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ARTICLE INFO ABSTRACT

Handling Editor. P.Y. Chen In this study, we investigated the impact on surface topography and micro-mechanical properties of polyvinyl

alcohol (PVA) thin films when loaded with hardwood-derived biocarbon particles (BCP). The PVA/BCP com-

Keywords: posites were prepared with the conventional film casting method, after varying BCP concentrations of 6, 8, 10,
PYA thin films 12, and 20 wt% were added to the PVA solution. Atomic force microscopy (AFM) investigations and nano-
biocarbon indentation tests were performed. The average roughness of the thin films increased with the increase in BCP
surface roughness . . . . .

nanoindentation content. The alternation between dark and light patterns observed in the AFM images showed an irregular

surface topography with alternating high peaks and deep valleys. The skewness and kurtosis parameters showed
that the different dispersion degrees of the BCP within the PVA matrix influenced the composites’ surface
roughness. The micro-mechanical properties of the thin film composites depended on the BCP type and con-
centration. Films reinforced with red oak-derived BCP had higher hardness and Young’s modulus compared to
films reinforced with willow SV1 and yellow-poplar BCP, which was attributed to the high carbon content and
low ash content of red oak BCP. We argue that these results may be extrapolated to other types of BCP-reinforced
thin films and can significantly contribute to enabling more efficient methods and protocols for reinforcing
polymers with hardwood biocarbon.

Micro-mechanical properties

1. Introduction attention owing to its exceptional features, such as thermal stability,
hydro-solubility, lightweight, cost efficiency, and ease of manipulation
[3]. Furthermore, PVA is non-toxic and biocompatible, which makes it

valuable for food packaging [4] and a wide range of pharmaceutical and

Polyvinyl alcohol (PVA) is a synthetic biodegradable thermoplastic
polymer [1] that has the potential for use in many composite and

packaging applications. PVA is water-soluble and has been widely pro-
duced since 1924, when it was synthesized for the first time by Herr-
mann and Haehnel [2] via saponification of polyvinyl acetate (PVAc)
homopolymer. Currently, PVA is mainly produced after the conversion
of PVAc under methanolysis reaction [1]. PVA has received particular

biotechnological applications [5]. Given the viscoelastic nature and
film-forming ability of PVA, it was used in applications such as wound
dressings [6], bio-sensors, micro-encapsulation, and drug delivery [7].
The use of PVA has also extended to the fabrication of coatings [8] and
piezoresistive pressure sensors [9]. For use in packaging application, an

Abbreviations: PVA, polyvinyl alcohol; BCP, Biocarbon particles; AFM, atomic force microscopy; PVAc, polyvinyl acetate; Ra, average roughness; Rq, root mean
square; Rsk, surface skewness; Rku, kurtosis coefficient; ROI, region of interest; H, hardness; E, Young’s modulus.
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enhanced mechanical performance is a key requirement to define the
potential of the films composites.

Prior studies have explored various ways to reinforce PVA film
composites to improve their mechanical resistance. For instance, carbon
derivatives such as carbon nanotubes [10], graphene sheets [11], and
biocarbon particles (BCP) [12] have been investigated as potential re-
inforcements for PVA. Biocarbon is the solid residue generated by the
thermal conversion of organic biomass at a high temperature and
oxygen-free atmosphere [13]. Biocarbon is more available and more
cost-efficient to produce compared to other carbon derivatives [14]. The
high performance of BCP in reinforcing composites is usually assigned to
its large surface area and porous structure, the presence of surface
functional groups, and the high carbon content that encourages bonding
with polymeric matrices [15]. Numerous studies reported the
enhancement of mechanical properties upon the incorporation of BCP in
different polymeric matrices, such as polypropylene [16] and polylactic
acid [17]. Nan et al. [12] reported that mixed wood-derived BCP rein-
forcement significantly improved the tensile modulus of PVA films by
129 %, 271 %, and 429 % for BCP loading of 2 wt%, 6 wt%, and 10 wt%,
respectively. However, their results indicated that the addition of BCP
reduced the tensile strength by 58 %, 75 %, and 81 %, respectively. In
their study, however, they did not evaluate the micro-mechanical
properties of the BCP or the composite film material. Mousa et al.
[18] found that the incorporation of 3 wt% of bamboo-derived BCP
resulted in a 70.2 % and 71.6 % increment in the tensile modulus and
tensile strength of PVA films, respectively, compared to the neat PVA.
Nonetheless, the improvement in the mechanical properties with the
reinforcement was found to be limited. An increase in the filler’s content
over a threshold was observed to lead to an opposite effect, resulting in
mechanical failure. For instance, Mousa et al. [18] observed a remark-
able decline in the tensile strength when BCP content was further
increased to 5 wt% and 10 wt% (21 % and 33 % decrement, respec-
tively). This behaviour was assigned to the presence of BCP aggregates
which lowered the interfacial filler-matrix bonding. However, the ten-
sile modulus of the composites increased from 3.54 GPa at 3 wt% of BC
to 4.16 GPa at 10 wt% BC loading. A deeper understanding of the nano
and micro-mechanical features of thin films is needed to better under-
stand how BCP loadings and properties (i.e., particle size and compo-
sition) affect the performance of the overall composite.

The mechanical, electrical, and thermal properties of thin films can
also be influenced by their surface topography [19] which refers to the
different irregularities and deviations that can be random or repetitive,
including waviness, lays, and flows. The surface roughness of thin films
can be affected by the composite’s preparation method, filler’s content
and distribution, filler’s particle size, and polymeric chain organization,
and it can directly influence the technological value of the materials
[20].

Prior research studied the surface roughness of thin films and
addressed roughness’s impact on the external properties of the com-
posites. For instance, Rytoluoto et al. [21] reported that increased sur-
face roughness of biaxially oriented polypropylene films was correlated
with lower dielectric strength. Cayci et al. [22] showed for Langmuir
Blodgett thin films of porphyrins, that a larger surface area, which is
equivalent to higher roughness, leads to an enhanced response in gas
sensing applications in terms of resonance frequency change. Guen et al.
[23] investigated the relationship between surface roughness and heat
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transfer capacity of silicon probes, and they found that the samples’
thermal conductance decreased with the increase of surface roughness.
Rough surfaces are also not favorable in the case of filtration and bio-
logical membranes because of rapid fouling problems [24]. In addition,
surface roughness is usually involved in the formation of biofilm on a
membrane by favoring the adhesion of microbes within the high peaks
and deep valleys that represent a shelter for microorganisms [25].

Nan [26] investigated the efficiency of PVA/BCP thin films as pie-
zoresistive pressure sensors and packaging films. During the research
work, the effects of variable BCP loadings, particle size distribution, and
wood species used for BCP preparation on the mechanical, thermal, and
electrical properties of the composites were investigated. However,
prior studies did not evaluate the surface roughness or
micro-mechanical properties of PVA films loaded with BCPs. The aim of
this study was to investigate the impact on surface topography and
micro-mechanical properties of PVA thin films when loaded with BCPs.

This study follows up on the previous work [26], shedding light on
the influence of BCP addition on the surface roughness and
micro-mechanical features of the thin film composites. Specifically,
PVA/BCP films were produced using BCP previously prepared by py-
rolysis of three different hardwood precursors: red oak (Quercus rubra),
willow SV1 (Salix x dasyclados), and yellow-poplar (Liriodendron tuli-
pifera). These particular BCPs were selected given their use in prior
research on piezoresistive sensor films and resulting high carbon content
and lower ash content, as compared to other plant-based biochar.
Additionally, these species are widely available as residuals from sawlog
harvesting operations (e.g., red oak and yellow-poplar) and as biomass
grown on marginal lands (e.g., willow) in the Appalachian Region of the
United States. The effect of BCP on the structural and micro-mechanical
characteristics of the composite thin films was investigated.

The objectives of this study were to.

(i) Investigate the effect of BCP content and original biomass type
(wood species) on roughness parameters, hardness, and Young’s
modulus of PVA thin films.

(i) Investigate the filler-matrix interaction in PVA/BCP thin films at
the nanoscale.

2. Materials and methods
2.1. Materials

The BCP used for this study was selected from materials prepared
using three different hardwood species (red oak, willow SV1, and
yellow-poplar) by carbonization at 1000 °C for 1 h at a heating rate of
5 °C/min, as outlined by Nan [26]. Additional details related to the
physio-chemical composition and the size analyses of the BCP samples is
provided in Nan [26]. For the purpose of this study, the proximate,
density, porosity, and particle size results in Nan [26] are summarized in
Table 1.

Polyvinyl alcohol (PVA) in powdered crystals form (Acros Organics,
MFCD-00081922) with an average molecular weight of 86,000 g/mol
and degree of hydrolysis >99 % was purchased from Fisher Scientific
(Waltham, Massachusetts, USA).

Proximate composition and physical and particle size properties of the BCP used for PVA film reinforcement [26].

Proximate Analysis

Physical Properties Particle Size

Parameters Volatiles, % Ash, % Fixed carbon, % Density, g/cm3 BET surface area, m2/g Mean size, pm
Red oak BCP 5.5 0.9 93.7 0.20 428.2 385.6
Willow SV1 BCP 10 4.7 85.3 0.12 624.3 495.1
Yellow-poplar BCP 7.8 1.7 90.4 0.14 526.4 258.2
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Fig. 1. Topographic 2D AFM images of PVA/BCP films (a) Pure PVA; films reinforced with (b) Red oak BCP; (c) Willow SV1 BCP, and (d) Yellow-poplar BCP. From

left to right, BCP contents are 6, 8, 10, 12, and 20 wt%. Scale bars: 2 pm.

2.2. Film composites preparation

PVA/BCP films were prepared by introducing BCP with different
loadings into aqueous PVA solutions. A 10 wt% PVA solution was pre-
pared by adding PVA powder to the required amount of distilled water
and heating it to up to 85 °C. The mixture was then continuously stirred
on a magnetic stirrer at 85 °C until complete solubilization of the PVA.
The obtained gel was allowed to cool down to room temperature and
then stored at 4 °C until the preparation of the film.

BCP was added to the PVA solution at variable contents (0, 6, 8, 10,
12, and 20 wt%) to prepare the composites. During preparation, the
solution with BCP was first mixed manually, followed by a 1 min
ultrasonication (20 kHz, Model VCX 750, Sonics & Materials, Newtown,
Connecticut, USA) at 50 % power to homogenize and distribute the BCP.
Subsequently, the blends were cast by pouring the mixture into Petri
dishes and degassing them under vacuum in a desiccator (60 Hz, Model
25,228-01, Welch, Mt Prospect, Illinois, USA) and left at ambient
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conditions (temperature of 25 °C and relative humidity of 30 %) until
films formation. Finally, the films were oven-dried (Model 6524,
Thermo Fisher Scientific, Waltham, Massachusetts, USA) at 55 °C for 6 h
to obtain the composites with a final thickness of 0.5 mm + 0.1 mm.

In total, 16 samples were obtained that consisted of the pure PVA
reference and composites with five different BCP contents from three
wood biomass types.

2.3. Characterization of the PVA/BCP thin films

An AFM system (NX10, Park Systems, Suwon, Korea) operated in
non-contact mode was employed to investigate the surface topography
of the synthesized samples. An aluminium-coated probe (PPP-NCHR 10
M, Nanosensors, Switzerland) with a radius of curvature <7 nm, and a
tip length and width of 125 pm and 30 pm, respectively, were used. The
resonant frequency of this probe was 330 kHz. The calibration of the
equipment was carried out using an HS 100-MG probe (BudgetSensors,
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Innovative Solutions Bulgaria, Ltd.) as a standard sample composed of
silicon dioxide structure arrays on a 5 x 5 mm silicon chip. For each
PVA/BCP sample, three images (256 x 256 pixels, 5 x 5 pm) were
collected on different random regions of the surface using the Smart
Scan software, proprietary to the NX10 AFM. Following data acquisi-
tion, the roughness parameters were calculated for all images using the
open-source Gwyddion software [27].

Nanoindentation analysis was conducted using the same experi-
mental setup used for AFM investigations. However, a specialized Sap-
phire cantilever with a diamond tip was utilized. The tip has the shape of
a three-sided pyramid with a half angle of 30° and a radius of less than
25 nm. The length and thickness of the diamond tip were 1.045 pm and
34 pm, respectively, and the resonant frequency was 40 kHz. Before
acquiring nanoindentation data, topography scans of a region of interest
(ROI) were collected with the same probe, with the AFM system oper-
ated in contact mode. Three repetitions were performed for each sample
formulation (One ROIs were investigated for each composite). Following
this, force-displacement curves were acquired during the indentation
(loading) with maximum depth set at 0.5 pm and retraction (unloading)
of the indenter at x and y coordinates of the ROI imaged by AFM.

The method of Oliver and Pharr [28,29] was used to determine the
micro-mechanical properties of the thin films. This method is based on
the relationship between contact stiffness, the elastic modulus, and the
contact area (Ac) [30]. The load-depth response was plotted, then
hardness (H) and the Young's modulus (E) were calculated by linear
fitting of the upper part of the unloading curves.

H is defined as the local resistance to plastic deformation [31] and is
calculated from the ratio of applied load to the projected area as
described in equation (1).

He Pmax
Ac

@

where Pmax is the maximum load, and Ac is the area of contact between
the indenter’s tip and the sample’s surface. Ac depends on the indenter’s
radius (R), the indenter’s shape, and the indentation depth. It can be
determined using equation (2).

Ac= 1.73x (hc — htip)* )
where htip is the tip truncation used for Ac correction to get a geomet-
rical idealization of the indenter. The htip was calculated considering a
tip radius of 25 nm and was found to be equal to 17 nm.

The exact radius (r) value was calculated by considering the ideal
geometry angle of the cantilever tip (« = 36.6°). Equation (3) was used.

sin o

=htip X —— 3
4 P X 1—sina 3
hc was determined from equation (4).
P
he = hmax—0.72x 9% )

where hmax describes the maximum penetration depth and S the initial
slope of the unloading curve.

The reduced modulus (Er) and Young’s modulus (E) were calculated
using equations (5) and (6), respectively.

2 /Ac
1 1= 11—
i 6
Er E Ei 6)

where E and Ei represent Young’s modulus of the tested sample and the
indenter, respectively, and v and vi are Poisson coefficients of PVA and
the indenter, respectively. Empirical values for Ei, vi, and v are 1141
GPa, 0.07 [28], and 0.44 [32], respectively.
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2.4. Statistical analysis

Data obtained were analyzed with NCSS software version 07.1.21. A
significant difference in level was measured by one-way analysis of
variance (ANOVA) at a 0.05 alpha level. Tukey-Kramer multiple com-
parison tests, as necessary, were applied to determine the differences
among treated mean values. The differences generated by variation of
the BCP contents and the biomass type were analyzed.

3. Results and discussion

In this section, the film samples are referred to using the first letter of
the original biomass (R for red oak, W for willow SV1, and Y for yellow-
poplar) followed by the BCP percentage (6, 8, 10, 12, and 20 wt%).

3.1. Atomic force microscopy (AFM) analysis

Fig. 1 displays topographic 2D AFM images of the pure PVA and
PVA/BCP composite films, acquired for sample regions of 5 pm x 5 pm.
The 3D AFM images are provided in the supporting information
(Fig. S1).

The morphologies of PVA/BCP films differ from the pure PVA
(Fig. 1a). For the non-reinforced PVA sample, the topography shows a flat
surface (parts with homogeneous color) with the presence of a few
random rod-shaped peaks distributed throughout the composite. The
detected irregularity can be attributed to PVA clusters that originate from
the poor solubilization of PVA crystals during the manufacturing process.

Upon addition of BCP, drastic changes occurred in the topography,
with the surface of all PVA/BCP samples exhibiting a granular structure,
as observed in the AFM images depicted in Fig. 1. As a rule of thumb for
standard colormaps in AFM imaging, the dark parts of the AFM images
represent deep valleys, whereas the brightest parts represent high peaks.
The peaks that can be observed in Fig. 1b-d are attributed to the pres-
ence of BCP within the polymeric matrix, which changed the undulation
of the surface and therefore affected the arrangement of PVA chains on
the composite’s surface.

Ali et al. [33] studied the changes in the surface nano-structure of
PVA films loaded with variable concentrations of Bil3 nanoparticles
(from 0 to 18.5 wt%) using AFM and observed that the surface
morphology of doped PVA was characterized by the presence of mixed
grains and colors caused by the presence of the Bil3 crystallites. Similar
observations were reported in previous literature [34], where the sur-
face topography of nano-sized poly (diaminonaphthalene)/PVA films
were studied. Voss et al. [35] studied the surface morphology of an
elastomeric polypropylene matrix using AFM in peak-force tapping
mode, and they concluded that the changes in the dark-light ratio are the
result of the presence of crystalline inhomogeneities at the nanoscale.
Moreover, they stated that non-homogeneous regions could appear on
the surface due to phase separation between short and long polymer
chains during the composite preparation. Based on these previous
findings, we speculate that the color differences that can be observed in
Fig. 1 b-d can be potentially associated with the alternation between
crystalline and amorphous phases, which characterize semicrystalline
materials such as PVA.

The AFM images were used to extract a series of roughness param-
eters that are typically used to quantitatively assess the surface topog-
raphy of a specimen (Table 2). The average roughness (Ra) describes the
values of the average heights and depths across the surface, while the
root means square roughness (Rq) indicates the root mean square along
the length of the imaged surface. Surface skewness (Rsk) is a measure
that describes the average of the first derivative of the surface (amount
of symmetry loss). A negative value of Rsk indicates the dominance of
valleys on the surface, while a positive skewness indicates that the
surface is mainly composed of peaks. Finally, kurtosis (Rku) is a com-
plementary parameter that helps to understand the shape of the peaks
and valleys on the surface (i.e., sharpness or roundness).
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Table 2
Surface roughness parameters extracted from AFM images of PVA and PVA/BCP
films.

Samples ‘Ra, nm "Rq, nm “Rsk ‘Rku

Pure PVA 26+5 40 + 4 1.89 + 0.72 4.44 + 3.08
R-6% 164 + 64 207 + 81 —0.64 + 0.28 0.03 + 0.24
R-8% 61 + 43 78 £ 56 —0,21 + 0.51 0.17 +1.07
R-10 % 40 £ 14 51 +17 0.09 +0.14 —0.04 £ 0.19
R-12 % 136 + 37 171 £51 —0.24 + 0.60 —0.52 + 0.26
R-20 % 54 +9 67 £11 0.02 £+ 0.05 —0.25 £ 0.21
W-6% 59 +£26 73 £ 30 —0.06 = 0.21 —0.60 = 0.16
W-8% 91 + 54 65 + 33 —0.19 £ 0.33 —0.78 £ 0.37
W-10 % 117 + 46 146 + 58 0.24 £+ 0.50 —0.37 £ 0.59
W-12 % 179 £ 152 216 + 177 0.11 £ 0.52 —0.48 = 0.34
W-20 % 247 + 200 295 + 226 0.18 £ 0.50 —0.51 +£ 0.74
Y-6% 55+ 34 73 £41 —0.75 + 0.60 1.01 £1.73
Y-8% 77 £27 97 £ 30 —0.27 £ 0.11 —0.29 £+ 0.34
Y-10 % 252 £ 133 317 + 148 —0.39 £ 0.28 —0.61 £+ 0.09
Y-12 % 58 £ 25 85 + 39 0.39 + 0.08 0.35 + 0.46
Y-20 % 42 £19 51 £23 0.10 £ 0.15 —0.40 £ 0.19

# Ra: average roughness.

b Rq: root mean square roughness.
¢ Rsk: surface skewness; and.

4 Rku: kurtosis coefficient.

For the specimens reinforced with willow SV1-derived BCP, the Ra
constantly increased from 59 + 26 nm to 247 + 200 nm upon increasing
the BCP loading from 6 wt% to 20 wt% respectively, which is likely due
to the increase in the number of the grains on the films’ surface, which
can be observed in the AFM images presented in Fig. 1c. However, for
the specimens reinforced with red oak and yellow-poplar-derived BCP,
both Ra and Rq varied in a non-typical way, with no correlation being
observed between the BCP content and the Ra and Rq values, which
increased then decreased anomalously. These observations are most
likely a result of differences in the proximate composition of the BCP
derived from the three wood species (Table 1); specifically, the higher
ash content of willow SV1-derived BCP (4.7 %) compared to BCP pre-
pared from red oak and yellow-poplar (0.9 % and 1.7 %, respectively).
Ash components likely favor the homogeneous distribution of BCP over
the films’ surfaces by preventing the BCP from clustering. Due to the
homogeneous distribution of the BCP, the surface roughness was com-
parable on the different surface areas of the investigated films, and the
change of roughness values with the BCP percentage was linear. How-
ever, in the case of BCP with lower ash content (i.e., red oak and yellow-
poplar BCP), the agglomeration of carbon particles was likely to happen
more frequently. Therefore, the occurrence of aggregates resulted in
heterogeneous regions on the thin films’ surfaces, which was reflected
by the non-proportional variation of Ra and Rq values with an increase
in the BCP loadings. Choudhary and Sengwa [20] characterized the
morphology of films made of binary blends (50:50 wt%) of PVA and poly
(vinyl pyrrolidone) and mixed with ZnO nanoparticles (0, 1, 3, and 5 wt
%). They found that the composites’ roughness fluctuated anomalously
with the increase of nano-sized ZnO content, which was assigned to the
differences in particle distribution homogeneity.

Moreover, the abnormal trends in Ra fluctuation can be assigned to
the different particle size distributions of the three BCP types (Table 1).
Willow SV1-derived BCP has the highest mean size (495.1 pm) as
compared to the red oak and yellow-poplar-derived BCP (385.6 pm and
258.2 pm, respectively). The larger particle size of BCP likely contrib-
uted to higher Ra that increased proportionally with the increase in
particle loading. Furthermore, Ra and Rq variations can be assigned to
the poor dispersion of the particles within the PVA polymeric matrix, as
supported by the high standard deviations (Table 2). These high de-
viations of Ra and Rq values indicate that the cantilever tip was placed
over areas with largely different structures when the test was conducted,
i.e., areas with different BCP contents, which suggests an overall inho-
mogeneous surface of the synthesized thin films.
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For the samples with negative Rsk, the surface topography is domi-
nated by deep valleys, while for the samples with positive Rsk, the
surface has more high peaks and asperities. In the case of our mea-
surements, the Rsk varied between negative and positive values
(Table 2), which aligns with the aspect of the AFM images in Fig. 1. It is
worth mentioning that regardless of the original biomass, for higher BCP
contents (10, 12, and 20 wt%), the Rsk values were higher, i.e., more
peaks were present, which could be due to the occurrence of more ag-
gregates due to the increase in BCP content. However, the Rku values
varied between —0.61 + 0.09 and 1.01 + 1.73 and were negative and
low for most of the samples except for pure PVA, which had a high Rku
compared to reinforced films (4.44 + 3.08). The remarkable changes in
Rku upon BCP addition indicate that BCP presence directly affected the
films’ nano-structure. Similar findings were reported in a prior study
[34] where pure PVA had a high Rku (79.17 + 3.96) as compared to
PVA films doped with diaminonaphthalene and poly (diaminonaph-
thalene) (—0.110 + 0.004 and 2.62 + 0.13, respectively). The dramatic
decrement in surface Rku was assigned to the increase in the size of the
dopant molecule and the doping extent. In the same study [34], kurtosis
was found to depend on several factors, such as the thickness of the film
and the size of the scanned area.

Findings from the AFM analysis revealed a clear relation between the
BCP type and content and the composite roughness. However, it is
important to highlight the effect of samples’ preparation on their surface
roughness. Indeed, sample preparation can be critical and adequate
protocol should be considered to eliminate further variation of the
surface properties of the film composites. Some examples of defects that
can originate from the preparation process are the presence of non-
solubilized polymeric crystals, the occurrence of frequent agglomera-
tion of the filler particles due to non-convenient mixing, the formation of
air bubbles on the film’s surface during curing, etc.

3.2. Nanoindentation analysis

Results of the calculated hardness (H) and Young's modulus (E) of
the film composites are summarized in Table 3.

The pure PVA sample had the lowest resistance against indentation
load and the highest maximum indentation depth reflected by the lowest
H and E values (331 + 1 MPa and 0.3 + 0.0 GPa, respectively) among all
other samples. In comparison to PVA films, the results from the Tukey-
Kramer analysis indicated that there was a statistically significant dif-
ference in average H and E in all films except for Y6. These results
demonstrate that the addition of BCP improved the overall micro-
mechanical features of the composite films. Prior research [36] deter-
mined E on the crystalline and amorphous regions of PVA films using
nanoindentation, and they reported higher E values compared to our
result (24 + 4.2 GPa and 11.4 + 3.1 GPa for crystalline and amorphous
areas, respectively). This difference can be attributed to the semi-
crystalline character of PVA polymer, and E values might differ notably
on the surface of the same sample depending on the nature of the region
where the indenter’s tip was positioned during the test. The shape and
dimensions of the utilized probe can also influence the nanoindentation
test outcomes, which is another reason to justify the divergence of our
result compared to the literature. Moreover, E results can be heavily
influenced by the measurement type (i.e., micro-scale or macro-scale).
For instance, Mousa and Dong [37] reported 2.08 GPa for E of bulk
PVA tested at the macroscopic level by tensile test (ASTM D882-02).

Overall, the micro-mechanical properties of all samples were
improved by adding BCP of different types and concentrations. These
results are most likely related to both the BCP physio-chemical com-
positions and porous structure of the BCP particles, which enables strong
mechanical adhesion between the fillers and the PVA matrices after the
penetration of polymeric molecules inside the BCP pores. Thus, the
efficient physical bonding at the PVA/BCP interface likely enhanced the
micro-mechanical performance of the composites. The best micro-
mechanical properties were achieved by the incorporation of 12 wt%
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Table 3
Micro-mechanical properties of PVA and PVA/BCP films.
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Samples Hardness, MPa Young’s modulus, GPa

Results Statistically different from groups” Results Statistically different from groups®
Pure PVA 331+1 All except Y6 0.3+ 0.0 All except Y6
R-6% 1034 + 11 W6, Y6 1.0+ 0.1 W6, Y6
W-6% 568 + 9 R6 0.7 +£0.1 R6, Y6
Y-6% 425 £ 10 R6 0.3+0.1 R6, W6
R-8% 2203 + 14 W8, Y8 1.2+0.1 w8
W-8% 852 + 14 R8 0.9 +0.1 R8, Y8
Y-8% 997 + 12 R8 1.1 +0.1 w8
R-10 % 2933 + 16 W10, Y10 1.4+0.1 W10, Y10
W-10 % 1024 + 18 R10 1.1+0.1 R10
Y-10 % 880 + 15 R10 1.1+0.1 R10
R-12 % 5457 + 21 W10, Y10 1.8 +0.1 W12, Y12
W-12 % 1452 + 21 R12, Y12 1.5+ 0.2 R12
Y-12 % 2446 £ 19 R12, W12 1.4+0.1 R12
R-20 % 3641 + 22 W20, Y20 1.2+0.1 W20
W-20 % 1230 + 25 R20, Y20 1.3+0.2 R20, Y20
Y-20 % 1015 + 21 R20, W20 1.1+0.2 w20

# Statistically significant differences represent those differences in films within a percent loading, not when comparing films with different loading levels.

BCP where H increased by 1549 %, 339 %, and 639 %, and E increased
by 500 %, 400 %, and 367 % by using red oak, willow SV1, and yellow-
poplar-derived BCP, respectively.

When analyzing the samples without the influence of BCP content,
the results of the Tukey-Kramer analysis indicated that there was a
statistically significant difference in average H within every level of BCP
loading. A similar pattern appeared in the composite films loaded with 6
wt%, 8 wt%, and 10 wt%. Specifically, within each loading level, films
loaded with red oak BCP had a statistically significant higher average
hardness than those loaded with willow SV1 and yellow-poplar BCP.
Additionally, there was no statistically significant difference in average
H between the films loaded with willow SV1 and yellow-poplar BCP
within the loading levels of 6 wt%, 8 wt%, and 10 wt%. When the
loading level was increased to 12 wt% and 20 wt%, there was a statis-
tically significant difference in average H between BCP produced from
all the species. In each case, BCP produced from red oak resulted in the
highest average H within each group of loading levels. In the case of 12
wt% loading, the films with yellow-poplar BCP resulted in a higher
average H than those loaded with willow SV1 BCP. However, when
loading was increased to 20 wt%, the films with willow SV1 BC resulted
in a higher average H than those loaded with yellow-poplar BCP.

The higher potential of red oak BCP in enhancing the micro-
mechanical performance of the films is likely due to the different
physio-chemical compositions, as shown by the proximate analysis re-
sults (Table 1), particularly the elevated fixed carbon (93.7 %) and low
ash (0.9 %) contents. Additionally, due to the higher carbon content, the
red oak BCP had a higher density (0.20 g/cm®) as compared to the
willow (0.14 g/crn3) and yellow-poplar (0.12 g/cms) BCP. However,
there was no specific trend in relation to BET surface area, as the red oak,
with the highest H value, did not have the highest BET surface area.
Specifically, the BET surface area of the red oak BCP was 428.2 m%/g, as
compared to 634.3 m?/g and 526.4 m?/g for yellow-poplar and willow,
respectively. High carbon content is favorable when using BCP as a filler.
Indeed, carbon atoms favor the strong physical bonding with the poly-
meric matrix chains, leading to increasing the mechanical strength of the
composites [15]. Willow SV1-derived BCP contributed less to the
enhancement of H when added at different levels compared to red oak
and yellow-poplar-derived BCP, which is likely due to the lower carbon
content (85.3 %) and higher ash content (4.7 %) that did not enable
proper bonding at the filler-matrix interface. When using BCP for filling
composites, ash components are considered impurities. Therefore, the
occurrence of ash components limited the formation of a continuous
carbon-polymer network and resulted in films with lower nano-
mechanical features compared to those reinforced with red oak and
yellow-poplar BCP (0.9 % and 1.7 % of ash, respectively). In this context,
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Elnour et al. [38] studied the effect of carbonization temperature on
hardwood biocarbon composition and the potential for polyethylene
composites reinforcement (20 wt% BC), and they reported that when the
pyrolysis temperature increased from 300 °C to 700 °C, the carbon
content increased from 63.65 + 4.44 % to 72.76 + 1.95 %, and conse-
quently the tensile strength of the composites increased from 30.36 +
0.08 MPa to 31.87 + 0.21 MPa. The lower performance of Willow
SV1-derived BCP in enhancing the composites’ hardness compared to
other biomasses could also be related to the large particle size (mean size
495.1 pm), which has likely affected the extent of particle dispersion
within the polymeric matrix and consequently led to lower mechanical
potential. In a previous study leading to this hypothesis, Vinayaga-
moorthy [39] studied the effect of limestone particle size (200, 400, 600,
800, and 1000 pm) on the mechanical properties of jute-polypropylene
composites and reported that the sample filled with 200 pm particles
exhibited higher mechanical properties as compared to the samples fil-
led with bigger particles and that the H of the composites decreased
gradually (up to 20 % decrement) with the increase of filler’s particle
size. Similarly, Abdulkareem et al. [40] stated that the H of polystyrene
composites filled with metallic particles (aluminum and iron) was
reduced by 428 % when the particle size increased from 20 to 100 pm,
which was attributed to the uniform repartition of small size particles.

The results of the Tukey-Kramer analysis showed that there were
statistically significant differences in the average E between the sample
groups with the same BCP content. Within 6 wt% of BCP loading, there
was a statistically significant difference in the average E of the films
reinforced with BCP derived from the different species. Specifically,
there was a statistically significant decrease in the average E of the films
filled with red oak, willow SV1, and yellow-poplar BCP, respectively.

Within BCP loading levels of 10 wt% and 12 wt%, films filled with
red oak-derived BCP had a statistically significant higher average E. In
addition, there was no statistically significant difference found in
average E between the samples filled with willow SV1 and yellow-
poplar-derived BCP. However, within BCP loading levels 8 wt% and
20 wt%, films containing willow SV1-derived BCP had a statistically
significant difference in average E compared to films containing red oak
and yellow-poplar-derived BCP. Further addition of BCP (20 wt%)
resulted in a decrement of H and E values. However, they were still
much higher than those of pure PVA. This reduction in the micro-
mechanical features is most likely related to the occurrence of more
BCP aggregates that were grouped randomly in some areas of the films’
surfaces. Therefore, there was a higher possibility that the indenter tip
hit areas with low BCP concentrations.

Overall, BCP showed good potential for PVA reinforcement. Our
results indicate that BCP with high carbon content, low ash content, and
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Fig. 2. Exemplary AFM topography and phase images collected on Red Oak and Willow SV1 samples prepared with different BCP concentrations.

small particle size favors achieving better micro-mechanical properties.
However, further studies on optimizing the BCP content and ensuring
the homogeneous dispersion of the particles inside the polymeric matrix
represent an important topic to be explored in future work.

3.3. Perspectives for future work

In addition to topographic AFM and nanoindentation data, in our
performed experiments, we have also recorded AFM phase images,
Fig. 2, which reflect the phase lag between the signal that drives the
cantilever oscillation and its output signal. While AFM phase imaging is
widely acknowledged as a highly useful tool for polymer microphase
separation [41-43] and as a useful means to assess the relative elasticity
[44,45] (e.g., assess variations in elasticity across an imaged region of
interest), quantitative mechanical mapping is not possible with con-
ventional phase imaging as the phase signal is related to the energy
dissipation of the tapping tip which cannot be directly translated into
the variation of mechanical moduli [46-48]. An objective of our future
planned work stands in combining nanoindentation and topographic
AFM data with phase images collected by AFM and by scattering-type
Scanning Near-Field Optical Microscopy [49,50] to provide a correla-
tive view that can facilitate a better understanding of the in-
terrelationships that occur between the mechanical properties and the
sample’s chemical structure. Meanwhile, we provide the AFM phase
images collected in our current experiment, next to the topographic AFM
and nanoindentation data, as a public resource meant to facilitate
community efforts devoted to the in-tandem analysis of AFM topo-
graphic and phase data [https://osf.io/kb2u9/?view_only=b81le7ad4
b88d4d0d96d47b16ea53bbced].

4. Conclusion

This study’s results showed that both the loading percentage and
type of BCP influenced the topography and micro-mechanical perfor-
mance of the PVA/BCP thin films.

The collected AFM images showed a non-uniform topography char-
acterized by the presence of peaks and valleys. The fluctuation in
skewness and kurtosis values also confirmed this non-uniform topog-
raphy. The average surface roughness increased proportionally with the
increase of willow SV1-derived BCP percentage. Roughness changed
anomalously when red oak and yellow-poplar-derived BCP were used,
attributed to the differences in carbon and ash content and particle size
distribution of the three different BCP types. In future work, we plan to
implement a similar study using BCP of different origins but with a
similar size to shed light on an aspect that remains not well explained.
The nanoindentation test showed that by introducing BCP, the hardness
and Young’s modulus of the films improved dramatically as compared to
the neat PVA. The most significant enhancement was achieved with 12
wt% BCP regardless of the original biomass type. However, red oak-
derived BCP had the highest potential to enhance the micro-
mechanical features, which was attributed to the high carbon content
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and low ash content as compared to BC prepared from willow SV1 and
yellow-poplar. Therefore, PVA film reinforced with 12 % red oak BCP
can be a potential composite for packaging applications.
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