  (hexadecyltrimethoxysilane (HDTMS) or 1H,1H,2H,2H-perfluorooctyltriethoxysilane
(PFOTES)). All the coatings were cured for 24 hours at 60 °C and post-cured for 4 hours at 80 °C. The
functionalization and fabrication of hemp particles and the manufacturing of fiber-reinforced epoxy
composite coatings are well described in [14]. All the investigated samples are listed in Table 1.
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Table 1. Chemical composition of epoxy composite coatings.

Sample Description
EPO DGEBA resin cured with polyamines hardener
(Epoxy System)
EH-HDTMS Epoxy system with 2 wt% of HEMPP and 1
wit% of HDTMS
EH-PFOTES Epoxy system with 2 wt% of HEMPP and 1
wt% of PFOTES
) [ Functionalized Hemp Particles ]
saca get sacagel | Diglycidyl ether of
o S :c s bisphenol-A (DGEBA)
|HEMPP | . .. HOTMSor S B - ResUsnd
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Figure 2. Overall procedure for obtaining the hemp-epoxy composite coatings (reprinted with
permission from [14]).

2.1. Wettability and anti-icing tests

To evaluate the wettability of hemp-epoxy coatings, the contact angle (CA) and hysteresis contact angle
(CAH) were measured by placing a water droplet on the coated surface of aeronautical panels. The anti-
icing performances of hemp-epoxy coatings were evaluated by determining the freezing time of water
droplet in a rigorous climate environment (-30°C for 10 minutes) and simulating the ice formation on
aircraft structures during the winter season.

2.2. Structural, Morphological and Thermal Analysis

Structural analysis was performed on functionalized hemp particles and hemp-epoxy composites by
using Attenuated Total Reflectance—Fourier Transform Infra-Red (ATR-FTIR) analysis and Scanning
Electron Microscopy (SEM), coupled with an EDX system for a semi-quantitative elemental
exploration. Atomic force microscopy (AFM) was used to evaluate the surface roughness of pristine
epoxy and hemp-epoxy coatings. For all the specimens, the roughness average (Ra) and the root mean
square roughness (Rq) parameters were evaluated according to equations shown in [14]. Differential
scanning calorimetry (DSC) and Thermogravimetric analysis (TGA) were carried out to assess the
thermal behavior of pristine epoxy and hemp-epoxy coatings.
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3. Results
SEM-EDX analysis was conducted on the hemp particles after the three steps of functionalization

procedure. Figure 3 shows the typical web-like structure and unregular morphology of the hemp
microfibrils, with diameter from tens of nanometers to tens of microns.

Table 2. Elemental composition (wt.%) of functionalized hemp particles
evaluated by EDX analysis.

Composition C @] Si
(%) N
HEMPSI 39.5 57.3 - 3.2
HEMPN 37.9 53.2 6.7 2.2
HEMPP 46.5 45.6 - 7.9
Silica gel-functionalized Amino-functionalized HEMPN particles functionalized
hemp particles (HEMPSi) hemp particles (HEMPN) with PPgMA (HEMPP)

200 pm 200 ym 200 pm
Figure 3. SEM micrograph of functionalized hemp particles with: (a) sodium metasilicate, (b) APTS
and (c) PPgMA. (Reprinted with permission from [14]).

The presence of the silica layer on HEMPSi and amino groups on HEMPN surface was confirmed by
EDX analysis (Table 2). Figure 3(c) reveals that the surface of HEMPP particles appears slightly waxy
and different compared to the ones of HEMPSi and HEMPN microfibrils. This was ascribed to a thin
layer of polypropylene covering the primary wall of hemp particles. Furthermore, the presence of
PPgMA on HEMPP was confirmed by a higher amount of carbon (46.5%) recorded by EDX (Table 2),
compared to the carbon amount found on HEMPSi particles. The successful functionalization of hemp
microfibrils was also assessed by ATR-FTIR analysis, as shown in Figure 4.
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Figure 4. ATR-FTIR Spectra of (a) functionalized hemp particles, (b) uncured epoxy resin, resin
cured with the amine hardener, composite coatings EH_HDTMS and EH_PFOTES. (Reprinted with

permission from [14]).

The highlighted signals on ATR-FTIR spectrum (Figure 4(a)) confirm the effective functionalization of

the hemp fiber particles:

e the bands at 3340 cm™! (vo.u) and 1100 cm™! (vsio) confirm the presence of silanol groups on

HEMPSI particles;

e the bands at 1554 cm™! (6x-n) and 1407 cm™! (ven) support the presence of primary amino groups

on HEMPN particles;

e the typical bands assigned to C—H bending (1376 cm™' and 1460 cm™) and the increase of the C—-H
stretching bands at 2900-3000 cm™! prove the t grafting of PPgMA on the primary wall of the

HEMPP particles.

The chemical structure of the composites was also investigated by ATR-FTIR (see Figure 4(b)). The
disappearance of the vibration band at 913 cm™! indicates the complete cure of all the samples. For the
epoxy composites EH_HDTM and EH_PFOTES, the presence of a single signal (3380 cm™') of O-H
stretching band indicate the establishment of H-bonding interactions between the cured oxirane rings of
resin and the functional groups on hemp particle surfaces.
The wettability of the composite samples was investigated by measuring the water contact angles (CA)
and contact angle hysteresis (CAH). The CAH is a dynamic parameter provides information on the

droplet mobility on the surface.
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Figure 5. Pictures of water droplets at room temperature (above) with relative CA and CAH values,
and after freezing process at —30 °C (below the dot line). The freezing time of water droplets on CFR
panels and substrates coated with pristine resin (EPO), EH_HDTMS, and EH_PFOTES samples are
shown. (Reprinted with permission from [14]).

In Figure 5 it is possible to observe that in the absence of functionalized hemp filler, the pristine EPO
shows a hydrophilic character, due to the presence of hydroxyl groups which can form H-bonds with
water molecules. By contrast, a hydrophobic behavior is observed for the two composite samples
EH_HDTM and EH_PFOTES, due to the presence of silanes alkyl chains at the surface, which provides
higher CA and lower CAH compared to pristine EPO sample. This result highlights the effects of
structural and chemical contributions of HEMPP particles on the surface wettability. Besides, Figure 5
displays the change of water droplet shapes on samples after the freezing tests. The semicircular shape
droplets were observed for the CFR panel and pristine EPO. By contrast, on the composite coatings, the
water droplets remained more spherical with a delaying of the freezing time. These results can be
justified by the reduction of the contact area between the hydrophobic coating surface and the water
droplet, leading to a lower heat transfer rate.

The calorimetric analysis (DSC) shows the increase of Ty values (up to ~26%) of hemp-epoxy
composites compared to the pristine EPO sample. This effect is ascribed to the chemical
functionalization of hemp particles, which promotes the formation of many secondary interactions (i.e.
H-bond) between the polymer matrix and the functional groups on HEMPP particles.

Exo * ——EPO
———EH_HDTMS
——EH_PFOTES

Midpoint = 112°C
Inflec. point = 113°C

-

Midpoint = 113°C

Inflec. peint = 122*C

Midpoint = 89°C

-—-——.__________‘iﬂ:-c._p_olm =97C

Heat Flow (Wi/g)

60 80 100 120 140 160
Temperature (°C)

Figure 6. DSC curves (2" heating) for the samples EPO, EH_HDTMS and EH_PFOTES.
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The presence of these secondary interactions is also confirmed by TGA analysis carried out in air,
showing an increase of the initial degradation temperature of the hemp-epoxy composites by ~20 °C
compared to pristine EPO, as shown in Figure 6. Furthermore, in Table 3, the temperatures of second
degradation step (Tmaxz) Of composite coatings were up to 30 °C higher than pristine EPO. These values,
together with the higher residual masses, prove that the addition of functionalized hemp particles lead
to an enhanced thermal stability of the hemp-epoxy composites.

Table 3. Results of TGA in air atmosphere for pristine resin and epoxy
composites: temperatures at which 5% weight loss is recorded (Tse),
temperatures at which the weight loss rate reached maximum values (Tmaxt and
Tmax2), residue masses at the final temperature of 800°C.

Sample  Ts(°C) Tmaxi (°C)  Tmax Residue (%)
(°C) at 800°C
EPO 204 366 541 15
EH-HDTMS 222 372 563 3.2
EH-PFOTES 221 368 571 2.8

Table 4. Roughness parameters evaluated by AFM

analysis.
Sample Ra (nm)? Rq (nm)P
EPO 16.0 19.9
EH-HDTMS 314 36.1
EH-PFOTES 55.9 76.1

& Average Roughness.
b Mean Square Roughness.

AFM analysis was used to estimate the nanoscale roughness of the samples. The evaluated parameters
(Ra and Rq) in Table 4 show a relatively low roughness values of pristine EPO. By contrast, both
composite samples exhibit a much higher roughness value. This effect can be attributed to the high
ability of silane chains (HDTMS or PFOTES) to migrate toward the solid-air interface, leading to an
effective surface hierarchical structure in terms of hydrophobicity and anti-icing capability.

4. Conclusion

This research activity focused on the use of waste hemp as functional filler to produce innovative
hydrophobic coatings for aircraft structures. The chemical modification procedure allows to convert the
natural hemp hydrophilicity into hydrophobic behavior, making it a suitable filler for non-polar epoxy
matrix. The rough morphology and non-polar character of the functionalized hemp particles exhibit a
synergistic action with epoxy matrix, leading to an enhancement in terms of thermal behavior,
hydrophobicity and anti-icing performances. In addition, the boosted hydrophobicity and roughness are
due to the anchored fluorinated silane (PFOTES) or the greener and cheaper alkyl silane (HDTMS). It
is important to underline that all the results have been achieved by using only 2 wt% of HEMPP through
an easy one-pot procedure with mild operating conditions. In conclusion, the use of cellulose and its
derivatives in non-wettable coatings have many potentials and would reduce both material and coating
fabrication costs. In a context of circular economy, it is important to underline the novelty of this
research aimed at developing new sustainable coatings starting from cellulose, alternatives to
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conventional solutions based on fluorinated agents which are effective but nowadays rejected due to
their environmental impact.
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