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Abstract: Applying coatings of paraffins and other synthetic waxes is a common approach to impart
hydrophobic properties to fibres and thus control their surface characteristics. Replacing these fossil-
based products with alternatives derived from renewable resources can contribute to humankind’s
transition to a sustainable bioeconomy. This study presents the coating of hemp fibres with waxes
extracted from pine bark as an exemplar application. Two bio-based emulsifiers were used to prepare
wax emulsions suitable for a dry blending process. The coatings on the fibres were characterised,
quantified, and visualised using a combination of spectroscopic and microscopic techniques. Confocal
fluorescence microscopy was an excellent tool to investigate the spatial distribution of the pine bark
waxes on the fibre surfaces. While successful deposition was demonstrated for all tested formulations,
coating homogeneity varied for different emulsifiers. Compounding the hemp fibres with a bio-
based polyester resulted in the substantial improvement of the mechanical behaviour. However, the
presence of a wax coating on the fibres did not lead to a significant change in mechanical properties
compared to the controls with uncoated fibres. Optimising the composite chemistry or adjusting the
processing conditions might improve the compatibility of the hemp fibres with the matrix material,
resulting in enhanced mechanical performance.

Keywords: hemp fibres; hydrophobic coatings; pine bark waxes; natural fibres; fibre-reinforced
composites; bio-based composites

1. Introduction

When applied as coatings, paraffin waxes and other fossil-derived hydrophobic (non-
polar) substances are excellent products that are able to impart water-repellent properties
to a wide variety of materials. A significant application area for these compounds is the
surface treatment of natural fibres to enhance their hydrophobicity. Wax-coated natural
fibres have been demonstrated as functional components of wound dressings [1], building
materials such as cement [2], and functional textiles [3,4]. Another important application
area is fibre-reinforced plastic composites. Due to their hydrophilic nature, compounding
natural fibres with polymers often results in composites that are sensitive to moisture [5,6].
Another frequently encountered issue in these materials is insufficient compatibility be-
tween the hydrophilic fibres and the hydrophobic polymer matrix [6–8]. This can lead
to poor interfacial adhesion which in turn reduces the ability for stress transfer between
the composite components. Ultimately, the result is an unsatisfactory mechanical perfor-
mance. A common approach to improve the compatibility between natural fibres and
non-polar polymer matrices in composites is to coat the fibres with paraffins and other
waxes. For example, Nhlapo and Luyt co-extruded low-density polyethylene, sisal fibres,
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and paraffin waxes, and showed that the waxes crystallised preferably around the short
sisal fibres, which improved the Young’s modulus [9]. Very similar results were obtained
by Atthikumaran et al. who used hemp fibres instead [10].

Bio-based hydrophobic compounds have been used for millennia but have recently
attracted renewed attention as sustainable alternatives to fossil-derived products [11,12].
They have the potential to support the establishment of a more sustainable global economy
and to reduce humankind’s reliance on non-renewable resources such as petroleum. Their
use for the surface treatment of bran fibres has been demonstrated to increase the elongation
at break for composites prepared with aliphatic biopolyesters [13].

Recently, the barks of several tree species have been identified as rich sources of
waxy substances [14–16]. For example, it has been demonstrated that Pinus radiata Don
(radiata pine or Monterey pine) contains a range of non-polar chemicals, which can be
extracted using a variety of methods [16–19]. Radiata pine is commercially grown on
more than 4 million hectares worldwide and contributes significantly to the economies of
several countries [20]. About 90% of the 1.8 million hectares of plantation forest in New
Zealand are covered with P. radiata [21]. Given that bark comprises 9–15% of the total
volume of a tree, it is one of the most available by-products derived from wood-based
industries [22]. Although there is thus a clear potential to obtain natural waxes from pine
bark in industrially relevant quantities, their potential as functional coatings has so far
hardly been experimentally investigated [23,24].

This study describes the deposition of waxes, extracted from radiata pine bark using
supercritical carbon dioxide, onto technical hemp fibres. Hemp (Cannabis sativa L.) is
an important source of natural fibre which is increasingly being used in a variety of
applications [25–27], including the reinforcement of biopolymer composites [28–33]. As
an industrial crop, hemp offers multiple benefits, such as great potential for drought
resistance [34] and the supply of additional valuable products (oils, proteins) besides
fibre [35]. Several studies have described the coating of hemp fibres with waxes. A
textile made of a mixture of hemp and cotton fibres has been rendered water-repellent
by the application of carnauba wax [4]. Beeswax coatings have been applied to hemp
fibres to increase their hydrophobicity for improved stability against alkaline hydrolysis
in mortars [2]. Similar studies have also been reported using stearic acid [36] or paraffin
waxes [37] instead. Paraffin waxes have also served as compatibilisers for polyethylene
and hemp fibres in composite materials [10].

In the present study, two bio-based emulsifiers have been used to stabilise the aqueous
wax emulsions: polysorbate (T20) and Spirulina (Arthrospira platensis Gomont; Sp). T20 is
a non-ionic surfactant derived from sorbitol and fatty acids [38] and Sp is the biomass of
cyanobacteria, the main components of which are proteins [39]. T20 was chosen because it
has been proven highly effective in stabilising dispersions of hydrophobic substances in
water, both on its own [40] and in combination with other surfactants [41]. Sp was chosen
because, in addition to it being effective as an emulsifier [39,42], its photoluminescent
properties enable the direct visualisation and analysis of its spatial distribution through
fluorescence microscopy [43]. To avoid intensive physical or chemical fibre treatment, a dry
blending process was used to coat the natural fibres with the waxes [44]. A combination of
microscopic and spectroscopic techniques (FTIR, NMR, fluorescence microscopy) proved
highly useful to demonstrate successful wax deposition on the fibres and to visualise the
spatial distribution of the wax coatings on the fibres. Both wax-coated and non-treated
control fibres were compounded with bio-based and biodegradable poly(butylene succi-
nate) (bPBS) to form fibre reinforced composites derived from renewable resources. This
reinforcement resulted in substantial improvements in mechanical performance compared
to plain bPBS. However, in the system studied here, no specific beneficial effects of the
presence of waxes on the hemp fibres were found. This was likely due to the detachment
of the waxes from the fibre surfaces and dissolution in the rather non-polar bPBS matrix.
In the future, natural fibres coated with pine bark waxes could exhibit beneficial effects in
biocomposites if somewhat more polar matrix polymers such as poly(lactic acid) or other
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poly(hydroxy alkanoic acids) with shorter repeat units were used instead [45,46]. Further
potential future application areas for pine wax-coated hemp fibres could be in insulation
panels [47] or fibrous packaging [48].

2. Materials and Methods
2.1. Materials

Crude pine wax (CPW) was obtained by extracting P. radiata bark using supercritical
CO2. The bark was sourced from Bark Products Taranaki (Waitara, New Zealand) and
extracted at Pharmalink (Appleby, New Zealand) in a high-pressure system equipped
with 850 litre extractor vessels (NATEX, Ternitz, Austria). A total of 679.5 kg of bark was
packed into the extraction vessels. Extraction was carried out over 6 h and performed at a
temperature of 50 ◦C and a pressure of 300 bar. The average CO2 flow rate was 3400 kg/h
and the extracts were collected in a separator at 70 bar pressure and 65 ◦C. Refined pine wax
(RPW) was obtained by cold ethanol winterisation from the CPW, following the established
literature procedures [49]. Refined yellow beeswax (BW) pellets were purchased from
NZ Beeswax Ltd. (Hamilton, New Zealand) and were used as received. Sorbitan ester
surfactant Tween20 (T20) was provided by Sigma-Aldrich (Merk Group, St. Louis, MO,
USA). Spirulina (Sp) was supplied by Atelier Luma (Arles, France) and ground into a fine
powder using an impact milling device (Hosokawa Alpine, Ultraplex UPZ 100, Runcorn,
United Kingdom). The grinding process involved three passes, with a screen size of
0.3 mm for the first pass and a screen size of 0.1 mm for the two subsequent passes. The
dimensions (volume-weighted diameter, d) of the ground Sp powder (d10, d50, and d90)
were measured in ethanol dispersion (2 wt%) using laser diffraction (LS 13 320 XR particle
sizer (Beckman & Coulter, Villepinte, France) with a universal liquid module and sonicator.
A cuvette was filled with ethanol, sonicated to remove air bubbles, and then the Sp powder
was added. Subsequent agitation at 45% of the maximum pump speed and then sonication
for two minutes at full power were applied to achieve complete dispersion. Samples were
analysed in triplicate. The particle size distribution was characterised by d10 = 3.47 µm, a
median size d50 = 16.31 µm, and d90 = 39.64 µm. Technical hemp fibres (Hf) from C. sativa
with an average length of 1 mm were supplied by FRD (Fibres Recherche Développement,
Troyes, France). The fibres have been analysed for their chemical composition with regard
to extractables, lignin content, carbohydrate composition, and ash content; the results and
methods are reported in the Supplementary Materials (Table S1) and in part also in an
earlier publication [50]. Bio-based polybutylene succinate (bPBS) was provided by PTT
Mitsubishi Chemical Corporation Biochem Company (trade name BioPBSTM FZ71PM,
density: 1.26 g/cm3, melt flow index (190 ◦C, 2.16 kg): 22 g/10 min).

2.2. Materials Preparation
2.2.1. Emulsion Preparation

Emulsions were prepared using a 1:2 wax-to-water ratio (by weight) and an emulsifier
concentration of 5 wt%. The wax (12.6 g) and water (25.3 g) were placed in a glass beaker
and heated to 80 ◦C on a Heidolph hot plate to melt the waxes. Once the wax was
completely melted, the emulsifier (2.0 g) was added. Then, the mixture was homogenised
using an ultrasonic mixer from OMNI Homogenizer for 3 min at a speed of 10,000 rpm and
used immediately after preparation for the dry blending process.

2.2.2. Dry Blending of Fibres and Emulsions

Hemp fibres (400 g) were coated with 40 g of emulsion (10:1 fibre to emulsion ratio)
using a dry blending process [44]. The setup consists of a 12 m steel loop (diameter 16 cm)
with a fan creating turbulent air flow. The fibres were suspended in an air stream for
3–4 min to break any entanglements, and to separate any bundles into individual fibres.
Then, the wax emulsion was added into the air stream using a spray gun. Both the
emulsions and the spray gun were kept at approximately 50 ◦C to keep the waxes in a
liquid state and to prevent the clogging of the gun. Prior to each run, boiling water was
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circulated through the spray-gun to keep it above the melting temperature of the waxes
and to ensure that the wax would not cool down and solidify during the spraying process.
Immediately after the wax had been applied, the fibres were ejected into a muslin bag for
collection. Each batch of coated fibres was frozen to −80 ◦C overnight and then lyophilised
for 48 h using an Edwards freeze dryer with an MVP 24 vacuum pump (Woosung Vacuum,
Jeju, Republic of Korea).

2.2.3. Compounding

bPBS/Hf composites were prepared using a 26 mm co-rotating twin-screw LabTech
LTE26-40 extruder (Labtech Engineering, Phraeksa, Thailand; L/D ratio 40) and two
gravimetric feeders (Weighbatch DS10 for the polymer and Coperion K-tron K-ML-SFS-
KT20 for the fibres). Feeding rates into the extruder were 5.4 kg/h for the bPBS pellets and
0.6 kg/h for the coated fibres, respectively. The extruder barrel was heated to a temperature
profile of 150 ◦C (feeder and die) to 160 ◦C (melting and mixing zones) with a screw speed
of 160 rpm. The die pressure was 27 bar to achieve a throughput of 6 kg/h. The extruded
strands (diameter 3 mm) were cooled in a water bath (ambient temperature) and then cut
into 1.5 mm pellets using a Pelletiser CZ-120-SFS-KT20. The pellets were then oven-dried
at 60 ◦C overnight and placed in hermetic sealable bags to prevent water absorption. The
composition of the resulting composites is described in Table 1.

Table 1. Description of the fibre/bPBS composites prepared for this study.

Composite Emulsifier Wax Type Coated Hf 6 (wt%) bPBS 7 (wt%)

bPBS-Hf-CPW-T20 T20 1 CPW 3 10 90
bPBS-Hf-CPW-Sp Sp 2 CPW 10 90
bPBS-Hf-RPW-T20 T20 RPW 4 10 90
bPBS-Hf-RPW-Sp Sp RPW 10 90
bPBS-Hf-BW-T20 T20 BW 5 10 90
bPBS-Hf-BW-Sp Sp BW 10 90
bPBS-Hf-Control - - 10 90

bPBS - - 0 100
1 T20: Polysorbate 20; 2 Sp: Spirulina; 3 CPW: crude pine bark wax; 4 RPW: refined pine bark wax; 5 BW: beeswax;
6 Hf: hemp fibre; 7 bPBS: bio–polybutylene succinate.

2.2.4. Injection Moulding

The compounded pellets were injection moulded using a BOY 35 machine (BOY
Spritzgussautomaten, Neustadt-Fernthal, Germany) into ISO multipurpose test specimens
type 1A (ISO 527-2 standard [51]). The process parameters that were used are presented in
Table 2.

Table 2. Processing conditions used for injection moulding of the fibre/bPBS composites.

Process Parameter Value(s)

Barrel positions (mm) 66/20/15/10/5/2
Injection pressure (bar) 50
Injection speed (mm/s) 45

Screw speed (rpm) 100
Back pressure (bar) 15

Hold time (s) 3/20
Hold pressure (bar) 60/40

Cooling time 30
Nozzle temperature (◦C) 160
Barrel temperature (◦C) 160
Mould temperature (◦C) 25
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2.3. Characterisation
2.3.1. Gas Chromatography—Mass Spectrometry (GC-MS) Analysis of Waxes

Pyridine (50 µL) was added to a solution of wax (1–2 mg) in chloroform (1.0 mL).
Then, bis(trimethylsilyl)trifluroacetamide and trimethylchlorosilane (BSTFA:TMCS, 99:1,
100 µL) were added and the resulting mixture was vortexed and heated (70 ◦C) for 1 h.
This procedure transforms alcohol, phenol, and organic acid groups to their respective
trimethylsilyl (TMS) derivatives. Samples were analysed quickly after derivatisation; 1 µL
of sample solution was injected onto an Agilent 7890B gas chromatograph connected to
a 5877B mass spectrometer. An HP-Ultra2 column (L × I.D. 50 m × 200 µm, df 0.33 µm)
served as the stationary phase and ultra-high purity helium (99.999%) served as the mobile
phase (flow rate 1 mL·min−1). Injection and interface temperatures were 280 ◦C and 300 ◦C,
respectively, and the following temperature program was used: 40 ◦C start, ramp 6 K·min−1

to 300 ◦C, 30 min hold. The temperature of the mass spectrometry source was set to 250 ◦C
and the quadrupole was set to 150 ◦C (ionisation energy 70 mV). Agilent’s Masshunter
software (version 10) was used for data analysis. Compound identification was achieved
through sequential spectrum matching using the commercial NIST14 mass spectral library.
Semi-quantitative analysis was obtained through relative integration of peak areas.

2.3.2. Thermal Testing (Thermogravimetric Analysis (TGA) and Differential Scanning
Calorimetry (DSC))

Prior to characterising the thermal behaviour of the wax emulsions, each emulsion
was dried in a vacuum oven at 24 ◦C for approximately 12 h. The thermal degradation
behaviour of the materials was studied using a Discovery TGA (TA Instruments, New
Castle, DE, USA). The samples (c.a. 10 mg) were transferred into platinum HT sample
pans (TA Instruments, 100 µL) and heated from ambient temperature to 500 ◦C at a heating
rate of 10 K·min−1 under a nitrogen atmosphere (10 mL·min−1). All of the samples were
analysed in triplicate. TGA weight calibration was carried out using a calibration pan with
a known weight; temperature calibration was performed using calcium oxalate.

Calorimetric experiments were performed with a Discovery differential scanning
calorimeter (TA Instruments, New Castle, DE, USA). Composite samples were prepared
by cutting a transverse section from the central part of a tensile specimen (to avoid skin
effects on the crystallinity). Starting materials and emulsions were analysed ‘as is’. Samples
(ca. 5 mg) were accurately weighed into TZero aluminium pans and analysed using a
heat–cool–heat programme (Supplementary Materials, Table S2) at 10 K·min−1 under a
nitrogen atmosphere (50 mL·min−1). All experiments were run in triplicate. The DSC
calibrations of temperature and heat flow were performed using an indium metal standard.

The degree of crystallinity (Xc) of bPBS in the composites was estimated using
Equation (1):

Xc =
∆Hm

∆H◦
m

(
1 − W f

) × 100 (1)

where ∆Hm is the measured melting enthalpy of the crystalline bPBS fraction, Wf the
fibre weight fraction in the composite, and ∆H

◦
m the theoretical melting enthalpy of fully

crystalline PBS (200 J/g [52,53]).

2.3.3. Fourier Transform Infrared (FTIR) and Nuclear Magnetic Resonance
(NMR) Spectroscopies

FTIR spectra were acquired using a Bruker Tensor 27 instrument fitted with a Bruker
Platinum attenuated total reflectance (ATR) accessory (Diamond cell). Spectra were ac-
quired with 32 background and sample scans between 4000 cm−1 and 400 cm−1 at 4 cm−1

resolution. Each formulation was analysed in triplicate. Baseline correction and normal-
isation (rubberband method, 128 baseline points, carbon dioxide band excluded) were
performed using Bruker OPUS software (version 8.2).
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Solid-state 13C NMR was performed using a 200 MHz Bruker NMR spectrometer fitted
with a 4 mm MAS probe and analysed using Cross-Polarisation Magic Angle Spinning
(CP-MAS) at a rate of 5 kHz. The pulse program that was employed was a standard cross-
polarisation experiment, with a pulse delay of 1.5 s, a proton preparation pulse of 3.5 µs, a
contact time of 1 ms, and an acquisition time of 26 ms. Then, 10 k pulses were applied, the
resulting signals were Fourier-transformed with a Gaussian broadening of 25 Hz, and then
they were phase-adjusted and integrated using the Bruker TopSpin software (version 3.6.5).
All spectra were internally calibrated to the domain-1/interior C4 signal of cellulose at
89 ppm. For wax quantification, the spectral region between 0 and 45 ppm was integrated,
and for cellulose, the region between 45 and 150 ppm was integrated.

2.3.4. Water Contact Angle Measurements

The fibres were dispersed into a slurry with water, then dewatered using a filter
paper and a Büchner funnel. The surface of the resultant fibre pad was analysed using an
FTA1000 Dynamic Contact Angle Analyser (First Ten Angstroms, Portsmouth, VA, USA)
with deionised water as the test liquid.

2.3.5. Microscopy

A Leica SP5 confocal microscope was used to carry out the fluorescence imaging using
UV and visible excitation. The fibre samples were mounted in pH 9 buffer to enhance
fluorescence. Excitation was conducted at 355, 488, and 561 nm. Emission was measured at
400–480 nm, 500–550, and 570–700 nm, respectively. Images were rendered as maximum-
intensity projections. Fluorescence spectra for the wax samples and for Sp were acquired
using either UV (355 nm) or green (561 nm) excitation.

All SEM analyses were imaged using a JEOL 6700 Field Emission Scanning Electron
Microscope (JEOL Ltd., Tokyo, Japan). Samples were mounted on stubs using carbon
adhesive tape, sputter coated with 10 nm platinum and imaged using an accelerating
voltage of 3.0 kV with a lower secondary electron (LEI) detector.

2.3.6. Mechanical Testing

Prior to mechanical testing, the samples were conditioned at 23 ◦C and 50% ± 10%
relative humidity (RH) for at least 48 h. Samples for tensile, flexural, and impact testing
were cut out from the injection moulded material using a band saw, at dimensions as
specified by the relevant standards (Tensile: ISO 527-2 standard [51]; Flexural: ASTM D790-
17 standard [54]; Impact: ISO 180 standard [55]). The tensile and flexural characterisation
was performed with a universal material testing machine (Instron 5982; Norwood, MA,
USA) operating in traction and compression modes, respectively, and using a 10 kN load
cell. Five specimens were tested for each composite. The software used was Bluehill
Universal 4.08. Young’s moduli were obtained at a test speed of 1 mm·min−1 from 0.0
to 0.4% deformation. Beyond 0.4% deformation, 50 mm·min−1 test speed was applied to
obtain maximum strain and maximum stress. A video extensometer was used to monitor
the deformation strain. A 0.5 N preload was applied at the beginning of the test to remove
any slack in the specimen prior to recording. For flexural three-point bending tests, the
crosshead motion was set to 2 mm·min−1 between the spans with span radii of 64 mm. For
the impact specimens, the pieces were notched, i.e., a pre-cut to the standard dimensions
was made. Testing was carried out on a Ceast Resil Impactor (P/N 6957.000, Instron,
Norwood, MA, USA). The hammer that was used had a maximum impact energy of 0.5 J.
A minimum of ten replicates were tested for each composite.

3. Results and Discussions
3.1. Characterisation of Starting Materials

Crude pine wax (CPW) was extracted from P. radiata bark using supercritical CO2 with
a yield of 2.5 wt%, and its composition was analysed using GC-MS. The main chemical
classes identified included fatty acids and resin acids (20–30% each), with minor fractions
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of fatty alcohols and phytosterols (<10%). Winterisation (recrystallisation from absolute
alcohol at low temperatures [49]) resulted in a refined pine wax (RPW) with an enhanced
content of aliphatic molecules, while resin acids and phytosterols were significantly re-
duced. Beeswax (BW) was also included in this study as a reference material [2,56]. Its
chemical composition is known from the literature and differed considerably from both
types of pine bark wax. Although bee genetics and diet can cause some variations, it
typically contains significant amounts of hydrocarbons, linear wax monoesters and hy-
droxymonoesters, and complex wax esters, none of which were detected in either CPW
or RPW [57]. By contrast, free fatty acids are only a minor constituent of BW [12,57]. The
chemical analysis of the hemp fibres used in this study revealed that they contained about
0.5 wt% extractives, 5.5–5.8 wt% lignin, 77–81 wt% carbohydrates (the vast majority of
which (68–70 wt%) composed of glucoyl units), and about 1.7 wt% ash. These finding are
consistent with results published earlier by some of the authors of this study [50] and also
with the findings reported in other publications [58]. Two commercially available bio-based
emulsifiers (polysorbate (T20) and Spirulina (Sp)) were tested in this work, to understand
their influence on the spraying process and on the quality of the wax coatings deposited on
the natural fibres.

The thermal stability and degradation behaviour of the starting materials were stud-
ied using thermogravimetric analysis (TGA) to ensure they did not undergo substantial
degradation under the conditions applied during emulsion preparation and downstream
processing (maximum temperature 160 ◦C). Figure 1a displays the thermal degradation
of the neat waxes (CPW, RPW and BW) and the emulsifiers (T20 and Sp). All TGA data,
except those for BW, showed a mass loss below 100 ◦C, corresponding to the evaporation
of water present in the materials. The absence of this phenomenon for BW indicates that
it has a stronger hydrophobic character than the pine bark waxes and therefore does not
absorb significant amounts of water. This finding is in line with the known composition
of BW, which is very low in components with polar functional groups such as alcohols
or carboxylic acids, rendering it with a stronger hydrophobic nature. The water contents
of both types of pine wax were similar, in the range of 1.5–2.0%. Only very minor differ-
ences in degradation behaviour were observed between CPW and RPW, indicating that
the winterisation process had no major influence on their thermal stabilities. Both waxes
were stable up to about 200 ◦C, demonstrating that they could withstand downstream
processing conditions. BW started to degrade at significantly higher temperatures (beyond
250 ◦C), in line with what has been reported earlier in the literature [56]. The increased
thermal stability of the BW can be explained by its chemical composition, which contains a
higher proportion of long-chain aliphatic (i.e., less volatile) components than either of the
pine waxes [12,57].

The two emulsifiers exhibited very different thermal stabilities. Sp exhibited a higher
water content (7.7%) than T20 (1.9%), as evidenced by the mass loss below 100 ◦C. No
significant further mass loss was observed for either of the emulsifiers until up to at least
180 ◦C, demonstrating, as with the waxes, that no thermal degradation issues were to be
expected during downstream processing. At 500 ◦C, Sp had only degraded by 60% of its
original weight, while T20 had lost 97% of its mass. A similar Sp degradation pattern has
been reported earlier by Larrosa et al. [59].

The DSC characterisation of the waxes (Figure 1b) revealed a generally similar overall
pattern with a melting peak between 55 and 65 ◦C, and a corresponding crystallisation
peak upon cooling. CPW differed from RPW in both a lower transition temperature (by ca.
10 ◦C) and a smaller enthalpy of melting (by ca. a factor 2), indicating a lower degree of
structural order (crystallinity) in the CPW. This observation is in line with the higher purity
of the RPW and also with the chemical nature of its main composition; linear saturated
aliphatic molecules are more prone to crystallisation than the more structurally irregular
resin acids [60]. In addition, a second, weaker transition at lower temperatures was more
pronounced in RPW compared with CPW. This indicates the enrichment through the win-
terisation process of a second class of wax components which form a second phase with
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lower thermal stability. Fatty alcohols which tend to melt at a lower temperature than car-
boxylic acids with the same chain length [61] or a small fraction of shorter chain molecules
are possible candidates, but further research is required to confirm this working hypothesis.
BW showed a more complex phase behaviour with even more pronounced melting and
crystallisation peaks that were clearly composed of several overlapping transition processes,
in line with earlier findings reported by other authors [56].
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Figure 1. Thermal properties of starting materials. (a) Thermal degradation behaviour (determined
by TGA) of the pure waxes (CPW, RPW and BW) and emulsifiers (T20 and Sp). (b) Phase behaviour
(determined by DSC) of the pure waxes (cooling run and second heating run; exo up).

3.2. Water/Wax Emulsions

Emulsions were prepared by homogenising water/wax/emulsifier mixtures at temper-
atures above the melting point of the waxes and were characterised thermally to determine
if they were stable during the extrusion and injection moulding processes. The thermal
degradation behaviour of the emulsions’ solid content (i.e., after drying) is displayed in
Figure 2a. All materials showed indications for three distinct degradation processes oc-
curring at different temperatures, although overlap in the temperature ranges made it
challenging to clearly separate them from each other. The presence of these processes
was more clearly evident in a plot of the derivative of weight vs. temperature, which
is displayed as an exemplar for CPW-T20 and CPW-Sp in Figure 2b. In contrast to the
pure pine waxes (Figure 1a), their emulsions did not show a significant weight loss below
100 ◦C, indicating that the drying procedure had effectively removed any moisture content.
All emulsions were stable until at least 200 ◦C, demonstrating their ability to withstand
the processing conditions for the extrusion of the bPBS matrix (maximum 160 ◦C; illus-
trated by the dotted line). For all emulsions, the first significant thermal degradation step
started at around 260–265 ◦C (Supplementary Materials, Table S3). No significant effects
of the individual waxes or emulsifiers on the thermal stabilities of the emulsions could
be detected.

For all tested formulations, more than 80% of the organic matter had disappeared at
the end of the degradation processes. The degradation behaviour at high temperatures
was largely determined by the emulsifier used. Regardless of the wax type, emulsions
with Sp displayed a distinct shoulder between 400 and 500 ◦C, resulting in a lower final (at
500 ◦C) weight loss than the corresponding T20-based formulations. This finding aligns
with the degradation characteristics of pure Sp observed in Figure 1a, as highlighted in the
previous paragraph.
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Figure 2. Thermal degradation behaviour of dried wax emulsions. (a) TGA thermogram showing
the different degradation steps for the emulsions. (b) Exemplar derivative weight as a function of
temperature for the two CPW formulations; for clarity, the scale is offset between both emulsions.
The dotted line at 160 ◦C indicates the maximum temperature of downstream processing.

DSC traces for all emulsions are shown in the Supplementary Materials (Figures S1–S3),
and the most important parameters are summarised in Table 3. Due to the better control
over thermal history, the data from the second heat ramp were used to compare the melting
enthalpies of the different emulsions and to determine the influence of the wax type on
their phase behaviours. Generally, the trend in melting enthalpies (and therefore likely
levels of crystallinity) followed that of the pure waxes: all CPW emulsions had lower values
than RPW emulsion, and these were again lower than for BW. Quantitative differences
were substantial between the individual groups of materials containing the same waxes.
The crystallisation behaviour of the base waxes is therefore clearly the governing factor for
the thermal properties of the emulsions. However, more subtle differences were induced
by the nature of the emulsifiers, too. All Sp emulsions had higher melting enthalpies than
emulsions prepared using T20, regardless of the wax used. These differences can be ex-
plained by the nature of the emulsifier: Sp, as a powder, acts as a nucleating agent in contact
with the waxes, in a similar way that Shi et al. demonstrated for different types of biomass
particulates [62]. By contrast, T20, being a small molecule, is likely unable to induce or
enhance crystallisation. A comparison of the pure waxes with the emulsions showed that
the addition of emulsifier increased the crystallinity of CPW, while it decreased that of both
RPW and BW. By contrast, there were no major differences in peak position (temperature
of the peak maximum) for either melting or crystallisation transitions, indicating that the
emulsifiers likely affected only the extent of the crystallisation, but not the internal structure
of the crystalline domains.

Table 3. Thermal characteristics (determined by DSC; results from second heat ramp) of neat waxes
and dried emulsions. Experimental uncertainties are reported as one standard deviation (n = 3).

Melting Enthalpy (J/g) Peak Maximum (◦C)

CPW 60.1 ± 1.3 50.6 ± 0.1
CPW-T20 61.6 ± 2.5 54.4 ± 0.1
CPW-Sp 68.0 ± 0.2 48.7 ± 0.1

RPW 130.6 ± 0.4 57.4 ± 2.8
RPW-T20 106.7 ± 1.9 61.5 ± 0.1
RPW-Sp 122.5 ± 0.4 59.8 ± 0.3

BW 171.6 ± 0.8 64.2 ± 0.1
BW-T20 138.7 ± 4.1 63.8 ± 0.2
BW-Sp 153.5 ± 0.9 63.6 ± 0.2
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3.3. Dry Blending Process

A dry blending process was employed to deposit the wax emulsions on the hemp
fibres [44]. The emulsions were dosed in such a way that resulted in a wax content of
2–3 wt% on the fibres. FTIR spectroscopy was used to qualitatively confirm the presence
and relative concentrations of waxes on the fibres after the coating process. The spectra
of the neat waxes exhibited a strong CH stretching vibration (2800–3000 cm−1), as well as
carbonyl stretching vibrations (1700–1740 cm−1) and CH2 bending vibrations (1450 cm−1),
consistent with the presence of fatty acids and their esters, resin acids, and other saturated
hydrocarbons (Supplementary Materials; Figure S4). The presence of these components is in
line with the results obtained by GC-MS and with the literature on BW composition. After
fibre coating, an increase in the CH stretching vibration was observed for all formulations,
clearly indicating the presence of waxes (Figure 3; Supplementary Materials, Figure S4).
A small increase in the band at 1740 cm−1 in the wax-coated fibres with T20 emulsions is
probably due to the ester bonds in T20. Replicates between different samples prepared
using the same conditions showed high reproducibility, indicating a good wax-in-water
dispersion and a homogeneous distribution of the emulsions on the fibres during the
spraying process, resulting in a uniform coating on a macroscopic level. According to the
FTIR spectra, both CPW and RPW consistently showed a higher load of waxes when T20,
rather than Sp, was used as the emulsifier. By contrast, BW deposition was more efficient
starting from a Sp-based emulsion. These differences might hint at different compatibility
levels and strengths of physical interactions of BW on the one hand and pine bark waxes
on the other with the two emulsifiers, reflecting their substantially different chemical
compositions and polarities.
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Figure 3. Exemplar FTIR spectra of Hf (control) and Hf coated with CPW-T20 and CPW-Sp emulsions,
respectively. The inset shows a magnification of the aliphatic CH stretching region.

For a more quantitative evaluation of the wax coatings, solid state 13C CP/MAS NMR
spectroscopy was employed. Exemplar spectra are shown in the Supplementary Materials
(Figure S5). From these data, ratios between the integrals for carbon atoms assigned to
cellulosic and aliphatic groups (as present in the waxes) were extracted, which are shown in
Table 4. The signals from carboxylic acids and related functionalities such as esters which
are present in the waxes will have some contribution to the integrated signal assigned to
cellulose. However, due to the low weight fraction of the waxes compared to fibres and
the low atomic fraction of carboxy-type carbons in the waxes, this effect can be expected to
be very minor. Each formulation showed a substantial increase in the aliphatic/cellulosic
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carbon ratio compared to the Hf control, confirming that the coating process was successful
for all of the emulsions. Comparing the relative increases between the emulsions using
the same wax, but with two different emulsifiers, the same trend became evident, as had
qualitatively already been observed from FTIR spectroscopy: wax deposition was more
effective for CPW and RPW when T20-based emulsions were employed, while coating with
BW worked better with Sp.

Table 4. Integrated signals and ratios of carbon atoms corresponding to cellulose and aliphatic (wax)
functionalities in uncoated Hf (control) and Hf coated with hydrophobic formulations (measured by
solid state 13C CP/MAS NMR).

Integral
(%)

Carbon Ratio
(Aliphatic–Cellulosic)

Increase 1

(%)

Hf-Control
Cellulose 98.76

0.0126 0Aliphatic 1.24

Hf-CPW-T20
Cellulose 97.53

0.0253 102Aliphatic 2.47

Hf-CPW-Sp Cellulose 97.68
0.0238 89Aliphatic 2.32

Hf-RPW-T20
Cellulose 98.28

0.0299 138Aliphatic 1.72

Hf-RPW-Sp Cellulose 96.85
0.0233 86Aliphatic 3.15

Hf-BW-T20
Cellulose 97.1

0.0175 39Aliphatic 2.90

Hf-BW-Sp Cellulose 97.72
0.0325 159Aliphatic 2.28

1 compared to Hf-Control.

Fluorescence microscopy was employed to visualise the wax distribution on the coated
fibres. All three types of waxes showed autofluorescence when excited in the UV range
(355 nm), albeit with very different relative intensities (Figure 4a): the strongest emission
was obtained from CPW, with a slightly lower response from RPW. Since none of the
main constituents of either wax (long chain aliphatic acids and alcohols) are fluorescent,
the emission must be caused by minor impurities, such as aromatic compounds derived
from lignin, tannin or other polyphenolic bark components [63]. Since their concentration
was significantly reduced by the winterisation process, RPW can be expected to be less
fluorescent than CPW, which is exactly what was found experimentally. BW exhibited a
substantially reduced emission intensity compared to either type of pine bark wax, indicat-
ing the almost complete absence of fluorescent moieties. Earlier publications have reported
significant levels of autofluorescence from BW; however, direct intensity comparisons
with these data are highly challenging, and differences might arise from the measurement
conditions (non-identical excitation wavelengths, etc.) or from variations in sources and
therefore sample composition [64]. No autofluorescence at all was detected in T20 upon
excitation at 355 nm, in line with its chemical structure. By contrast, Sp is known to contain
chlorophyll, which is highly fluorescent when excited in the visible range (561 nm was used
in this study). Correspondingly, intense emission in the orange-red part of the spectrum
was observed from Sp. Due to the different excitation wavelengths, a direct comparison of
fluorescence intensities between the waxes and Sp was impossible. Instead, CPW and Sp
were both normalised to a maximum emission of one for display in Figure 4a, although it is
likely that the emission from Sp was significantly more intense.
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Supplementary Materials (Figure S6), all TGA curves followed the same degradation 
trend as the uncoated control, independent of the emulsion used. The sensitivity of TGA 
was clearly insufficient in detecting the low concentrations of wax emulsions deposited 
on the fibres, as they had already been indicated by ssNMR. However, TGA demonstrated 
that the coated fibres exhibited sufficient thermal stability to withstand the temperatures 
applied during compounding with bPBS and during the injection moulding processes 
(160 °C). 

The effect of the wax coatings on the water repellency of the fibres was investigated 
using time-dependent water contact angle measurements on pads prepared from un-
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Figure 4. Wax visualisation on the fibres via autofluorescence. (a) Fluorescence spectra for the
emulsion components (excitation at 355 nm, except for Sp, where 561 nm light was used). No
emission was observed from T20. Relative emission intensities for the waxes were normalised to CPW
emission; Sp emission was normalised independently because of the different excitation wavelengths.
(b) Confocal fluorescence microscopy of Hf-Control (excitation at 355 nm, emission 400–480 nm).
(c) Confocal fluorescence spectroscopy of Hf coated with different emulsions (excitation at 488 nm
and 561 nm, emission 500–550 nm and 570–700 nm, respectively). Scalebar = 50 micrometres.

The autofluorescence from the waxes and Sp allowed their detection and visualisation
on the fibres via confocal fluorescence microscopy without the use of fluorescent labels. In
line with our expectations, the uncoated control (Hf-Control) showed no signs of wax depo-
sition, although it displayed some autofluorescence itself (Figure 4b). This photoemission
likely originated from lignin (green), flavonoids (yellow), and tannins (yellow-orange) [65].
By contrast, both CPW and RPW clearly showed up on the fibres due to their blue fluores-
cence when the non-fluorescent T20 was used as the emulsifier. BW, however, could not be
reliably detected in this case because of its too weak emission intensity (Figure 4c, middle
row). When Sp was used as the emulsifier, its own orange-red autofluorescence combined
with the blue fluorescence of CPW and RPW resulted in a purple colour, while for the BW
emulsion, only the Sp emission was visible (Figure 4c, bottom row).
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The spatial distribution on the fibres did not reveal significant differences between the
waxes; however, there was a clear influence of the emulsifier: when T20 was used, both
CPW and RPW were uniformly distributed as regular individual deposits on the fibres;
no conclusions about Hf-BW-T20 could be drawn due to the weak emission of the BW. In
contrast to the T20-based emulsions, all three emulsions prepared with Sp showed much
more clumping and aggregation of the waxes, and the deposits were often detached from
the fibres, rather than located on the fibre surfaces. Based on the microscopic fluorescence
analyses, using T20 as the emulsifier seemed to result in a more effective coating process,
regardless of the pine wax used. Again, this finding supports the spectroscopic observations
discussed earlier. No indications were found for the waxes to infiltrate the fibre walls;
instead, they remained on the surfaces of the fibres.

TGA analyses were performed on the coated fibres to independently quantify the
number of waxes deposited during the dry blending process. However, as shown in the
Supplementary Materials (Figure S6), all TGA curves followed the same degradation trend
as the uncoated control, independent of the emulsion used. The sensitivity of TGA was
clearly insufficient in detecting the low concentrations of wax emulsions deposited on the
fibres, as they had already been indicated by ssNMR. However, TGA demonstrated that the
coated fibres exhibited sufficient thermal stability to withstand the temperatures applied
during compounding with bPBS and during the injection moulding processes (160 ◦C).

The effect of the wax coatings on the water repellency of the fibres was investigated
using time-dependent water contact angle measurements on pads prepared from untreated
control fibres and wax-coated fibres (Figure 5). While eventually all of the water droplets
were fully absorbed into the pads, the timeframe for these processes was substantially
slowed down by applying a hydrophobic coating. Coating-free fibres fully absorbed the
water droplets within 15 s, while all samples of coated fibres only showed a reduction in
contact angle between 5◦ and 25◦, even after considerably longer times. These findings
demonstrate a strong increase in the hydrophobic character and thus the water repellent
properties of the hemp fibres upon deposition of the wax emulsions. Similar results
have been reported on other types of wax coatings on substrates composed of natural
fibres [66,67]. There was some indication of the crude pine wax being slightly less effective
than either refined pine wax or beeswax. This is potentially related to a reduction in the
contents of more polar components in the pine wax through the winterisation process.
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3.4. Composites
3.4.1. Thermal Characteristics

Pure bPBS showed two endothermic melting transitions in DSC (second heating
run) at around 100–120 ◦C and a single crystallisation peak at 88 ◦C (Figure 6; Table 5),
observations which are in agreement with earlier reports [52]. Based on the melting
enthalpy, its crystallinity can be estimated to be about 31% [52,53]. A glass transition at ca.
−31 ◦C was also detected, characteristic of the amorphous fraction. Upon compounding
with hemp fibres, the crystallisation peak moved to 80 ◦C, while no significant changes
were observed between the uncoated control fibres and fibres coated with waxes (Figure 6;
Table 5; Supplementary Materials, Figures S7–S9; Table S4). Neither the crystallinity nor
the glass transition temperature were affected by the addition of Hf. By contrast, the nature
of the melting peak qualitatively changed: instead of two endothermic transitions, the
composites exhibited a small exothermic peak (at ca. 103 ◦C), followed by a much stronger
endothermic peak (at ca. 114 ◦C), independent of the nature of the fibre coating. This hints
at a relaxation of the stresses in the bPBS which have built up due to the incorporation of
the fibre material. A similar thermal behaviour was reported earlier for bPBS compounded
with grape pomace [53].

Fibers 2024, 12, x FOR PEER REVIEW 15 of 21 
 

−50 0 50 100 150 200
−2

−1

0

1

2

3

H
ea

t F
lo

w
 (W

/g
)

Temperature (oC)

 bPBS
 bPBS-Hf-control
 bPBS-Hf-RPW-T20 

Cooling

Heating

 
Figure 6. DSC thermograms of bPBS and its composites with untreated Hf and Hf coated with RPW-
T20 emulsion (cooling run and second heating run; exo up). 
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Figure 6. DSC thermograms of bPBS and its composites with untreated Hf and Hf coated with
RPW-T20 emulsion (cooling run and second heating run; exo up).

Table 5. Thermal properties of bPBS and its composites with Hf (coated and uncoated), as determined
by DSC. Shown here are results from the second heating ramp. Experimental uncertainties are
reported as one standard variation (n = 3).

Glass
Transition (◦C)

Melting
Enthalpy

(J/g)

Crystallinity
(%)

Peak
Maximum

(◦C)

bPBS −31.5 ± 0.2 61.9 ± 1.6 30.9 ± 0.8 113.9 ± 0.1
bPBS-Hf-Control −32.9 ± 1.2 54.6 ± 0.6 30.3 ± 0.3 113.9 ± 0.1

bPBS-Hf-CPW-T20 −31.9 ± 0.7 53.2 ± 0.5 29.5 ± 0.3 114.0 ± 0.1
bPBS-Hf-CPW-Sp −31.8 ± 0.1 52.0 ± 0.3 28.9 ± 0.2 113.8 ± 0.1
bPBS-Hf-RPW-T20 −32.9 ± 0.7 53.0 ± 0.7 29.5 ± 0.4 113.9 ± 0.1
bPBS-Hf-RPW-Sp −32.9 ± 0.9 54.4 ± 0.8 30.3 ± 0.5 114.0 ± 0.1
bPBS-Hf-BW-T20 −32.4 ± 0.2 52.9 ± 0.5 29.4 ± 0.3 113.8 ± 0.1
bPBS-Hf-BW-Sp −33.5 ± 1.0 52.8 ± 0.7 29.3 ± 0.4 113.8 ± 0.1
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3.4.2. Mechanical Performance

Other authors have previously shown that wax coatings are able to improve the
compatibility between natural fibres and polymer matrices and can thus lead to enhanced
mechanical performances [9,10,13]. Therefore, tensile, flexural, and impact strength testing
was performed on the composites (Figure 7a–c; Supplementary Materials, Figure S10).
While the effects of fibre addition on the mechanical properties were obvious, no further
change was measured if the fibres were coated, regardless of the type of wax and the
emulsifier used. This finding is in disagreement with the results of Gigante et al., who
found significant effects of natural wax coatings when investigating composites of PLA/PBS
blends or PHBV with rice and wheat bran fillers [13,45]. For the materials systems used in
the current study, tensile testing showed a moderate reduction in maximum tensile stress
(by ca. 15%) and almost a doubling in Young’s modulus when any type of Hf (coated or
uncoated control) was added to bPBS. The increase in Young’s modulus indicates that the
presence of the fibres made the composites much stiffer than the neat bPBS matrix, which
can be highly desirable depending on the intended application. The strain at break of bPBS
dropped by more than an order of magnitude upon compounding with Hf. However, no
substantial variation was found between composites prepared using coated or uncoated
fibres, independent of the formulation used. The electron microscopic imaging of the
transverse fracture profiles looked very similar for the control samples and the composites
prepared with wax-coated fibres (Figure 7d). In all cases, the fibres had clearly been pulled
out of the polymer matrix; this detachment is indicative of a weak adhesion between the Hf
surfaces and the bPBS polymer matrix, which is why no improvement in their mechanical
behaviour was observed.

Flexural and impact testing gave a very similar picture as tensile testing: substantial
differences were only found between pure bPBS and the composites, but not different
types of fibres (Supplementary Materials, Figure S10). A small, yet significant, reduction
in both the maximum flexural stress and modulus was observed when uncoated control
fibres were replaced by coated ones. While this effect was too weak to have practical
implications for potential applications, it did hint at a possible explanation for the absence
of strong effects of the waxes. The bPBS, being a rather hydrophobic material, has a high
affinity for the likewise very non-polar waxes. These are therefore likely to detach from the
fibre surface and dissolve into the polymer matrix during compounding. Being stripped
of their wax coating, the compatibility between the fibres and the polymer matrix was
therefore not improved compared to uncoated Hf. Natural wax addition at substantial
levels (up to 15% by weight) has been demonstrated to influence the mechanical properties
of aliphatic biopolyesters significantly [46]. However, due to their low concentration in
the bPBS, the pine waxes used in the current study cannot be expected to exert strong
effects on the mechanical properties of the matrix, beyond a slight plasticising effect under
flexural testing. By contrast, Gigante et al. used a more polar matrix (due to the significant
percentage of PLA with a lower content of aliphatic moieties than bPBS), which was less
likely to remove the waxes from the surface of the bran platelets that were used in their
study [45]. Another potential explanation for the discrepancies between their findings and
the results presented here might be the differences in filler particles size, shape, aspect ratio
and chemical composition, and the different coating method used [13].

An overview of earlier reports using similar concepts and materials systems, and
a comparison of their outcomes with those of this study, is presented as Table S5 in the
Supplementary Materials. From these sources, it becomes evident that often higher weight
fractions of coating materials are deposited on the fibres than the 2–3 wt% used here.
Increasing the wax content on the hemp fibres could thus potentially offer an alternative
route to achieve stronger effects on the mechanical properties of the composites.

The hydrophobicity of natural waxes has been shown to depend on the deposition
conditions, such as temperature and solvent composition [68]. Another method to decrease
the hydrophobicity of waxes is the introduction of polar chemical functionalities through
controlled oxidation [69]. Adjusting the surface properties of the pine waxes through either
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variations in coating conditions or oxidation degree therefore could offer additional options
to prevent dissolution into the polymer matrix. In this way, the waxes might remain
attached to the fibres during compounding with bioPBS, thus improving fibre–matrix
interactions and ultimately, composite performance.
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4. Conclusions

Natural fibres, specifically hemp fibres (Hf), have been successfully coated with
hydrophobic compounds originating from P. radiata bark and with beeswax, using a dry
blending process. A combination of spectroscopic and microscopic techniques was used to
characterise the coated fibres and to quantify their contents of hydrophobic compounds.
Due to the inherent autofluorescence of Sp and certain components in the pine bark waxes,
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confocal fluorescence microscopy was found to be an excellent tool to visualise the spatial
distribution of these waxes on the fibre surfaces. Depending on their composition and
the photoluminescence characteristics of their individual components, different emulsions
displayed variations in emission colours. This phenomenon offered the possibility to
distinguish different wax formulations from one another. T20-based emulsions produced
a more homogeneous wax coating on the fibres, while Sp-based emulsions displayed
significant aggregation. By contrast, no significant influences of the different wax types on
the coating quality were observed.

Both the emulsions and the coated fibres exhibited sufficient thermal stability in order
to be suitable for compounding with bio-based poly(butylene succinate) (bPBS) and the
injection moulding of the resulting fibre-reinforced composites. The addition of 10 wt% of
Hf into the polymer matrix had substantial effects on the mechanical properties of these
composite materials, most prominently causing an increase in Young’s modulus and a
drastic reduction in strain at break. However, no meaningful differences in mechanical
behaviour were observed between the composites prepared from coated or uncoated fibres.
This observation was attributed to the dissolution of wax coatings from the fibre surfaces
into the bPBS matrix during compounding. In systems with different polymer matrices,
however, the presence of natural waxes on the surfaces of Hf can be expected to have
beneficial effects on their compatibility with the polymer, and therefore ultimately on
their mechanical performances. Judging from a comparison with earlier work, increasing
the wax load on the fibres might offer another approach to achieve improved composite
properties. Alternatively, optimised wax deposition conditions or a controlled oxidation of
the waxes might have similar beneficial effects.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/fib12110096/s1, Table S1: Chemical analysis of untreated hemp
fibres; Table S2: DSC heat–cool–heat programs for starting materials, emulsions and composites;
Table S3: Degradation transitions, with corresponding temperature and weight loss percentage
under nitrogen atmosphere for the dried emulsions; Table S4: Thermal transitions for the composite
materials obtained by DSC; Table S5: Comparison of outcomes of the current study with earlier reports
on similar materials systems (polymer composites reinforced with coated hemp fibres); Figure S1:
DSC thermograms of CPW and its emulsions with T20 and Sp; Figure S2: DSC thermograms of
RPW and its emulsions with T20 and Sp; Figure S3: DSC thermograms of BW and its emulsions
with T20 and Sp; Figure S4: FTIR spectra of starting materials, CPW formulations, BW formulations,
and RPW formulations; Figure S5: Exemplar 13C CP/MAS NMR spectra of untreated Hf, RPW, and
Hf coated with either RPW-T20 or RPW-Sp emulsions; Figure S6: Thermal degradation behaviour
(determined by TGA) of Hf fibres coated with different wax formulations, and uncoated control;
Figure S7: DSC thermograms of bPBS and its composites with untreated Hf and Hf coated with
RPW-Sp emulsion; Figure S8: DSC thermograms of bPBS and its composites with untreated Hf
and Hf coated with CPW-T20 and CPW-Sp emulsions; Figure S9: DSC thermograms of bPBS and
its composites with untreated Hf and Hf coated with BW-T20 and CPW-Sp emulsions; Figure S10:
Mechanical performance comparison of bPBS and its composites with coated and uncoated Hf
(flexural and impact testing).
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