I.Ll I.Ll

Pt ot 'y Journal of K\
ety . . MD\Pﬂ
it Composites Science

o R -
Article

Electrically Conductive Biocomposites Based on
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) and
Wood-Derived Carbon Fillers

Christoph Unterweger 1*

, Matija Ranzinger 2, Jiri Duchoslav 3{%, Francesco Piana

40, Igor Pasti >0,

Franz Zeppetzauer !, Stefan Breitenbach 1, David Stifter 3 and Christian Fiirst

check for
updates

Citation: Unterweger, C.; Ranzinger,
M.; Duchoslav, J.; Piana, E; Pasti, I.;
Zeppetzauer, F; Breitenbach, S.;
Stifter, D.; Fiirst, C. Electrically
Conductive Biocomposites Based on
Poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) and Wood-Derived
Carbon Fillers. ]. Compos. Sci. 2022, 6,
228. https://doi.org/10.3390/
jcs6080228

Academic Editor:

Francesco Tornabene

Received: 23 June 2022
Accepted: 2 August 2022
Published: 4 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Wood K plus—Kompetenzzentrum Holz GmbH, Altenberger Strasse 69, 4040 Linz, Austria

2 FTPO—Faculty of Polymer Technology, Ozare 19, 2380 Slovenj Gradec, Slovenia

Center for Surface and Nanoanalytics (ZONA), Johannes Kepler University JKU) Linz,
Altenberger Strasse 69, 4040 Linz, Austria

Institute of Macromolecular Chemistry (IMC), Czech Academy of Sciences, Heyrovského nam. 2,
16206 Prague, Czech Republic

5 Faculty of Physical Chemistry, University of Belgrade, Studentski trg 12-16, 11158 Belgrade, Serbia
*  Correspondence: c.unterweger@wood-kplus.at; Tel.: +43-732-2486-6758

Abstract: In this paper, biobased carbons were used as fillers in poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV). The mechanical and electrical properties of these 100% biocomposites were
analyzed. First, biocarbons were prepared from wood dust and cellulose fibers using carbonization
temperatures ranging 900-2300 °C. XRD revealed significant improvements of the graphitic structure
with increasing temperatures for both precursors, with slightly higher ordering in wood-dust-based
carbons. An increase of the carbon content with continuous removal of other elements was observed
with increasing temperature. The carbonized cellulose fiber showed an accumulation of Na and
O on the fiber surface at a carbonization temperature of 1500 °C. Significant degradation of PHBV
was observed when mixed with this specific filler, which can, most probably, be attributed to this
exceptional surface chemistry. With any other fillers, the preparation of injection-molded PHBV
composites was possible without any difficulties. Small improvements in the mechanical perfor-
mance were observed, with carbonized fibers being slightly superior to the wood dust analogues.
Improvements at higher filler content were observed. These effects were even more pronounced in
the electrical conductivity. In the range of 15-20 vol.% carbonized fibers, the percolation threshold
could be reached, resulting in an electrical conductivity of 0.7 S/cm. For comparison, polypropylene
composites were prepared using cellulose fibers carbonized at 2000 °C. Due to longer fibers retained
in the composites, percolation could be reached in the range of 5-10 vol.%. The electrical conductivity
was even higher compared to that of composites using commercial carbon fibers, showing a great
potential for carbonized cellulose fibers in electrical applications.

Keywords: biocarbon; biocomposites; PHBV; electrical conductivity; mechanical properties

1. Introduction

Due to increasing environmental concerns, but also economic reasons, mainly at-
tributed to the volatile petroleum prices, the market for biopolymers has gained increased
attraction at rapid growth rates over the last two decades [1,2]. While polylactic acid
(PLA) is still the most commonly used biopolymer, polyhydroxyalkanoates (PHAs) offer
a higher development potential and a wider range of applications [3]. In addition, PHAs
are marine biodegradable not just compostable like PLA, making them suitable to com-
bat plastic waste leaking into the environment [4]. One of the most important polymers
from the PHA family is poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), which is
available at industrial scale [1]. PHBV has very promising characteristics such as good
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biodegradability and mechanical properties similar to those of many conventional fossil-
based polymers. However, it also presents some processing-related challenges due to its
slow crystallization rate and a narrow processing window caused by the proximity of
the thermal decomposition temperature to the melting temperature [2,5]. Nevertheless,
PHBYV could be successfully processed using standard techniques such as extrusion and
injection molding or compression molding [1,5-7]. It is often blended with PLA [1,3,5,8,9]
and/or mixed with fillers [1-3,5-14] in order to tune the properties for the desired appli-
cation. PHBV composites are used in medical [11,15-18], packaging [19-22] or electrical
applications [1,6,8,10,12,13]. Considering the decreasing life cycle of consumer electronics
and the increasing demand for antistatic packaging and electromagnetic shielding, there
is a demand for conductive biocomposites [8]. Many studies describe the preparation of
such materials, such as combinations of carbon nanotubes (CNT) in natural rubber and
lecithin [23], CNT in silk fibroin [24], carbon black, CNT or graphene in PLA [25,26] or
carbon fibers (CF) fabric in biobased epoxy resins [27]. Arroyo and Ryan tried to use
lignin-based carbons in PHBV /PLA blends but observed difficulties due to reaction of
the biocarbons with the polymers and were thus not able to add the desired amount of
filler [1]. Besides this study, mainly the use of fossil-based carbons such as CNT [10,12],
graphene [13] or carbon black [1] in PHBV composites has been described. However, a
large variety of biobased materials such as lignin, cellulose, wood, delignified wood or even
waste biomass has been described as possible biobased carbon precursors [28-30], with
various studies even stating the good electrical conductivity of biobased carbons [31-35].
To the best of our knowledge, the only studies on 100% biobased composites made of PHBV
and biocarbons were focusing on thermal and mechanical but not electrical properties [9,36].
Therefore, the electrical conductivity and mechanical properties of biocomposites from
PHBY filled with wood-based carbon particles and cellulose-based CF were investigated
in the current study. At first, biocarbons were prepared at different temperatures in the
range of 900-2300 °C. Then, composites were manufactured using melt mixing followed by
injection molding. A filler content of 10 vol.% was used, as a percolation threshold in the
range of 8-10 vol.% was reported for carbon-filled PP composites prepared using similar
processing techniques [37]. Subsequently, a variation of the filler content ranging from 5 to
20 vol.% was performed. As no data for identical materials are available, the results were
compared to PP composites, both filled with the prepared biocarbons and commercial CF.

2. Materials and Methods
2.1. Materials

As carbon precursors, dosable cellulose fibers, type lyocell, with an average fiber length
of 300 um (Lenzing AG, Lenzing, Austria) and wood dust Arbocel® C100 (J. Rettenmaier &
Sohne GmbH + Co KG, Rosenberg, Germany) were used. PHBV type ENMAT™ Y1000P
(TianAn Biologic Material Co. Ltd., Ningbo, China) was used as the polymer matrix. For
comparison, PP HJ120UB (Borealis AG, Vienna, Austria) with a maleic anhydride grafted
PP grade Scona TPPP 8112 FA (BYK-Chemie GmbH, Wesel, Germany) as coupling agent
was used. All materials were used without prior purification.

2.2. Preparation of Biobased Carbon Fillers

Carbonization was performed in two steps. First, 5 kg of each precursor, cellulose
fibers or wood dust, was carbonized in a KS160Vac chamber furnace (Linn High Therm
GmbH, Hirschbach, Germany) under argon atmosphere. The following temperature
program was used: 10 °C/min to 200 °C — 10 min isothermal at 200 °C — 1 °C/min to
600 °C — 5 °C/min to 900 °C — 30 min isothermal at 900 °C. In a second thermal treatment
step, 500 g of the already carbonized fillers was heated to higher temperatures using an
HTKS8 chamber furnace (Carbolite Gero GmbH & Co. KG, Neuhausen, Germany). The
maximum heating rate (10 °C/min to 900 °C-5 °C/min to Tmax) was used and all samples
were held isothermal at Tmax for 30 min. Temperatures of 1500, 2000 and 2300 °C were
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chosen as maximum temperatures, while an argon flow of 100 L/h was used. No tension
was applied, so the fillers were free to shrink during both thermal treatment steps.

2.3. Carbon Filler Analysis

For the determination of the filler size, a FASEP 3E-ECO system (xyz high precision,
Darmstadt, Germany) was used. A total of 40 mg of filler was suspended in 400 mL of water
and poured into a Petri dish placed on the scanner. From each sample, at least two scans
using the maximum resolution of 4800 dpi were taken and analyzed using the automated
measurement software of the FASEP system. The count of measured fibers/particles was
in the range of 5000-11,000 in each run. For carbonized wood, the length (L) and width (D)
were obtained directly from the FASEP measurements, while for the carbonized cellulose
fibers only the measured length was used. For better resolution, the diameter was analyzed
via an optical microscope BX-RLA2 with a CAM-SC50 (Olympus Austria GmbH, Vienna,
Austria) using a magnification of 200 x. The diameter of 40 fibers was measured manually
using Stream Motion software from the system producer. For the filler size analysis after
processing, the polymer matrix was removed by pyrolysis in N, atmosphere at 500 °C for
1 h in the HTK8 chamber furnace.

To determine the moisture uptake, 1 g of the carbonized fillers was first dried in a
vacuum oven at 150 °C for 4 h. After drying, the samples were quickly weighed on an
enclosed analytical scale. Afterwards, the samples were conditioned for 2 h at 23 °C, 50%
relative humidity and atmospheric pressure, and quickly weighed again. The moisture
uptake was determined as the ratio of mass gain and mass of the dried sample.

For pH measurements, 2 g of the carbonized fillers was dispersed in 50 mL of deionized
water and stirred for 5 min at 20 °C. The pH was measured using a WTW SenTix® 61 pH
electrode connected to a Universal Pocket Meter WTW Multiline P4 (Xylem Analytics
Germany Sales GmbH & Co. KG, Weilheim, Germany).

The porosity of the carbonized fillers was investigated by physisorption using an
Autosorb-iQ automatic volumetric sorption analyzer (Anton Paar QuantaTec Inc., Boynton
Beach, FL, USA) with nitrogen at 77 K. Approximately 100 mg of the samples was outgassed
in vacuum for 3 h at 300 °C. The adsorbed gas volume was measured at multiple points at
relative pressures of 0.01 to 0.2 for the specific surface area by the BET method plus one
point at 0.99 for calculating the total pore volume.

The carbon filler surface analysis was performed using a Theta Probe XPS system
(Thermo Fisher Scientific, East Grinstead, UK). The obtained spectra were evaluated by
the Avantage software package provided by the system manufacturer. The samples were
irradiated with a monochromatic Al-Ka X-ray source (1486.6 eV) at a power of 100 W using
a spot size of 400 um. The high-resolution spectra were recorded at a pass energy of 20 eV
using an energy step size of 0.05 eV. In order to neutralize charge build-up on the carbon
surfaces, a dual flood gun providing a beam of low-energy Ar ions simultaneously with a
beam of low-energy electrons (—2 eV) was used. A standard charge shift referencing using
the adventitious carbon peak at 285.0 eV was applied. For the detailed qualitative and
quantitative analysis, a linear or Shirley background subtraction and normalization using
Scofield sensitivity factors were applied to the photoelectron peaks.

An Ultima IV diffractometer (Rigaku Corporation, Tokyo, Japan) with a Ni-filtered
Cu Ko radiation source (A = 1.5406 A) was used for the XRD analysis. Crystallographic
data were collected in Bragg-Brentano mode, in the 26 range from 10 to 60° with a scan
step size of 0.05°. The interlayer distance dyp, was calculated, employing the Bragg’s law
(2-d-sin(0) = n-A) for the peak in the range of 24-26°.

EDX was done using a Phenom ProX Scanning Electron Microscope (Phenom World,
Eindhoven, The Netherlands), with an acceleration voltage of 15 kV. The characterization
was done without any deposition of a conductive layer over the samples. The elemen-
tal compositions were determined as average values from three measurement spots for
each sample.
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2.4. Compounding and Specimen Preparation

For preparation of the compounds, a 350E internal mixer (Brabender GmbH & Co. KG,
Duisburg, Germany) with roller blades was used. The mixer was operated at 75 rpm and a
temperature of 173 °C was chosen for all three heating zones. The polymer was fed into
the mixer at first. After 2 min, the carbon fillers were added to the molten polymer and
mixed for an additional 5 min after filling was completed. The unfilled PHBV was kneaded
for 8 min. In order to assure a constant volume of material in the internal mixer for all
samples, the mass was adjusted in accordance with the respective theoretical compound
densities. An overview of the prepared mixtures can be found in Table 1. Five batches
were prepared from each material. For the investigation of thermal degradation, one
additional batch of PHBV kneaded at 190 °C for 8 min was prepared. For additional
conductivity measurements and a comparison with literature values, PP composites were
also prepared. A processing temperature of 230 °C was used, with all other parameters
remaining unchanged.

Table 1. Overview of the prepared composites.

Sample Filler Type Tearb. O Filler Content (Vol.%)
PHBV - - 0
PHBV_CF900_10 carb. cellulose 900 10
PHBV_CF1500_10 carb. cellulose 1500 10
PHBV_CF2000_10 carb. cellulose 2000 10
PHBV_CF2300_10 carb. cellulose 2300 10
PHBV_CF2000_5 carb. cellulose 2000 5
PHBV_CF2000_15 carb. cellulose 2000 15
PHBV_CF2000_20 carb. cellulose 2000 20
PHBV_CW900_10 carb. wood 900 10
PHBV_CW1500_10 carb. wood 1500 10
PHBV_CW2000_10 carb. wood 2000 10
PHBV_CW2300_10 carb. wood 2300 10
PHBV_CW2000_5 carb. wood 2000 5
PHBV_CW2000_15 carb. wood 2000 15
PHBV190 * - - 0
PP_CF2000_5 ** carb. cellulose 2000 5
PP_CF2000_10 ** carb. cellulose 2000 10
PP_CF2000_15 ** carb. cellulose 2000 15

* MFI and GPC only, ** conductivity only.

The subsequent processing steps were identical for all samples. The compounds were
ground using a 6 mm square perforation sieve in a Universal Cutting Mill PULVERISETTE
19 (Fritsch GmbH, Idar-Oberstein, Germany). The milled compounds were then processed
to tensile test specimens according to EN ISO 3167 using a Smartpower 120 injection mold-
ing machine (Wittmann Battenfeld GmbH, Kottingbrunn, Austria). The nozzle temperature
was set to 190 °C, while 60 °C was used for the mold. The injection speed was set to
50 cm?/s. Then, 80% of the resulting injection pressure was used as hold pressure being
applied for the first 16 of the 30 s total cooling time.

A precision cut-off saw Diadisc 4200 (Mutronic Prazisionsgerdtebau GmbH & Co.KG,
Rieden am Forggensee, Germany) was used for cutting off the shoulders from the specimens
for the impact and heat deflection temperature testing. For the introduction of a 2 mm
V-notch in the specimens for the notched impact testing, the same saw with a respective
saw blade was used.

2.5. Composite Analysis

The melt flow index (MFI) was determined using a 4105 melt flow tester (ZwickRoell
GmbH & Co. KG, Ulm, Germany) equipped with a 2 mm nozzle. A quantity of 5 g of the
samples was melted at 190 °C. MFI was determined after loading a mass of 2.16 kg.
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The molecular mass distributions of PHBV before and after processing were deter-
mined by gel permeation chromatography (GPC). The number average molecular mass
(Mp), weight average molecular mass (M) and the polydispersity index (PDI = M, /Mp)
were calculated. The measurements were performed with an Agilent 1100 system equipped
with an Agilent PLgel 10 um 50 x 7.5 precolumn followed by an Agilent PLgel Mixed-B
10 pm 300 x 7.5 (linear My operating range: 500-10,000,000 g/mol) column and an Agilent
PLgel Mixed-D 5 um 300 x 7.5 (linear My operating range: 200-400,000 g/mol) column
(Agilent Technologies, Santa Clara, CA, USA). A refractive index detector was used. The
system was calibrated using multiple polystyrene standards over a wide My range from
1470 to 1,800,000 g/mol (PSS GmbH, Mainz, Germany). The samples were dissolved in
chloroform for 48 h and filled samples were filtered using a 0.45 um PTFE filter before
100 pL of the chloroform solution was injected. The temperature was set to 40 °C and a
flow rate of 1 mL/min was used.

Tensile tests were performed according to EN ISO 527 using a parallel length of the
test specimens of 80 mm and a gauge length of 175 mm. The used preload force was
3 N. The elastic modulus was measured between 0.05% and 0.25% of elongation at a
test speed of 1 mm/min. After completion of the modulus measurement, the test speed
was set to 5 mm/min for the determination of the tensile strength. The impact testing in
Charpy mode was performed according to EN ISO 179/1eA and EN ISO 179/1eU. The
heat deflection temperature (HDT) measurements were done in accordance with EN ISO
75 in HDT-A mode.

For electrical conductivity measurements, test samples were cut from the middle part
of injection-molded dog-bone-shaped specimens. The distance between the electrodes was
10 mm with the effective section of the specimens having a geometry of 10 mm x 4 mm. A
conductive silver paste was applied to improve the contact between the electrode surfaces
and the sample. For the measurements, an Alpha-A Analyzer (Novocontrol Technologies
GmbH & Co. KG, Montabaur, Germany) was used, applying a voltage of 1 V at a frequency
range of 1071107 Hz. The tests were run at room temperature in the injection molding
flow direction.

3. Results and Discussion
3.1. Filler Preparation and Analysis

Both wood dust and cellulose fibers could be successfully converted to carbon fillers.
The yields after carbonization up to 900 °C were 27.2 wt.% for the wood dust and 21.4 wt.%
for the cellulose fibers. Upon further thermal treatment at higher temperatures, only a
slight mass loss occurred, reaching total yields of 25.5 wt.% for the wood dust and 20.5 wt.%
for the cellulose fibers at 2300 °C. Similar to the mass loss, most of the shrinkage occurred
in the first carbonization step up to 900 °C. For the wood dust, a reduction of 30% in length
and 22% in width, leading to a reduction of L/D from 1.70 to 1.52 could be observed after
carbonization at 900 °C. No significant changes occurred at higher treatment temperatures,
thus, all used carbonized wood fillers had similar average dimensions of 66 um length and
44 pm width. For the cellulose fibers, a shrinkage of 25% in diameter and 24% in length
could be observed after the first carbonization step. Higher temperatures had no impact on
the fiber diameter but led to a slight continuous decrease of the average fiber length from
259 to 241 um. The used carbon fibers had a diameter of 7.9 um and L/Ds in the range of
30.4-32.8.

The interlayer distances (dggy) calculated by XRD were indicative of an improved
order within the carbon structure at higher carbonization temperatures (Table 2). This
effect was more pronounced in wood-dust-based carbons compared to the cellulose fiber
analogues, which can be seen in a smaller interlayer spacing in the full temperature range,
but especially for the sample carbonized at 1500 and 2000 °C. Based on the XRD data, a
significant improvement in the electrical conductivity can be expected from both fillers
when carbonized at a higher temperature.
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Table 2. Properties of prepared carbon fillers. Interlayer distance by XRD (dg;), specific surface area
(S BeT), moisture uptake, pH in aqueous suspension, bulk chemical composition by EDX and surface

composition by XPS.
Sample doo2 Sger  Moisture pH C Epx Ogpx Nagpx Cagpx C xps O xps Na xps
(nm) (mZ/g) (g/g %) (-) (at.%) (at.%) (at.%) (at.%) (at.%) (at.%) (at.%)
CF900 0.375 174.0 1.09 10.8 95.69 3.95 0.25 0.00 84.5 9.6 5.9
CF1500 0.370 2.2 0.24 11.0 97.18 2.60 0.13 0.00 76.1 12.8 11.1
CF2000 0.352 1.3 0.03 6.3 98.09 1.76 0.02 0.00 100.0 0.0 0.0
CF2300 0.344 1.8 0.02 6.0 98.60 1.30 0.02 0.00 - - -
CW900 0.371 309.3 1.26 12.0 93.86 5.76 0.00 0.30 - - -
CW1500 0.359 4.7 0.19 10.3 95.98 3.68 0.00 0.20 98.9 1.1 0.0
CW2000 0.343 3.5 0.15 6.6 97.48 1.93 0.00 0.35 - - -
CW2300 0.342 3.7 0.09 6.8 97.71 2.13 0.00 0.03 - - -

Further analyses of the used fillers were performed (see Table 2), as one sample
(CF1500) led to a significant degradation of the PHBV matrix during thermal processing
(see Table 3). A water uptake higher than 1 wt.% could be found for both fillers carbonized
at 900 °C, while a much lower uptake was observed for fillers carbonized at higher temper-
atures. Similar trends were found for the specific surface areas. While the fillers prepared
at 900 °C had high BET surface areas, 309 m?/g for CW900 and 174 m? /g for CF900, all
other samples had very small surface areas below 5 m?/g. The fillers prepared at 900
or 1500 °C led to an alkaline pH in the range of 10-12 when suspended in water, while
after carbonization at 2000 or 2300 °C, the pH was almost neutral. Despite some signifi-
cant differences among the used fillers, these results could not explain the extraordinary
behavior of the filler CF1500. The elemental composition analysis by EDX revealed the
expected increase in C and decrease in O content at higher temperatures for both precursor
types, but with higher C contents for the cellulose fiber samples. However, different other
elements were found. The wood dust samples contained small amounts of Ca (0.30 at.%
at 900 °C) and traces of Al and K. The carbonized cellulose fibers contained Na (0.25 at.%
at 900 °C) and traces of Si. Therefore, additional XPS analyses for the determination of
surface composition and functional groups were performed, which revealed interesting
differences among the prepared carbon fillers. The sample CF1500 showed very high Na
and O contents of 11.1 and 12.8 at.%, respectively (see Figure 1). As EDX analysis revealed
only small amounts of O (2.6 at.% for CF1500) and traces of other elements, it can be
assumed that high amounts of Na and O are only present at the fiber surface, thus, most
probably, originating from a treatment during fiber processing and accumulating at the
surface during thermal treatment. For comparison, also at 900 °C, Na and O were present
at the fiber surface, but with significantly lower contents of 5.9 and 9.6 at.%, respectively.
For the sample CF2000, no detectable traces of other elements could be found at the fiber
surface. This is in accordance with previous studies of biomass carbonized at similar
temperatures [38,39] and our EDX measurements also revealed a significant decrease of the
Na and O contents in the temperature range of 1500-2000 °C, which seems to cover the
decomposition or boiling point of Na/O species found at lower carbonization temperatures.
For comparison, an XPS analysis of CW1500 was performed, too, revealing an O content
of 1.1 at.% with no other elements besides C. This further strengthened the assumption
that the high Na and O contents of CF1500 originated from a treatment during the fiber
production process which was not applied in the production of wood dust.
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Table 3. Maximum mass temperature during mixing, MFI (190 °C/2.16 kg) of prepared compounds,
weight average molecular mass and polydispersity index of PHBV after mixing and filler dimensions
after injection molding.

CW1500

Sample Tmax CC) MFI (g/10 min) M, (10° g/mol) PDI L (um) L/D (-)
PHBV (virgin) - 190+ 1.3 2.07 2.48 - .
PHBV (190 °C) 195 543 +2.3 1.38 2.05 - -

PHBV 182 260413 1.90 1.92 - .
PHBV_CF900_10 184 27.6 +2.7 1.75 2.10 95 +7 12.0 + 0.8
PHBV_CF1500 10  175-180 X 0.82 2.01 101 + 3 12.8 + 0.4
PHBV_CF2000_10 183 2854 1.0 1.64 2.00 89 + 12 113+ 0.2
PHBV_CF2300_10 184 282 4+ 0.4 1.80 2.03 8242 103 + 0.2
PHBV_CF2000_5 185 335+ 1.4 1.73 2.05 96 + 2 122+ 0.3
PHBV_CF2000_15 188 29.0 + 0.9 1.66 1.94 9342 11.7 + 0.3
PHBV_CF2000_20 192 263403 1.69 1.87 101 + 4 128 + 0.5
PHBV_CW900_10 184 28.7 + 3.7 1.92 1.95 39 +5 1.23 + 0.01
PHBV_CW1500_10 183 31.7+12 1.52 1.97 4044 1.21 + 0.01
PHBV_CW2000_10 184 324404 1.79 2.10 3942 1.21 + 0.01
PHBV_CW2300_10 183 345413 1.79 1.97 4541 1.24 + 0.02
PHBV_CW2000_5 184 36.5 4 0.6 1.63 1.85 50 + 3 1.27 4 0.01
PHBV_CW2000_15 188 30.6 + 0.8 1.74 1.77 4442 1.24 + 0.01

Cls
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Ols

CF1500 NaKLL
5 CKLL
&
- OKLL
g Na2s
= [\CF900 02s

CF2000 UERESEDEY W

M"/\}

| W
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1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200 100 0

Binding Energy (eV)

Figure 1. XPS survey spectra of carbon fillers carbonized at different temperatures.

As no other significant differences compared to the other fillers were found, we
assumed that the extraordinary surface composition of CF1500 might be the reason for the
exceptional behavior of the PHBV_CF1500_10 compound.
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3.2. Processing and Compound Properties

Compounding was possible for all mixtures mentioned in Table 1. Despite a set
temperature of 173 °C for all compounds, the mass temperature ended up in the range
of 182-185 °C for PHBYV for all compounds containing 5 or 10 vol.% carbon. Even higher
temperatures of 188 °C and 192 °C were reached when 15 or 20 vol.% carbon fillers were
added. The only sample reaching lower mass temperatures was the before-mentioned
compound PHBV_CF1500_10. Due to the polymer degradation leading to a lower viscosity,
less shear force was induced, thus, reducing the additional heat release. In contrast to
the other formulations, the maximum mass temperature varied among batches, in the
range 175-180 °C. For comparison, one sample of unfilled PHBV was kneaded at 190 °C.
Due to the lower viscosity and lesser shear forces, the temperature rise was smaller and
a maximum of 195 °C was reached. Data in Table 3 show that there is some degree of
polymer degradation during melt mixing as the MFI increased from 19 to 26. However, the
results indicated that the set low temperature of 173 °C was chosen correctly as a higher
mixing temperature of 190 °C led to a significantly increased degradation of the PHBV
polymer and more than doubled MFI values. The MFI values of the carbon containing
compounds were mostly in the range of 26-36, thus being just slightly higher compared
to the MFI of the kneaded PHBV matrix. No clear trends could be observed, not even
for the compounds containing higher amounts of filler. The expected increasing viscosity
and decrease in MFI values [40] might be compensated by the polymer degradation due
to the increased friction and higher mass temperature during mixing. The MFI of the
compound PHBV_CF1500_10 could not be measured due to the very low viscosity. The
preparation of injection-molded specimen was possible with all compounds, but it has to
be mentioned that for the compound PHBV_CF1500_10, only the batches that reached a
mass temperature of 180 °C during mixing could be further processed by injection molding.
For the other batches, the degradation was more severe, and the viscosity was too low
for the injection molding process. In order to prove the degradation of the PHBV matrix
during mixing, GPC measurements were performed (details of the GPC results are shown
in the Supplementary Materials in Figures S1-S7). The molecular mass of PHBV before
processing was 207,000 g/mol (M) and 83,500 g/mol (M,) giving a PDI of 2.48, which
was close to the values reported for this grade [41]. As already seen in MFI values, PHBV
significantly degraded when processed at a set kneader temperature of 190 °C, proven
by a reduction of My, by 33%. The polymer degradation was less pronounced when melt
mixing was performed at a set temperature of 173 °C, resulting in M,y values in the range
of 152,000-190,000 g/mol, with no clear impacts of the filler type or filler content visible. In
addition to the slight reduction of the molecular mass during processing, the distribution
became narrower as seen by a reduction of PDI values to 1.77-2.10. Special attention has to
be paid to the sample PHBV_CF1500_10. The assumed severe polymer degradation during
melt mixing was proven by a significant shift towards longer retention times (see Figure 52)
and a calculated molecular mass M,, of 82.000 g/mol, being less than half of the average
of the other samples (173,000 g/mol). Several studies have described thermal [42—-44],
biological/enzymatic [45-47] or hydrolytic [48,49] PHBV degradation, with even a catalytic
effect of ammonium surfactants being observed [50]. However, none of these apply to the
exceptional behavior of our sample PHBV_CF1500_10. Based on the collected data, the only
explanation for the severe PHBV degradation in this specific sample, is the extraordinary
surface composition of CF1500, even though no literature on Na or Na/O-species catalyzed
thermal degradation is available. Only Arroyo and Ryan described a somehow similar
effect of a decreasing melt viscosity when mixing PHBV /PLA with carbonized Kraft lignin.
They concluded that this might potentially result from residual species from the Kraft
lignin process [1], but with no further information available. Nevertheless, this is another
hint that impurities in biobased carbons might have an effect on PHBV degradation. As
the mechanism remains unclear, this definitely requires a more detailed investigation in
another research setup.
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The filler dimensions were measured for each compound before and after injection
molding. In all compounds, a significant degradation of the carbon fillers occurred, which
can be clearly connected to melt mixing in the kneader, as no significant changes after the
subsequent injection molding process could be observed. Therefore, only the filler dimen-
sion values after injection molding, as given in Table 3, are used in the following discussion.
For the carbonized cellulose fibers, severe fiber breakage was observed, as the average fiber
length was reduced during processing from approximately 250 to 95 pm. No change in the
fiber diameter could be observed. Thus, the L/D decreased in the same amount from 32 to
12 on average. For the compounds containing 10 vol.% carbon fibers, a slight trend related
to the carbonization temperature could be observed as the average fiber length decreased
from 95 pm for CF900 to 82 um for CF2300. This is not surprising as carbons become more
brittle at a higher degree of graphitization [51]. However, CF1500 did not follow this trend
due to the before-mentioned polymer degradation and the significantly reduced viscosity
of the compound PHBV_CF1500_10. For varying carbon fiber content, the results were
in contradiction with the well-reported decrease of average fiber length with increasing
fiber content [52,53]. Higher fiber content led to increased friction resulting in a more
pronounced fiber breakage during mixing. This effect could be seen when comparing the
resulting fiber length in PHBV_CF2000_5 (96 um) to PHBV_CF2000_10 (89 pm). However,
at higher fiber contents, the mass temperature was significantly increased, leading to a
lower viscosity and less fiber breakage, thus, finally resulting in slightly longer fibers at a
higher fiber content. For the carbonized wood dust, the breakage during processing was
less pronounced, but still significant changes could be observed. The average length was
reduced from 66 to 43 um and, contrary to the carbonized fibers, a decreasing width was
detected, too, though less pronounced than the reduction in length. The average L/D was
reduced from 1.52 to 1.23 during processing. In contrast to the carbonized fibers, no clear
effect of the carbonization temperature could be observed. Regarding the filler content, an
increased length could be observed at 5 vol.% compared to 10 vol.%, while at 15 vol.%, the
decreasing viscosity seemed to compensate for the expected higher filler breakage. Overall,
it can be concluded that even after both processing steps, there was a significant difference
between the dimensions of carbonized fibers and wood dust (factor 10 in L/D), while
within the fibers and wood dust series, the differences were rather small.

3.3. Composite Properties

Table 4 summarizes the properties of injection-molded composites. The measured
densities were very close to the theoretical values based on the constituents’ densities and
volume fractions. Thus, weighing errors in material preparation and the formation of
voids during the processing could be excluded. As the differences in densities were quite
small for all prepared composites, the absolute mechanical properties instead of specific
ones were used in the further discussion. In addition, it has to be noted that the flexural
properties are not included in Table 4 as they followed the same trends as the tensile ones,
with the flexural strength being approximately 1.64 x higher than the tensile strength while
the modulus and elongation values being almost identical in both test setups. The only
exception was again the degraded sample PHBV_CF1500_10, having a flexural strength of
only 1.33x higher than the tensile strength.
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Table 4. Properties of PHBV /carbon composites including 95% confidence intervals. Tensile strength
(TS), modulus (TM) and elongation at break (TE), impact strength (IS), notched impact strength (NIS),
heat deflection temperature (HDT-A), density (p) and electrical conductivity at 50 Hz (o).

Sample TS (MPa) TM (GPa) TE (m/m %) IS (kJ/m?) NIS (kJ/m?) HDT-A (°C) p (g/em®) o (S/cm)
PHBV 345+0.7 32+0.1 23+02 62+0.2 1.3+0.1 785+ 4.6 1.246 + 0.006 2.0 x 10712
PHBV_CF900_10 36.1 £0.1 41+01 20+£02 99+0.8 1.6 0.2 100.2 + 4.9 1.265 £ 0.008 8.0 x 1071
PHBV_CF1500_10 * 233 +£38 51+0.1 05+0.1 3.6+05 09+0.1 107.6 = 3.6 1.264 £ 0.005 3.0 x 10710
PHBV_CF2000_10 34.0+0.1 42+0.1 21+£01 95+0.7 1.5+0.1 973 £78 1.264 £ 0.001 8.3 x 1071
PHBV_CF2300_10 35.5+0.1 45+0.1 1.7 £ 0.1 115+ 0.7 1.6 0.2 96.8 £3.8 1.264 £ 0.001 1.0 x 10710
PHBV_CF2000_5 359 +0.1 39+01 22+01 85+0.6 1.9+03 852+£19 1.253 £ 0.003 4.0 x 10712
PHBV_CF2000_10 340+0.1 42401 21+01 95+0.7 1.5+01 973 +78 1.264 4+ 0.001 8.3 x 1071
PHBV_CF2000_15 36.5+0.2 51401 1.7+01 9.7+04 1.7£03 1104+ 75 1.271 4+ 0.002 6.2 x 1077
PHBV_CF2000_20 38.0+0.2 6.1+0.1 1.3+0.2 8.6 0.9 1.6 £ 0.5 1275+ 54 1.287 + 0.002 6.9 x 10!
PHBV_CW900_10 347 +£0.1 41+£0.1 1.6 £0.1 6.1 +£0.1 14+0.1 914 +42 1.265 £ 0.001 45 x 10712
PHBV_CW1500_10 340+04 42+0.1 1.6 £0.1 6.0+0.3 14+0.1 939 +44 1.264 + 0.001 7.2 x 10712
PHBV_CW2000_10 33.0£0.1 40+£0.1 1.7 +£0.1 63+0.2 1.6 0.2 945+ 3.6 1.265 £ 0.006 3.7 x 10712
PHBV_CW2300_10 327+£02 39+01 1.7 +£0.1 6.4+0.3 1.9+0.3 924 +£38 1.269 £ 0.001 3.6 x 10712
PHBV_CW2000_5 384 +0.3 3.6 +0.1 22+01 69+04 1.6 0.2 832+24 1.255 £ 0.002 5.0 x 10712
PHBV_CW2000_10 33.0+0.1 40+01 1.7 £0.1 63+£0.2 1.6 0.2 945 £ 3.6 1.265 £ 0.006 3.7 x 10712
PHBV_CW2000_15 341+£02 46+0.1 1.4+01 6.5+ 0.4 1.6 0.3 1045+ 4.2 1.273 £ 0.004 8.7 x 10712

* This sample is out of line due to polymer degradation.

Regarding the tensile strength, the values were quite similar for all samples ranging
approximately 33-38 MPa. Only the composite PHBV_CF1500_10 showed a significantly
lower tensile strength due to the increased polymer degradation. The small differences
might be attributed to the low L/Ds, even for the fiber samples. In a previous study
on PP/CF composites, a critical fiber length of 607 ym was found, corresponding to a
critical L/D of approximately 90 [53]. In the present study, the share of fibers reaching a
critical L/D of at least 50, corresponding to a length >395 um, was below 0.05%. Thus,
the stress transfer from the matrix to the fillers was insufficient in all samples, leading to
almost no differences among the samples, even the unfilled PHBV sample. Just a very
slight improvement could be seen when using fibers instead of wood dust, which might be
attributed to the very small share of fibers longer than the critical fiber length or generally
improved mechanical performance of carbonized cellulose fiber compared to their wood
dust counterparts. Looking at the modulus values, the picture was clearer, with all rein-
forced samples outperforming the unfilled PHBV sample. No influence of the carbonization
temperature could be seen, but the expected improvement with increasing filler content
was clearly visible. Again, the fiber-based composites were superior to the wood dust ones.
In accordance with previous findings [54], HDT showed identical trends as those of the
modulus values. The elongation at break was reduced with increasing filler content, a
trend which has been previously reported too [55,56]. The elongation at break seemed to
be slightly higher for the CF samples compared to the wood dust ones. The same held true
for the impact strength, which was higher for the fiber composites, while the wood dust
samples did not even show an improvement compared to the unfilled PHBV sample. No
significant differences could be observed within the fiber or wood dust series. The notched
impact strength was generally very low with no significant differences among the full
sample series, the only exception being the degraded sample PHBV_CF1500_10. Overall,
it can be concluded that fiber-based composites slightly outperformed their wood dust
counterparts, while no impact of carbonization temperature on mechanical performance
could be observed for both filler types. The filler content was the main impact factor on the
mechanical performance within this study. The observed effects are illustrated in Figure 2.

Regarding the electrical conductivity, it is visible in Figure 3 that the filler L/D is the
key determining factor. The carbonized wood dust filler yields only a slight increase in
the electrical conductivity compared to the unfilled PHBV polymer, with no differences
among the wood dust samples. The fiber composites show higher conductivity values by
1-2 decades, but also no influence of the carbonization temperature can be observed. Only
the sample PHBV_CF1500_10 shows improved conductivity, but, most probably, this can
be attributed to the increased fiber length.



J. Compos. Sci. 2022, 6, 228 11 of 16

PHBV PHBV_CF2000 5 = PHBV_CF2000_10 m PHBV_CF2000_15 mPHBV_CF2000_20
L0 - PHBV_CW2000_5 [IPHBV_CW2000_10 OPHBV_CW2000_15
90% -
80% -
70%
60%
50%
40% A
30% -
20%
10% A
0%
TS (MPa) TM (GPa) TE (m/m) IS (kJ/m?) HDT-A (°C)
Figure 2. Relative mechanical performance in dependence of filler type and fill content. Tensile
strength (TS), modulus (TM) and elongation at break (TE), impact strength (IS) and heat deflection
temperature (HDT-A).
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Figure 3. Electrical conductivity of PHBV composites in the measured frequency range. Impact
of filler type (carbonized cellulose fibers (CF) or wood dust (CW)) and carbonization temperature
(900-2300 °C).

Figure 4 shows the impact of the filler content on the electrical conductivity. Only a
slight improvement of the electrical conductivity can be observed for the wood dust samples
when increasing the filler content. Even for the sample containing 15 vol.% carbonized
wood dust, the electrical conductivity is less than one decade higher compared to the
unfilled PHBV polymer. No further wood dust samples were prepared, as it seemed highly
unlikely that the percolation threshold could be reached at a reasonable filler content,
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when the L/D was that low. A completely different behavior can be observed for the
CF composites. While at a content of 5 vol.% carbonized cellulose fibers, the electrical
conductivity is very low, close to that of the unfilled PHBV polymer and the wood dust
samples, an increase of several decades can be achieved at higher fiber contents, reaching
0.7 S/cm at a 20 vol.% fiber content. This value is quite high, when compared to other
conductive biocomposites; e.g., for a conductive paper containing 20 wt.% CNT, a resistivity
of 85 () cm (0.012 S/cm) was given [23]. It seems that in the range of 15-20 vol.% CF content,
the percolation threshold is reached. This value seems quite high compared to previous
studies. For example, Kalaitzidou et al. [37] found a percolation threshold in PP composites
in the range of 8-10 vol.% CE. However, the L/D was much higher, being close to 24. In
our previous study using PP and commercial PAN-based CF [53], a percolation threshold
slightly above 5 vol.% CF was found, but at a much higher L/D of 55. This study also
concluded that the electrical conductivity was strongly dependent on the fiber length
or L/D and that the percolation threshold was shifted to higher values when the fiber
length or L/D was reduced. In addition, one sample in the mentioned study, denoted as
“PP-10CF-vs”, had almost identical conductivity values over the full frequency range to
the sample PHBV_CF2000_10 and a comparable L/D (15.8 vs. 12). Therefore, it seems
reasonable to assume that the high percolation threshold (and low electrical conductivity
at low fiber content) in the present study can be attributed to the low L/D and not to
poor fiber conductivity. To further prove this assumption, we prepared PP_CF composites,
thus allowing a better comparison with previous data as polymer-connected effects could
be excluded. In addition, due to higher mixing temperatures possible without polymer
degradation, longer fibers were retained in the PP composites, enabling a more detailed
analysis of the impact of L/D on the electrical conductivity and the percolation threshold.

PHBV

PHBV_CF2000_5 PHBV_CW2000_5
PHBV_CF2000_10 PHBV_CW2000_10
PHBV_CF2000_15 PHBV_CW2000_15

PHBV_CF2000_20

1E-01

T

1E+00

T T T T T T 1

1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07
frequency (Hz)

Figure 4. Electrical conductivity of PHBV composites in the measured frequency range. Impact of
filler content (5-20 vol.%) and filler type (carbonized cellulose fibers (CF) or wood dust (CW)).

Figure 5 shows the electrical conductivity at 50 Hz in dependence of the fiber content
for PHBV_CF and PP_CF as well as for PP composites with commercial CF from our before-
mentioned previous study [53]. In the present study, the L/D could be increased from
approximately 12 to 19 when PP was used instead of PHBV. The reason for the increased
L/D was most probably the reduction in shear force during processing due to the high
temperature of 230 °C used (65 °C above the melting point of PP). This increase in L/D led
to an increased electrical conductivity of the PP composites compared to PHBV_CF despite
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almost identical electrical conductivities of the unfilled matrix polymers. The percolation
threshold could be significantly reduced from 15-20 vol.% CF to the range of 5-10 vol.% CF.
This range was identical to the one found for PP composites using commercial CF. As can
be seen in Figure 5, even higher conductivity values can be achieved using CF2000 from
the present study compared to PAN-based CF, even at a much lower L/D of 19 compared
to almost 50 [53]. This is a strong indication that cellulose-based CF might be a promising
alternative to fossil-based carbon in electrical applications. While in the present study, the
electrical conductivities were even higher when using cellulose-based CF in PP composites,
other studies have mentioned slightly lower conductivity values for single cellulose-based
CF compared to their PAN-based counterparts [32,38]. This discrepancy might be attributed
to differing carbonization temperatures of the compared CF. While 2000 °C was used for
the cellulose-based CF, the carbonization temperature of the commercial CF is unknown
but most likely lower, as high-tenacity CF are usually produced at temperatures around
1500 °C [57], which would lead to lower conductivity of the PAN-based CF. In addition, the
different structures of the used CF might have an impact on the composite conductivities.
While the PAN-based CF are completely straight, the cellulose-based CF are usually curved
and tend to interlock quite easily, as it was visible after the matrix removal. Therefore, it
could be assumed that the formation of a conducting network might occur more easily, i.e.,
at a lower fiber content or lower L/D.

1E+01
1E+00 PHBV_CF2000 ¢
§ 1E0 o PP_CF2000 :
& 1E-02 = °
= e PP_CF(PAN) J
b 1E-03
2 104
2 °
g 1E-05 e
£ 1E-06
g 1E-07
(¥
3 1E-08
-5 1E-09
8 1E10
7]
1E-11
1E-12 . . . .
0 5 10 15 20

fiber content (vol.%)

Figure 5. Electrical conductivity (at 50 Hz) of PHBV/CF and PP/CF composites. Determination
of percolation threshold. L/D is approximately 12 for PHBV_CF2000, 19 for PP_CF2000 and 50 for
PP_CF(PAN) [53].

4. Conclusions

Due to the variation in carbonization temperature and precursor type, different carbon
fillers could be prepared. Both precursor types, cellulose fibers and wood dust showed
significant shrinkage during the carbonization treatment. However, the overall shape was
kept intact, resulting in CF with an L/D of approximately 30 and carbonized wood dust
with an L/D of 1.5, with no significant differences within the fibers or wood dust series
due to the different carbonization temperatures. Other properties were highly affected by
heat treatment conditions. For example, a high BET surface area only occurred at 900 °C,
connected with a significantly higher moisture uptake compared to fillers carbonized at
higher temperatures. When suspended in water, a change of pH to alkaline values was only
detected for fillers carbonized at 900 or 1500 °C. Significant improvements in the graphitic
structure with increasing carbonization temperatures were detected for both fillers, with
a slightly higher ordering in wood-dust-based carbons. The O contents continuously
decreased with higher treatment temperature. Different chemical compositions were
measured at the surfaces of the fibers at low carbonization temperatures. High amounts of
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Na and O, most probably connected to Na,CO3; or NaHCOj3, were found on the surface of
cellulose fibers carbonized at 1500 °C. The observed degradation of PHBV when mixed
with this specific filler was most probably related to the special surface chemistry. This
effect definitely requires a more detailed investigation.

No impact of the carbonization temperature on the mechanical performance was
observed, but the higher filler content led to an increased modulus and HDT as well
as a decreased elongation at break. The fiber-based samples slightly outperformed the
corresponding wood dust samples. Generally, only slight differences were found, which
we assume were connected to the low L/D, which was only approximately 12 for the fiber
samples. Even for the electrical conductivity, no impact of the carbonization temperature
could be observed, despite significant differences in the graphitic structure of the used
carbon fillers. The filler content or the L/D was too low to reach a conducting network. The
percolation threshold was found to be in the range of 15-20 vol.% CF. For comparison, PP
composites using cellulose fibers carbonized at 2000 °C were prepared, reaching a higher
L/D of 19 and achieving percolation already in the range of 5-10 vol.% CF. Compared to a
previous study using commercial CF, an even higher electrical conductivity was achieved
when using carbonized cellulose fibers.
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mdpi.com/article/10.3390/jcs6080228 /51, Figure S1: GPC curves of PHBV before processing (PHBV
(virgin)), PHBV kneaded at 190 °C (PHBV190), PHBV kneaded at 173 °C (PHBV), PHBV mixed at 173 °C
with 10 vol% of cellulose fibers carbonized at 2000 °C (PHBV_CF2000_10) and PHBV mixed at 173 °C
with 10 vol% of cellulose fibers carbonized at 1500 °C (PHBV_CF1500_10); Figure S2: GPC curves after
baseline correction and normalization. Zoom at analyzed peak; Figure S3: Peak of PHBV (virgin) analyzed
by Agilent GPC-Addon; Figure S4: Peak of PHBV190 analyzed by Agilent GPC-Addon; Figure S5: Peak
of PHBV analyzed by Agilent GPC-Addon; Figure S6: Peak of PHBV_CF2000_10 analyzed by Agilent
GPC-Addon; Figure S7: Peak of PHBV_CF1500_10 analyzed by Agilent GPC-Addon.
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