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Abstract. Biochar has emerged as a filler material for bio-degradable composites with favorable thermal and mechanical
properties. Therefore, biochar is used in poly (lactic acid) (PLA) and PLA/thermoplastic starch (TPS) based composites.
The crystallization and thermo-analytical properties of these blends with increasing amounts (20 to 50 wt%) of biochar are
investigated. In the thermogravimetric analysis, the PLA/char composites’ onset degradation temperature and temperature
of maximum weight loss decrease with increasing biochar concentrations (320 to 275 °C and 380 to 350 °C, respectively).
Contrastingly, in the PLA/TPS/char composites, the impact of the biochar is shielded by the TPS. The unaltered glass tran-
sition demonstrates that biochar does not act as a plasticizer in any of the composites, while TPS does. Biochar acts as a nu-
cleation agent, but hinders further crystal growth at high concentrations, as confirmed by isothermal crystallization and in-
frared spectroscopy. The TPS smoothens the PLA/biochar interface, leading to an obstructed nucleation effect of biochar,
proven by differential scanning calorimetry, infrared spectroscopy, and scanning electron microscopy. This work demonstrates
the shielding effect TPS has on biochar and can help to understand further and optimize the production and biodegradability
of these composites.
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1. Introduction poor heat resistance, poor toughness, high costs, and
The use of biopolymers as sustainable replacements  poor biodegradability due to its high 7, which hin-
for fossil-based products is highly advantageous, as  ders its applicability in many areas [1-4]. Therefore,
they are based on renewable resources and may have  starch is often used as a bio-based and biodegradable
the additional benefit of biodegradability. One of the  plasticizer either to improve the toughness or to tune
most researched biopolymers, poly (lactic acid) (PLA),  the interphase compatibility of PLA composites [4].
has received much attention and became industrially — Certain PLA-based materials with natural, lignocel-
viable because of its excellent mechanical properties  lulosic fillers (usually fibers), as reinforcements in
and economically favorable renewable synthesis the resulting bio-composites, have shown to be able
route, e.g., via fermentation of starch. There are, how-  to resolve a lot of the mechanical issues while re-
ever, some shortcomings to pure PLA like brittleness, maining a completely bio-degradable product [5-7].
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The use of biopolymers as matrices for natural fibers
to produce bio-composites is, therefore, growing in
popularity and gaining increasing approval for many
years [8]. Natural fibers like bamboo, coir, flax, hemp,
and many more have already been studied extensive-
ly for their use in bio-composites [8—11]. Furthermore,
natural particulate fillers of various shapes (e.g. grape
stem and alfalfa) were previously produced from dif-
ferent agricultural waste products and used in PLA
composites with concentrations up to 50 wt% [12].
Although good results are often achieved, there are
several reported problems with these fillers, includ-
ing their hydrophilic nature, variation in quality, low
mechanical properties, and sometimes high price
[13]. Except for their price, the most serious reported
shortcoming of natural fibers is their hydrophilic na-
ture, causing fragile interfacial bonding between the
fibers and the often hydrophobic polymers [14]. Fur-
thermore, the various impurities, quality variations,
and abundance of hydroxyl groups present on the
fiber surface restrain the usability of natural fibers
as reinforcement materials [ 15]. To resolve this, sev-
eral post-treatments for these fibers have been sug-
gested to modify their surfaces like alkali treatment,
peroxide treatment, fungal treatment, and steam ex-
plosion [16]. Additionally, coupling agents can be
used to improve adhesion between the fibers and cer-
tain polymers, increasing mechanical properties sig-
nificantly [17].

Biochar, which is obtained as a side-stream valoriza-
tion product from organic residues, can be used as
an alternative natural filler. The production of biochar
is a process of dealkylation, dihydroxylation (or de-
hydrogenation), and aromatization of the initial
residue streams [18]. After pyrolysis, a limited num-
ber of surface functional groups are present on the
biochar, and the low hydrogen and oxygen contents
of the biochar lead to relatively high hydrophobicity,
as compared to its original precursor [19]. Evidently,
the reported issues on particle distribution and dis-
persion within a hydrophobic polymer matrix could
be resolved by using biochar as a natural filler. The
biochar’s surface properties can eventually be tuned
by appropriate parameter selection of the pyrolysis
process. Taking this into account, pyrolysis temper-
ature for rice husk biochar was optimized, and in-
creasingly better mechanical properties of high-den-
sity polyethylene/biochar composites were found
with increasing pyrolysis temperatures up to 600 °C
[20]. Because of all the described advantages,
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biochar has been successfully incorporated within
different types of polymers for improving their elec-
trical, mechanical, thermal, and flame retardant prop-
erties [21-23]. Examples are biochar particles in
poly(trimethylene terephthalate) (PTT), and poly(lac-
tic acid) (PLA) combined with a terpolymer matrix,
resulting in increased impact strength, viscosity, and
heat deflection temperature as compared to the neat
matrix [24]. In poly(vinyl alcohol) (PVA), biochar
addition of up to 10 wt% resulted in a similar elec-
trical conductivity as that of PVA composites with car-
bon nanotubes or graphene. Furthermore, biochar ad-
dition improved thermal stability, tensile modulus,
and storage modulus [25]. In PLA, biochar addition
has led to improved mechanical properties (elastic
modulus and impact energy) [26]. Other polymers
used for producing biochar composites with advan-
tageous characteristics are, amongst others: PTT [27],
polyesters [28], and polyamides [29].

An additional advantage of using biochar as a filler
material in biodegradable polymers is envisaged in
the fact that the resulting bio-composite can be used
as a slow-release fertilizer either at the end of its life
or as its intended purpose. Biochar-based biodegrad-
able polymer composites have been previously used
as a slow-release fertilizer, showing both positive
and negative results [30, 31]. Since PLA is only poor-
ly biodegradable, a slow-release fertilizer based on
this polymer seems unlikely. However, to resolve
this issue, thermoplastic starch (TPS) has emerged
as a promising low cost, biobased blending material
for PLA, reducing costs and increasing its biodegra-
dation and hence, release rate [32—34]. To the au-
thor’s knowledge, no studies have been performed
on the use of biochar in PLA/TPS bio-composites.
Therefore, a better understanding of the interaction
between biochar particles and the PLA or PLA/TPS
blend is needed as a primary background to facilitate
the design of biopolymers as carriers for release
compounds and the understanding of release mech-
anisms of the filler. In a future application step, the
variations in the crystallinity of the host polymer in
the presence of biochar as a filler may particularly
alter the diffusion mechanisms, thermal stability, and
degradation, as well as mechanical properties result-
ing in premature fracture or brittleness, and bio-
degradability.

In this work, the effect of biochar particles pro-
duced from pyrolysis of tree bark (Pinus Sylvestris)
on the internal structure of PLA/char composites is
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investigated; in particular, the crystallization and ther-
mo-analytical properties with an increasing amount
of biochar fillers as an active ingredient are detailed.
Furthermore, the additional use of TPS as a process-
ing agent has been investigated in PLA/TPS/char
composites in order to reveal the synergistic effects
on processing and the aforementioned characteristics
of the composites. As a result, a maximum or opti-
mum amount of biochar can be proposed depending
on the control over crystallization mechanisms and
processing.

2. Materials and methods

2.1. Materials

Poly(lactic acid) pellets consist of a multi-purpose ex-
trusion-grade polymer (123-3D, Almere, The Nether-
lands) with molecular weight M, = 100000 g/mol,
My, = 150000 g/mol, melt index = 9.56 g/10 min
(210°C, 2.16 kg, ISO 1133), and copolymerization
of L-lactic acid with < 4.5 to 5 wt% D-lactic acid.
TPS (FlourPlast GP2) powder was bought from Ro-
denburg Biopolymers (Oosterhout, The Netherlands).
The biochar was produced in our laboratories from
tree bark (Pinus sylvestris), using a pilot-scale py-
rolysis reactor at 450°C and a residence time of
around 12 min, as described in previous work [35].
Biochar was ground and sieved using a Retsch AS200
Basic sieving apparatus (Haan, Germany) to a parti-
cle size <63 pm (mean size = 18.86 um, lower 10%
of the particles is below 4.80 pm, upper 10% of the
particles is above 59.98 um). The biochar was physic-
ochemically characterized by ultimate analysis using
a Thermo Electron Flash EA1112 elemental analyzer
(Thermo Electron, Waltham, USA). Calibration was
carried out using BBOT (2,5-bis(5-tert.-butyl-ben-
zoxazol-2-yl)thiophene). Ash content was analyzed
using ASTM E 1755 — 01. Oxygen was calculated by
difference (O = 100% — C% — H% — N% — Ash%).
As can be seen in Table 1, the biochar consists most-
ly out of carbon (70%), followed by oxygen (18%)
and minerals (8%). The nitrogen and hydrogen con-
tent is limited to <1% and <3% respectively.

The most commonly found surface functionalities in
FTIR are derived from aromatic C—H, and to a lesser
extent, from inorganic carbonates and residual C—O

Table 1. Elemental composition of the used biochar.

Table 2. Pre-mixed composition of PLA/char and PLA/TPS/
char composites. TPS = Thermoplastic starch.

Sample PLA TPS Biochar
[wt%] [wt%] [wt%]
PLA 100 0 0
PLA/TPS 25/75 25 75 0
PLA/TPS 50/50 50 50 0
PLA/char 80/20 80 0 20
PLA/char 70/30 70 0 30
PLA/char 60/40 60 0 40
PLA/char 50/50 50 0 50
PLA/TPS/char 40/40/20 40 40 20
PLA/TPS/char 35/35/30 35 35 30
PLA/TPS/char 30/30/40 30 30 40
PLA/TPS/char 25/25/50 25 25 50

and C—OH groups from the biomass. The BET spe-
cific surface area of the used biochar is 2.40 m?/g
(Table 1), as determined by using the N, adsorption
and desorption isotherms at 77 K with a Tristar 11
3020 surface area analyzer (Micromeritics, Georgia,
U.S.A). All materials were dried overnight in a cir-
culating hot air oven at 80 °C and sealed before fur-
ther processing.

The different compositions of PLA/char and PLA/
TPS/char were prepared according to Table 2, with
both series having the same char content relative to
either the PLA or the PLA/TPS polymer content. The
compositions were pre-mixed in the required weight
ratio’s as a dry powder and subsequently compound-
ed by melt-extrusion in a batch twin-screw micro-
compounder (DSM Xplore, Geleen, The Netherlands)
at a temperature of 200 °C, a screw speed of 200 rpm,
and a mixing time of around 5 minutes. The materi-
als were collected as continuous strands, cooled
under air conditions, and cut. All compositions were
independently produced in threefold, broken down
in small strands, and mixed into one batch.

2.2. Methods

Differential scanning calorimetry

Differential scanning calorimetry (DSC) was per-
formed using a DSC Q200 (TA Instruments, New
Castle, United Kingdom), running two heating cy-
cles and an intermediate cooling cycle between —20
and 200°C at a constant heating and cooling rate of

Sample N C H (0] Ash BET SSA
P [%o] [%o] [l [o] [o] [m*/g]
Biochar 0.86+0.02 70.27+0.89 2.77+0.04 18.03+0.89 8.08+0.08 2.40
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20 °C/min using a sample mass of 10.0+£0.1 mg. For
isothermal crystallization, a sample mass of
10.0+£0.1 mg was heated to the melting state at
200°C and kept at this temperature for about 5 min
to erase the thermal history, before the material was
quenched at 100 °C/min to a crystallization temper-
ature of 105 °C where it was kept for a period of
60 min. With the measured AH,,, the crystallinity
level (X;) can be determined according to Equa-
tion (1) [36]:

X, =B 1000
<= T—@)Am, 0% M

where AH| is the AH,, of entirely crystallized PLA
(106 J/g) [37], and @ is the weight fraction of the
filler.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) (TA Instruments
Q500, Zellik, Belgium) was performed on a sample
mass of 10.0+£0.1 mg during heating from room tem-
perature to 550°C at a heating rate of 20 °C/min
under 90 ml/min N,-flow.

Fourier transform infrared spectroscopy

FT-IR spectra were obtained using a VERTEX 70
FTIR spectrometer equipped with a DTGS detector
(Bruker, Karlsruhe, Germany), in attenuated total re-
flection (ATR) mode using a diamond crystal. The
spectra were collected between 4000-600 cm™! at a
resolution of 4 cm™' and averaged over 32 scans per
sample. The total crystallinity of the PLA/Char sam-
ples can be estimated by Equation (2) [38]:

o2 em™!
X = = -100% 2
CFTIR) ™ Jo50 cm™ T+ 1955 ™! 7 2)
where 95 ¢m 1 and Igss .1 are the areas of the crys-
talline and amorphous bands, respectively.

Scanning electron microscopy

The morphology of the composites was evaluated by
using a TM3000 Tabletop Scanning Electron Micro-
scope at 15 kV (Hitachi, Krefeld, Germany). Sam-
ples were cryo-fractured from the produced strands
into smaller parts and were gold sputter-coated using
a jfc-1300 auto fine coater (Jeol, Tokyo, Japan) for
60 seconds at 30 mA, 0.05 mbar, and a working dis-
tance of 4 cm.

3. Results and discussion

3.1. Thermogravimetric analysis

In Figure 1, the thermal stability of PLA/char and
PLA/TPS/char composites is shown. It can be seen
that pure PLA decomposes in the temperature range
from 320 to 395 °C. The maximum weight loss oc-
curs at 380 °C, which is the highest among all com-
positions. The onset degradation temperature of the
PLA/char composites is lower than this of pure PLA
and systematically decreases with the amount of
filler material. With 20% of biochar filler, the start
of the degradation and the maximum degradation
temperature lower to about 290 and 365 °C, respec-
tively, while this is about 275 and 350 °C for 50% of
biochar filler. This decrease in onset and maximum
degradation temperature was previously found for
both organic and inorganic fillers in PLA [39—44]. It
is likely caused by the decrease in molecular weight
during processing of the composites, which is accel-
erated in presence of fillers. After all, when biochar
is added to the samples, the melt shear viscosity in-
creases, thereby elevating the shear stress on the
polymer chains as well as the internal heating due to
friction and therefore accelerating degradation dur-
ing processing [39]. Additionally, carbonates origi-
nating from the biochar may have a catalytic effect
on the degradation of the ester bonds of PLA [42].
After PLA has completely degraded (7> 400°C,
Figure 1b), the residual mass is considered as bio-
char filler in the PLA/char samples. As such, the
amounts of biochar filler as determined by TGA at
450°C in the PLA/char samples are 19.7% (PLA/char
80/20), 27.2% (PLA/char 70/30), 38.5% (PLA/char
60/40), and 44.3% (PLA/char 50/50) respectively
(Table 3). Any additional mass loss after 450°C is
originating from the degradation of the biochar.
The same results can be obtained from the PLA/
TPS/char samples after both PLA and TPS have de-
graded completely (500 °C, Figure 1d). The amounts
of biochar in the PLA/TPS/char samples as deter-
mined by TGA and taking the remaining amount of
TPS (13.64% in the pure TPS sample) at 500 °C into
account are respectively 19.4% (PLA/TPS/char
40/40/20), 26.0% (PLA/TPS/char 35/35/30), 34. %
(PLA/TPS/char 30/30/40) and 43.7% (PLA/TPS/char
25/25/50) (Table 3). Duplo measurements in both
PLA/char and PLA/TPS/char yield errors below
0.1%. It can therefore be concluded that the amount
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Figure 1. Thermogravimetric and differential thermogravimetric analysis of the PLA/char composites (a, b, respectively)
and the PLA/TPS/char composites (c, d, respectively) in the temperature range of 20 to 550 °C under nitrogen at-

mosphere.

of biochar is comparable with the original formulation
of the composites, which confirms good homogene-
ity of the samples with distributive mixing of the
biochar fillers, while the retention of char in the ma-
trix has improved in the presence of TPS. Deviations
between the applied and resulting mixture ratios oc-
curred due to processing and equipment limitations
(e.g. volatilization of very fine biochar particles and
residual material in the hopper).

All PLA/TPS/char compositions with a similar ratio
of PLA/TPS 50/50 show an initial weight loss be-
tween 50 and 200 °C, corresponding to water loss and
volatilization of the plasticizer in TPS [45]. The onset
degradation temperature for PLA/TPS has dropped
to lower values than that of the pure PLA because of
the decomposition of the present starch [45]. Con-
trary to the PLA/char composites, the influence of the
biochar on the onset degradation temperature of the
PLA/TPS/char composites is negligible, as all the
composites with biochar start their decomposition at
the same temperature (around 265 °C) as PLA/TPS

50/50. Although the onset degradation temperature
is the same for all samples, the temperature of max
weight loss is decreasing from 340 °C in PLA/TPS/
char 40/40/20 to 328 °C in PLA/TPS/char 25/25/50,
which is less pronounced as compared to PLA/char
composites (Figure 1d). Based on these observa-
tions, it can be concluded that, when TPS is present
in PLA/ TPS/char, the influence of the biochar par-
ticles on the onset degradation temperature of the
composites is no longer visible, while the presence
of TPS dominates.

3.2. Differential scanning calorimetry
Nonisothermal characterization

To further understand the influence of biochar on the
thermal behavior of the PLA/char and PLA/TPS/
char composites, DSC analysis is performed. First,
the influence of biochar on the glass transition be-
havior is discussed, then the influence on the melting
behavior and degree of crystallinity is determined
from the heating cycles in regular DSC scans. Finally,
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influence of the biochar particles as an active filler
on the crystallization kinetics and mechanisms of the

isothermal crystallization is performed to assess the = composites.
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Figure 2. Thermal behavior of PLA/char composites in the 7, region (a), thermal behavior of PLA/TPS composites in the
T, region (b) and thermal behavior of PLA/TPS/char composites in the T, region (c). All graphs represent the
second heating cycle in DSC.

Table 3. Thermal characteristics of all composite materials. 7} is glass transition temperature (measured in the second heating
cycle in DSC), AC, is glass transition enthalpy (measured in the second heating cycle in DSC and normalized for
the PLA content), T;, is melting temperature (measured in the first heating cycle in DSC) and AH,;, is melting en-
thalpy (measured in the first heating cycle in DSC and normalized for the PLA content), X; is the crystallinity level,
TPS is Flourplast. (—) indicates that no result is available.

Sample ol o [?I/Cgp] o ilf/lg']' o R
PLA 0 63.2 2.1 150.0 36.2 31.3 57.4
TPS 0 — - - - -
PLA/TPS 50/50 0 59.5 1.4 145.7 32.6 30.8 —
PLA/TPS 25/75 0 57.2 2.8 145.3 56.4 53.0 -
PLA/char 80/20 19.7 62.4 2.2 152.9 454 42.8 36.2
PLA/char 70/30 27.2 61.9 2.4 149.8 37.6 35.5 44.0
PLA/char 60/40 38.5 62.4 2.3 148.2 38.2 36.0 2.7
PLA/char 50/50 443 62.6 2.4 148.4 36.7 34.6 12.1
PLA/TPS/char 40/40/20 24.9 59.9 14 147.4 36.5 343 —
PLA/TPS/char 35/35/30 30.8 59.1 1.7 1454 38.9 36.7 -
PLA/TPS/char 30/30/40 38.2 59.2 1.9 145.4 45.0 42.2 -
PLA/TPS/char 25/25/50 47.1 61.2 1.7 149.0 37.6 35.34 —
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A detail from the nonisothermal DSC analysis illus-
trates the effect of biochar fillers on the glass transi-
tion temperature (7)) and heat capacity change (AC,)
for PLA/char and PLA/TPS/char composites, shown
in the thermographs in Figure 2 and summarized as
numerical values in Table 3. When biochar particles
are added to the PLA matrix, no significant influence
on the glass transition temperature (7,) of PLA is ob-
served (Figure 2a). The T, remains within a statisti-
cal temperature variation of 1°C, and therefore no
plasticizing effect of biochar on PLA is observed. In
parallel to the changes in T, the normalized glass
transition enthalpy (AC,) remains generally unaf-
fected by the biochar particles as it remains between
2.2 and 2.4 J/g in all PLA/char samples, as compared
to 2.1 J/g for pure PLA.

In the presence of TPS, the T, of PLA is significantly
decreased from 63.2 for pure PLA to 59.5°C for PLA/
TPS 50/50 and to 57.2 °C for PLA/TPS 25/75, respec-
tively (Figure 2b). This indicates that TPS is well dis-
persed in the composite and therefore allows for a
lower T}, The plasticizing effect of TPS is well-known

15\
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=
E
2
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©
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2
w
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]
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I |— _— I
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a “‘ -
3 -
5 W
>
w
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c) Temperature [°C]

[32], and the resulting reduction in T is far more
pronounced than for biochar fillers. Adding biochar
to the PLA/TPS samples again has no significant ef-
fect on the 7, of the PLA/TPS/Char composites as
the deficit in 7, remains below or around 1°C. At
high biochar concentrations, the biochar particles are
even counteracting the plasticizing effect of the TPS
on PLA, most likely due to the fact that a large
amount of biochar particles restrict the mobility of
the polymer. The normalized glass transition en-
thalpy (AC,) first increases to 1.9 J/g in PLA/TPS/
char 30/30/40 and then decreases again to 1.7 J/g in
PLA/TPS/char 25/25/50, confirming that the chain
gradually becomes more mobile due to the presence
of TPS, while being restricted at the highest char
concentrations (50 wt%).

The effects of biochar on the melting temperature
(Thn) and degree of crystallinity (X.) can be followed
from the melting trajectories shown in the thermo-
grams in Figure 3 and summarized integration values
included in Table 3. From Figure 3a, it can be seen
that the melting temperature of PLA in the first heating

PLA
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Heat flow [mW]
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3
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o
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Figure 3. Thermal behavior of all composites in the melting temperature range with: the first heating DSC curves of PLA/char
samples (a), the second heating DSC curves of PLA/char samples (b), the first heating DSC curves of PLA/TPS
samples (c) and the first heating DSC curves of PLA/TPS/char samples (d).
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cycle first increases from 150.0 °C for pure PLA to
152.9°C in PLA/char 80/20, and then decreases with
an increasing amount of biochar to 148.4 °C in PLA/
char 50/50, due to interaction between PLA and bio-
char particles. In parallel, the normalized melting en-
thalpy (AHy,) of the composite materials first de-
creases sharply from 45.4 J/g in PLA/char 80/20 to
37.6 J/g for PLA/char 70/30 and then remains rela-
tively constant with an increasing amount of added
filler, but always remains higher than this of pure
PLA (Table 3). It has to be noted that the first heating
cycle is recorded after extrusion, which provides a
characterization of the material after processing. Con-
sequently, chain orientation caused by flow during
extrusion may not be completely relaxed before so-
lidification of the material. To ensure a consistent ther-
mal and flow history for all materials, samples for
DSC were always taken at the same distance from
the beginning of the strand.

For PLA without any fillers, no melting peak was ob-
served in the second heating cycle (Figure 3b). This
corroborates with the lack of a crystallization peak
during the cooling scan of PLA (details not shown),
which is a common feature for commercial grades of
pure PLA due to the relatively slow nucleation and
crystallization growth mechanism by the organiza-
tion of the PLA chains. A melting peak did, however,
always occur when biochar was added to the PLA ma-
trix, proving the favorable crystallization effect bio-
char particles have on PLA. The melting peak in the
second heating run remains relatively sharp and is
located at higher temperatures at low biochar con-
centrations in PLA/char 80/20, while it progressively
broadens and shifts towards lower temperatures with
increasing biochar concentrations. This suggests that
a small amount of biochar acts as a nucleating agent,
while the crystalline quality or size reduces in the
presence of higher biochar concentrations. For PLA
composites with talc as a filler, it was hypothesized
that the large nucleation rate of the filler leads to the
formation of many small crystals that melt at a lower
temperature [46]. This hypothesis is in accordance
with the results for PLA with high amounts of biochar.
The occurrence of the highest melting temperatures
would be attributed to the formation of a denser crys-
talline structure by recrystallization processes, which
is obviously hindered in the presence of biochar
fillers. The highest melting temperatures were
achieved for PLA/char 80/20 in both the first
(152.9°C) and the second heating cycle (152.3 °C).

Therefore, the melting behavior of the PLA related to
the development of specific crystalline structures is
clearly influenced by the presence of biochar fillers.
From Table 3, it is clear that for the biochar compos-
ites, X. is always higher than this of the pure PLA.
This indicates that biochar particles have a nucle-
ation ability when incorporated in the PLA structure,
thereby increasing the degree of crystallinity. Lezak
et al. [47] previously found that high amounts of or-
ganic particles with developed surfaces act as a nu-
cleating agent in PLA-based composites. Further-
more, similar results were previously found when
chestnut shell biomass was used as a filler material
at 30 wt% in PLA [48]. The reduction in melting tem-
perature when more than 20 wt% of biochar is pres-
ent in the sample, together with the reduction in X,
rather suggests a reduction in crystallite stability or
size due to a large amount of biochar particles, hin-
dering the growth of the crystals. This confirms the
previous hypothesis that the crystalline quality or
size reduces in the presence of high biochar concen-
trations, as the presence of small microparticles like-
ly hinders the molecular freedom and mobility to re-
organize in a well-ordered crystalline structure.
Considering the effects of TPS (Figure 3c¢), it can be
seen that TPS shows no melting behavior in the tem-
perature range of 130-170°C, and the PLA/TPS
composites both show a double melting peak that be-
comes more intense for the PLA/TPS 50/50 than for
the PLA/TPS 25/75. 1t is, therefore, clear that TPS
has a significant influence on the crystallization
process of PLA. Comparing PLA/TPS 50/50 and
PLA/char 50/50, the influence of TPS on the crys-
tallization of PLA seems to be larger than this of
biochar, as the melting peak is split and broadened
to a further extent. The double melting peak was pre-
viously found for PLA/(thermoplastic) starch blends
and attributed to the plasticizer and nucleation effect
of the (thermoplastic) starch [49, 50]. The occur-
rence of the double melting peak in PLA is common-
ly attributed to the crystalline polymorphs with a re-
crystallization process inducing the transformation of
an o’-crystalline mesophase into a more stable a-crys-
talline phase, which is more favorably promoted by
TPS in contrast to the biochar fillers. The double melt-
ing peak behavior is also visible in the first heating
cycle of all PLA/TPS/char composites (Figure 3d),
except for the composite with the least amount of
TPS and the highest amount of biochar (PLA/TPS/
char 25/25/50). The absence of this co-operative

350



Haeldermans et al. — eXPRESS Polymer Letters Vol. 15, No.4 (2021) 343—-360

melting peak in PLA/TPS/char 25/25/50 is attributed
to the high level of biochar particles, which makes
it harder for the TPS to assert a significant influence
on the crystallization process of PLA. In the second
heating cycle, no melting peak was observed for any
of the PLA/TPS/char samples, confirming that no
crystallization was achieved during the nonisother-
mal cooling cycle. In the PLA/char samples, a melt-
ing peak was indeed observed in the second heating
cycle, indicating that TPS obstructed the nucleation
effect of the char.

The influence of TPS and biochar on the crystalliza-
tion of PLA is also visible in X, (Table 3), as this pa-
rameter is rising from 31% in PLA to 53% in PLA/
TPS 25/75. This observation is in agreement with the
known behavior of TPS as a nucleating agent in com-
posite materials [32]. A lot of research has already
been done on the influence of (thermoplastic) starch
in PLA composites on the crystallization of these
composites. These studies all confirm and conclude
that TPS does indeed act as a nucleation agent, im-
proving the crystallinity of the PLA [33, 34, 51].
When adding both TPS and biochar, X, is lower than

this of PLA/char composites at low char concentra-
tions (20 wt%), again indicating the obstruction of
the nucleation effect of the biochar. Crystallinity
rises to a maximum of 42% at intermediate char con-
centrations in PLA/TPS/char 30/30/40 and then de-
creases again to 35% in PLA/TPS/char 25/25/50.

Isothermal characterization

The effect of biochar as an active filler on the crys-
tallization kinetics of PLA/char composites was fur-
ther detailed from isothermal crystallization experi-
ments at 105 °C, as shown in Figure 4. The occurrence
of crystallization over time can be noticed as an exo-
thermic peak in the heat flow signal (Figure 4a), which
remains absent for the pure PLA and shifts in time
and/or intensity when biochar fillers are present. In
the presence of biochar fillers, two concurrent effects
likely manifest: i.e. the higher char concentrations ac-
celerate the time for maximum crystallization while
the intensity of the crystallization process decreases.
The results of isothermal crystallization can be further
described by the Avrami model to determine the ki-
netic crystallization parameters, as frequently used to
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;J_.‘-_‘——All 4 r 4
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o 7
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w X<
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Figure 4. [sothermal crystallization isotherms of PLA/char composites (a), relative crystallinity vs. time (b) and the Avrami
plots of log[-In(1 — X;)] vs log(¢ — ty) for PLA/char composites cooled from melt to an isothermal crystallization

temperature of 105°C (c).
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monitor the effects of nucleating agents (such as e.g.,
phtalhydrazide) in PLA [52]. The Avrami equation is
widely used to describe the isothermal crystallization
of polymers and is given by Equation (3) [53]:

log[—In(1 —X,)| = log(k) + n - log(t) (3)

where X; is the time-dependent volume fraction of
crystallinity (relative crystallinity), & is the crystal-
lization constant [min~'], and # is the Avrami expo-
nent. The relative crystallinity Xt can be calculated
from the experimental isothermal DSC heat flow
measurements according to Equation (4):

t
/ 4 4t
X, =t (4)

/ 4 g

0

with dH/dt the relative heat flow, as calculated by
integration of the experimental isothermal crystal-
lization experiment (Figure 4a). The latter plots of
X; versus (t —ty) (Figure 4b) exhibit a typical S-
curve that illustrates the different stages of the crys-
tallization process as a function of time. After loga-
rithmic transformation, the plot of log[-In(1 — X})]
vs log(¢ — ty) is linear in the selected range (Figure 4c),
and the crystallization parameters k and n are deter-
mined by curve fitting the data (i.e., slope n and in-
tercept log(k)). These crystallization parameters for
PLA/char composites with different biochar percent-
ages are summarized in Table 4.

Although the interpretation of the Avrami constants
(k and n) is difficult and open to interpretation, im-
portant information can be gained from these param-
eters [53]. The Avrami exponent (») is related to the
dimensions of crystal growth and the nature of nu-
cleation. The n values of the composite materials are
between 2.73 and 2.27 and decrease with increasing

Table 4. Avrami kinetic crystallization parameters for the
different PLA/char composites. In PLA, no crystal-
lization was observed due to the lack of nucleating

agents.

Sample name n k(-107% t1/i;111i(:1?el ti/:nf:]p
PLA — - - —
PLA/char 80/20 2.73 8.34 12.63 12.50
PLA/char 70/30 2.70 7.28 12.72 13.26
PLA/char 60/40 2.39 18.89 11.84 10.83
PLA/char 50/50 2.27 35.76 10.16 8.90

352

biochar content. An n value close to 3, as is the case
for the samples with lower amounts of biochar, is an
indication that the crystal growth is a three-dimen-
sional and athermal process. Furthermore, this is an
indication that the nuclei are preformed and present
from the beginning. The lower values of n observed
at higher biochar concentrations indicate the pres-
ence of non-randomly distributed nucleation sites,
reducing the growth to 1 or 2 dimensions [54]. This
is in good correlation with the high amounts of
biochar particles (>30 wt%), hindering the growth
of large crystals.

Analysis of the half crystallization time (#,,) indi-
cates first that there is a good correlation between
the experimentally found #;,, and the ¢/, determined
with the Avrami model. Secondly, there is a strong
correlation between the #1,, with the amount of bio-
char in the composites. The faster crystallization rate
that is achieved as more biochar is added to the sam-
ple is ascribed to the nucleation effect in the presence
of biochar. It is noticeable that the #,,; keeps decreas-
ing when more micro-scale biochar particles are
added. Contrastingly, it was found that for nanoscale
particles, this optimal crystallization rate is already
achieved at 10 wt% of filler material, after which the
t1» increased again [55]. This optimum concentra-
tion is evidently higher for the micro-scale biochar
particles, as it was also observed in the presence of
talc or kenaf fiber [54, 56]. The higher optimum con-
centration required for the biochar particles is related
to the specific interface area between the particle and
matrix, where heterogeneous nucleation starts.

3.3. Fourier transform infrared spectroscopy

The FTIR spectra of PLA/char composites with dif-
ferent concentrations of biochar are shown in Fig-
ure 5a, indicating significant variations in the spec-
tral range of 1900 to 600 cm™!. The spectra were
normalized on the 1455 cm™! band (-CH3) as it is cen-
trally located and inert [42]. Furthermore, this absorp-
tion band is absent in the spectrum of the biochar. The
characteristic bands for PLA are recognized and ex-
plained into detail in [38], while the biochar fillers
only showed a specific absorption band in the region
of around 1600 cm™'. This broad band is increasing
with the amount of biochar particles in both the
PLA/char and PLA/TPS/char composites and is at-
tributed to C=C aromatic ring stretching of the bio-
char, as was also found by Das et al. [22]. The FTIR
fingerprint region can be used as a technique for
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Figure 5. FTIR spectra in the region of 600—1900 cm™! of PLA/char (a) and PLA/TPS/char (b) composites normalized at

the intensity of the CHsz band at 1455 cm ™.

qualitative analysis of the crystalline structure (1000
to 1900 cm™ spectral region) and estimation of quan-
titative crystallinity (especially in the 900 to 970 cm™!
spectral region).

From the spectral region 1000 to 1900 cm™, slight
structural changes of the PLA polymer matrix upon
the addition of biochar fillers are observed (Fig-
ure 5a). The 1777 cm™ band (C=O ester) is the most
intense and well-resolved peak, which does not show
significant variations in intensity or position between
the different composites. The minor influences of
crystallinity in the 1777 cm™! band with an eventual
shift from 1743 cm™ (amorphous) to 1783 cm™ (crys-
talline) were not observed, as they mostly change
after variation in interlamellar region spaces during
thermal treatment after a relatively long time [57].
The 1382 and 1360 cm™" bands (C—H stretching of
—CH3) do not specifically change with crystallinity
[58], but changes in crystallinity might induce stress
or orientation on the polymer side-chains. This is re-
flected by the decrease of the relative intensity of the
1360 cm™! absorption band at higher biochar con-
centrations. The 1212 cm™! shoulder band (C-O-C
asymmetric vibrations, -CH3; asymmetric rocking
vibrations) is sensitive to conformational changes in
the backbone and crystalline phase [57] and is sig-
nificantly more pronounced in the spectrum of PLA,
PLA/char 80/20, and PLA/char 70/30 than in the
spectra of PLA/char 60/40 or PLA/char 50/50. These
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variations indeed agree with the DSC measurements,
indicating the highest degree of crystallinity for
PLA/char 80/20 and PLA/char 70/30. In the lower
wavenumber region, the 863 cm™! bands (C—C, amor-
phous) and 758 cm™! bands (C-C, crystalline) [59]
indeed show slight changes that qualitatively can be
related to small crystalline variations by the addition
of char.

Supplementary effects with a TPS plasticizer are ob-
served (Figure 5b), including an overlapping band
originating from both the carbonyl stretching peak
at around 1760 cm™' of PLA and the corresponding
TPS peak at around 1730 cm™', of which the ratio is
changing in agreement with the composition. The
aromatic C=C peak at around 1600 cm™! originating
from the biochar is masked by the presence of TPS.
Furthermore, the influence of the biochar particles
seems to be greater on TPS than on PLA. This is ev-
idenced by the fact that the only changes that are oc-
curring when more biochar is added to the composites
are decreases in the characteristic bands of TPS at
around 1365 cm™' (C-H bending in CH, [60]),
1238 cm™! (O-H bending [61]), 1020 cm™' (C-O
stretching of the anhydro-glucose ring of TPS [62]),
995 cm™! (C-O—C stretching vibrations of a-1,4 gly-
cosidic linkages and C—O—H bending vibrations [63])
(Figure 6). The bands at around 1212 and 1140 cm™,
representing PLA crystallinity [57], do not decrease
with biochar addition. This indicates that the influence
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Figure 6. FTIR spectra in the region of 840—1400 cm™' of PLA/TPS/char composites, normalized at the intensity of the CHj
band at 1455 cm™'. PLA indicates that the band is originating from PLA, TPS indicates that the band is originating

from TPS.

of biochar on the crystallization of PLA is minimal
as compared to that of TPS. Furthermore, the decreas-
ing band at 1238 cm™' with an increasing amount of
biochar indicates that biochar interacts mostly with
TPS via OH-interactions [61] in the polymer side
chains, while the backbone stays unaffected by the
biochar. This observation suggests that the interface
between biochar and PLA is smoothened by the me-
diating effect of TPS.

A special region of interest for both PLA/char and
PLA/TPS/char composites is the one between 900
and 970 cm™! (Figure 7). The absorption band at
920 cm™! is known as the characteristic of a crystals
[64]. It was previously found that during crystalliza-

P / PLA
\__N . MPLA/char 80720
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Figure 7. FTIR spectra in the 900-970 cm™' region for
PLA/char (a) and PLA/TPS/char (b) composite
materials.

tion, the intensity of the band at 920 cm™! increases,
while the intensity of the amorphous band at 955 cm™!
decreases. These trends are indeed observed in the
presence of biochar (Figure 7a), with more crystalline
structures for PLA/char 80/20 and PLA/char 70/30
than in the PLA/char 60/40 or PLA/char 50/50. Al-
though the decrease in crystallinity with the addition
of more biochar in the PLA samples only occurs after
more than 30 wt% of biochar in FTIR, the results
correlate well with DSC as very high biochar contents
decrease the overall crystallinity of the sample.

It is, therefore, possible to determine the quantitative
relative crystallinity of the samples using the inten-
sity ratios of both absorption bands [38].

The calculated values change from X, = 57.4% for
pure PLA, to X, =36. % (PLA/char 80/20) and X, =
44.0% (PLA/char 70/30) and X, < 10% for the
PLA/char compositions with more biochar. In the
PLA/TPS/char samples, no unambiguous quantita-
tive information about X ¢rir) can be obtained from
these peaks due to the presence of the C—O—C vibra-
tion band of starch at around 930 cm™! [65], causing
strong overlap in the concerned region (Figure 7b).
The stronger variations in crystallinity calculated
from FTIR compared to DSC are due to the fact that
both techniques detect different aspects of the crys-
talline structure [42]. However, the crystallization
may be strongly influenced by interfacial interactions
between the matrix and filler, forming very local
crystallites or trans-crystalline layers with very com-
plex melting behavior that differs from the properties
of a spherulite-like crystalline phase. In particular,
for the porous fillers, the nucleating ability and for-
mation of the supramolecular structure are strongly
influenced by the particle morphology [66].

354



Haeldermans et al. — eXPRESS Polymer Letters Vol. 15, No.4 (2021) 343—-360

3.4. Scanning electron microscopy

The changes in morphology for PLA, PLA/char, and
PLA/TPS/char composites are illustrated by SEM
microscopy on a fractured cross-section of the ex-
truded strands. First, it is clear from Figure 8a that
the used biochar is very heterogeneous, both in size
and shape. The macroscopic surface of the used bio-
char is characterized by smooth regions, alternated
with rough, porous regions due to degradation during
pyrolysis. For the pure PLA (Figure 8b), a smooth and
continuous polymer section is observed as biochar
particles are not influencing the interface in this sam-
ple. For the PLA/char 80/20 (Figure 8c), it can be
seen that the biochar particles are well dispersed in
the PLA structure, while for the PLA/char 50/50
(Figure 8d), these particles are often found in clus-
ters. The surface of the samples with biochar shows
an increasing amount of plastic deformation with an
increasing amount of biochar particles. The TPS
image (Figure 8e) shows a smooth surface alternated
with large air cavities. In the SEM image of PLA/TPS
50/50 (Figure 8f), it can be seen that the surface is
more continuous without air cavities. The surface of
this blend is rougher than that of pure PLA due to an
increased potential for plastic deformation as com-
pared to the pure PLA. From samples with 20 (Fig-
ure 8g) and 50 wt% (Figure 8h) of biochar, it becomes
clear that also like in the PLA samples, the particles
are well dispersed in the polymer structure for low
concentrations of biochar, while they are more clus-
tered at high filler loadings. The clustering of the

Char _ PLA

g i

b)
PLATPS 50/50

biochar particles is in agreement with the results found
from DSC and FT-IR spectroscopy.

When looking in more detail at the interfaces be-
tween the biochar particles and PLA (Figure 9a and
9b), it becomes clear that large voids are present all
around the biochar particles. As more biochar parti-
cles are added, more of these voids emerge, which in-
dicates a reduced interaction between the biochar
surface and the PLA. The appearance of these voids
coincides with the decreasing crystallinity of the sam-
ple, as evidenced by DSC and FT-IR results. Con-
trastingly, when TPS is present in the composites
(Figure 9c¢ and 9d), these voids are no longer present
and are replaced by thermoplastic layers over the
biochar particles, again indicating that TPS smoothens
the interface between the biochar and the PLA. This
observation confirms the results of both DSC and
FT-IR spectroscopy, where the effects of char fillers
on crystallization properties are masked in the pres-
ence of TPS.

4. Conclusions

The effect of up to 50 wt% of biochar particles in
PLA/char and PLA/TPS/char samples prepared by
melt compounding on the sample’s composition, ther-
mal characteristics, and crystallization behavior was
investigated. It was found from TGA that biochar par-
ticles decrease the onset degradation temperature in
PLA/char samples to a great extent (320 to 275 °C),
while this is not the case in PLA/TPS/char samples
(265°C) due to the presence of TPS, shielding the
PLA/char 80/20

d o

PLA/char 50/50

i

Figure 8. SEM images of char (a), PLA (b), PLA/char 80/20 (c), PLA/char 50/50 (d), TPS (e), PLA/TPS 50/50 (f),
PLA/TPS/char 40/40/20 (g) and PLA/TPS/char 25/25/50 (h). Red arrows indicate biochar particles, and red circles

indicate clusters of biochar particles.
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Figure 9. SEM images showing the interfaces between the char particles and polymers in PLA/char 50/50 (a and b),
PLA/TPS/char 25/25/50 (c and d). Red arrows accentuate the interfaces.

effect of the biochar. From DSC, it is concluded that
biochar does not influence the glass transition tem-
perature, while TPS clearly does due to plasticization
effects. Furthermore, it is found that both biochar
and TPS act as a nucleation agent in crystallization.
In PLA/TPS/char samples, the crystallinity remains
lower than this of the PLA/char samples at low
biochar concentrations (20 wt%), indicating that TPS
is obstructing the nucleation effect of the char. It was
found from SEM that at higher biochar concentra-
tions (>30%), the biochar particles are more clus-
tered, decreasing the crystallinity of the samples as
found in both DSC and FTIR. From isothermal crys-
tallization, it was found that the Avrami model fits
the experimental behavior of the PLA/char samples
well and that the half crystallization time keeps
decreasing when more biochar particles are added to
the PLA. From a comparison of the PLA/char and

PLA/TPS/char samples, it can be concluded that TPS
acts as an intermediator between the biochar and
PLA, smoothening the interface between biochar and
PLA. This result is confirmed in all TGA, DSC, FT-
IR, and SEM measurements. Taking all results into
account, this research gives valuable insights in the
mechanistic interaction between biochar, TPS, and
PLA in their respective composites and can help to
further understand and optimize the release mecha-
nisms in the future application as a slow-release fer-
tilizer.
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