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Abstract

Bioplastics reinforced by agricultural waste fibres show promise to provide degradation back into the environment when they
are no longer needed. These biocomposites have the potential to replace synthetic polymers from non-renewable resources
in some applications and may turn out to be one of the material revolutions of this century. Unlike synthetic composites,
biocomposites are renewable, carbon neutral, biodegradable and non-petroleum based and have low environmental, human
health and safety risks. In this paper, poly(lactic acid) (PLA)-based biocomposites filled with technical cellulose fibres (CeF)
and rice husks (RHs) at 10-30 mass% loading were prepared by twin-screw extrusion and injection moulding to enhance
stiffness of resulting biocomposites. Particular attention was given to the enhancement of adhesion between the polymer
matrix and natural filler through the physical modification by ozone (O5) and dielectric barrier discharge (DBD) plasma (p)
surface treatments. Further than, compatibilizing agent based on PLA-g-MAH was produced and introduced into the PLA
systems. The non-isothermal crystallization behaviour and thermal properties were investigated through differential scanning
calorimetry (DSC) under various cooling rates (5, 10, 20 and 40 °C min~!). The addition of both fillers increased overall
crystallization kinetics of resulted biocomposites, especially at high cooling rates. An increase in crystallinity degree from
2.4 (neat PLA) up to 51% has been observed for PLA/30CeF; samples at 40 °C min~' cooling rate. An increase in crystal-
linity degree based on mass percentage of filler was noticed especially for PLA/RH. Mass percentage increase in CeF did not
notice significant increase in PLA crystallinity. The influence of RH and CeF on transformation behaviours of PLA o'-/a-
polymorphs was observed. The elimination of imperfect o’-crystals was observed with increasing amount of RH and CeF.
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Introduction

Plastics are petroleum-based products that became a requisite
part of our daily life in the last century. Consequently, ques-
tions about petroleum sources capacity and environmental
pollution are nowadays more and more important. Therefore,
many researchers and companies are focused on developed
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biodegradable materials made from renewable sources [1-5].
Currently, there are several common available biopolymers,
among them: poly(lactic acid) (PLA); polyhydroxyalkanoate
(PHA); polycaprolactone (PCL); biopolyethylene (Bio-PE);
polybutylene adipate terephthalate (PBAT); and polybutylene
succinate (PBS) are produced by either from bioresources or
biodegradable, or both [2]. The limit of many eco-friendly
materials/products consists especially in high cost and low
mechanical and thermal properties [2, 6, 7].

From mentioned biopolymers, PLA has great potential to
substitute petroleum-based polymers. It arises mainly due to
its relatively low cost, good mechanical properties (similar
to commodity plastics), biodegradability under industrial
conditions and good processability. PLA is aliphatic ther-
moplastic polyester that is characterized by relatively high
modulus and strength, excellent flavour and aroma barrier
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properties [8]. On the other hand, it also possesses low heat
deflection temperature (HDT) [6, 7], relatively high perme-
ability to gases like water vapour or oxygen and slow crystal-
lization rate [7, 9]. To treat these limits and enhance prop-
erties, several modifications could be made. For example,
ring-opening copolymerization of lactide acid with cyclic
monomers glycolide, e-caprolactone, d-valerolactone and
trimethylene carbonate is used [1]. Blending with other
polymers (e.g. PLA/PHA, PLA/PHB, PLA/MAPE, PLA/
MAPP) [10] and addition of particles, additives or plasti-
cizers are also very often used modifications [3, 11-13]. An
enormous variety of natural fibres prepared form flax, hemp,
straw, kenaf, jute and milling product particles from wheat,
corn, soybean hulls, sorghum, oat and barely were investi-
gated in last decades [1, 2, 14, 15]. Their thermal, physical
and other properties depend not only on the applied amount
and size of fibres, but also on fibres composition (e.g. con-
tent of cellulose, hemicellulose, lignin, wax and pectin) [3].
Another important parameter is adhesion between PLA and
natural fibres. The cellulose-based natural fibres are gener-
ally hydrophilic, and PLA matrices are hydrophobic mate-
rial with oxygen atoms [16]. This phenomenon causes poor
interfacial bonding between both components. Therefore,
improvement of this inherent surface incompatibility is nec-
essary. There are several types of modifications, which could
treat this problem such as chemical, biological or physical
treatments. The effect of physical treatments to natural fibres
consists of cleaning impurities, etching, roughening and
activation of the fibre surface. It could be made via bom-
barding fibre surface with high-energy particles such as free
radicals, ions and electrons in the plasma stream [16, 17]. In
research of Jang et al. [18], a positive effect of coconut fibres
plasma treatment on mechanical properties of PLA compos-
ites (increasing in tensile strength and Young’s modulus)
was detected. Chemical treatment is another possibility of
natural fibre modification. It is not an eco-friendly method
as physical treatment, but a higher impact on mechanical
properties could be expected [6, 10, 19] due to mechani-
cal interlocking reactions between cellulose —OH groups
and polymer function groups. Nowadays, as commonly
chemical treatment is applied, e.g. alkali treatment, silane
treatment, acetylation treatment and graft copolymerization
with maleic anhydrides, acrylic acid, acrylonitrile and vinyl
monomers. In particular, graft copolymerization could be a
very efficient way to strengthen the nonpolar polymers and
natural fibres [17]. The grafted group to the side of the main
chain (branched copolymers) initiates the free radicals on
the cellulose molecule, which reacts with —OH bonds on
the polymer matrix. Consequently, this chain interfraction
adhesion improving has a positive effect on the mechanical
and other material properties [17]. In publication of Bour-
maund and Pimbert [20] was reported that grafted maleic
anhydride on PP and PLA, which were filled with reed fibres
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(20, 30 and 40 mass%), increased tensile modulus by 28.6,
61.5 and 95.6%. But the tensile strength of biocomposites
was without any significant changes [20]. Besides that, other
chemical treatments evoke significant changes in material
properties. Tran et al. [19] and Mazzanti et al. [21] reported
an increase in mechanical properties and thermal stability
of PLA biocomposite containing rice husk or short hemp
fibres, which are modified with silane agent or alkaline treat-
ment, respectively.

As it was mentioned above, slow crystallization kinetics
and low heat deflection temperature (HDT) are other dis-
advantages of PLA. As a specific polymer with the stereo-
chemical molecular composition, PLA could be produced
as totally amorphous or with up to 40% crystallinity. Due
to its polymorphism, PLA could crystalize in a variety of
different crystal modifications [22]. Crystallization condi-
tions during conventional injection moulding allow growth
of two different polymorphs: an ordered a-phase produced at
high crystallization temperatures and a disordered (condis)
o'-phase that develops at low temperatures. The o' modi-
fication has conformational disorder and a loose chain-
packing manner, which defines this crystal modification
as a mesophase or condis crystal. Upon slow heating in a
relatively narrow temperature, region then transforms to the
a-polymorph [22-25]. Conformational disorder and meta-
stability of a’-crystals are summarized in publication of Di
Lorenzo and Androsch [23]. The crystallization degree as
well as crystallization rate directly depends on the macromo-
lecular imperfections, because any imperfections decrease
both parameters [1]. PLA is commonly produced as mac-
romolecules that contain mainly L-lactide monomer and
minor fraction of p-lactide groups. p-lactide induces twists
in very regular PLLA architecture. Therefore, PLA with a
higher content of L-lactides groups has higher crystallization
ability [1]. The dependence between crystallization kinetics
and molecular mass has been reported in several publica-
tions [1, 7]. The crystallization rate increases with decreas-
ing molecular mass. Consequently, copolymerization and
blending process strongly effects created morphology. Jia
et al. [7] developed a special dynamic impregnating method
for production of graphene oxide (GO)/polyethylene glycol
(PEG) which was introduced into PLA matrix. The hybrid
GO/PEG low molecular mass component enhanced crystal-
linity of PLA matrix, and it improved HDT properties.

With respect to the previous summary, the main aim
of current studies is to enhance the limits of PLA. Hence,
the objective of this study was to investigate some way of
improving PLA properties. Major goal of this study was to
evaluate the influence of chemical treatment based on maleic
anhydride (MAH)-grafted PLA and plasma and ozone physi-
cal surface treatments of fillers on crystallization kinetics
of biocomposite containing a different concentration of
rice husk (RH) and cellulose fibres (CeF). The rice husk is
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agriculture waste by-product, representing 23 mass% of the
total production [26]. The mass composition on dry basis
of rice husk has been averaged as 20 mass% ash, 22 mass%
lignin, 38 mass% cellulose, 18 mass% pentosans and small
amounts (2 mass%) of other organic matter [10, 27, 28]. In
comparison with many renewable agriculture materials, RH
has low moisture content (8%) and a considerable quantity
of silica (SiO,) [24]. Several publications, e.g. [29, 30], have
been found that amorphous SiO,, which was obtained from
burning rice husk, could be used as a nucleation agent. Con-
sequently, evaluation of the influence of physical surface
plasma treatment and ozone treatment of rice husk on crys-
tallization kinetic can reveal very interesting results. Moreo-
ver, the presence of grafted maleic anhydride in the PLA
matrix can evoke some changes in the crystallization pro-
cess, due to lowering molecular mass due to chains scission
and enhanced adhesion. Cellulose is another easily avail-
able, renewable and fully degradable material, which could
decrease product price and improve biocomposite properties.
Therefore, the plasma surface modification and ozonization
of cellulose-based PLA biocomposite as well as the effect
of grafted maleic anhydride were evaluated.

Experimental
Materials

The commercial poly(lactic acid) (PLA) Ingeo 3001D, sup-
plied by Nature Works (USA), was used for experimental
evaluation of biocomposites non-isothermal crystallization
kinetics. It is material, which contains 95 mass% of L-lac-
tide, having approximate molecular mass 155 000, glass-
transition temperature 60 °C and melting point 170 °C. The
ground rice husk (RH) with average particles size 50 pm
(Vietnam, Khang Ho Province) and technical cellulose fibres
(CeF) purchased by Arbocel ZZC 500, J. Rettenmaier &
Sohne (Germany) were applied as fillers (Fig. 1). Grind-
ing of rice husks was made on Retsch cutting mill SM300
(Retsch, Germany). Producer of technical cellulose declares
the average fibres size as a 400 pm, thickness 45 pm and
chemical composition: 80-90 mass% cellulose and 10-20

Fig. 1 Natural fillers: a rice
husk, b ground rice husks, ¢
cellulose fibres

mass% calcium carbonate [31]. The rice husk chemical com-
position is variable and depending on the type of climatic
and geographical conditions, paddy, crop year and sample
preparation [27].

Surface treatment of natural filler

Physical surface treatment as plasma (p) treatment and ozone
(O5) treatment was applied for improving inherent surface
incompatibility between PLA matrix and used natural fillers.
There are several types of plasma treatment methods [17].
The cold plasma atmospheric dielectric barrier discharge
(DBD) evoked by UNIPLASMA 140 apparatus (MSV SYS-
TEMS CZ s.r.0, Czech Republic) was applied in this study.
This apparatus is designed for continuous modification of
solid or powder materials and is characterized by very high
energetic efficiency (higher than commonly used plasma
jet and coplanar dielectric discharge) [32]. Plasma surface
treatment conditions (p) were set as follows: AC source 20
kV, AC source frequency 10 kHz, distance of electrodes:
5 mm (parallel), dielectric barrier 1: corundum, dielectric
barrier 2: rubber, working gas: air (relative humidity 40%)
and modification time 5 s.

The GO 5LAB (Triotech, Czech) apparatus was applied to
generate ozone during surface treatments. Natural fillers (RH
and CeF) were exposed to dried airflow (dew point +5 °C,
flow rate 3 L min~!) with a concentration of oxygen nearly
100% and generation of ozone by 20 mg L~!. Ozone concen-
tration was measured by UV photometer LF200 (Greisinger,
Germany). Elimination of redundant ozone was ensured in
ozone destruction units, which is filled with active carbon.
Treating time was 4 h. Additionally, the natural fillers were
cleaned in pure airflow for 1 h to replace the rest of ozone.

Analysis of the surface of rice husks and cellulose
fibres

The surface of rice husks and cellulose fibres was ana-
lysed using scanning electron microscopy (SEM) in a Carl
Zeiss ULTRA Plus (Carl Zeiss, Germany) at an accel-
eration voltage range of 2-5 kV. A thin layer (several
micrometers) of SiO, was observed on the surface of RH.
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Fig.2 SEM images of the RH surface: a before surface treatment, b
after plasma modification, ¢ after ozonization

Fig.3 SEM images of the CeF surface: a before surface treatment, b
after plasma modification, ¢ after ozonization

The surface of CeF is covered with small particles of
CaCO; (Figs. 2 and 3).

Preparation of PLA-g-MAH

Coupling agent/interface compatibilizer composed of maleic
anhydride (MAH)-grafted PLA was prepared through melt
blending. PLA-g-MAH masterbatch was prepared by reac-
tive extrusion with dicumyl peroxide (DCP) as a radical
initiator. Prior to processing were PLA pellets placed in a
vacuum oven and dried at 50 °C for 12 h. MAH and DCP
were at first accurately weighed according to a certain ratio
and dissolved in acetone. The solution was then poured into
a beaker containing PLA pellets, and these were uniformly
dispersed by stirring and dried in a vacuum oven to remove
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the solvent. The obtained mixture was then added to hop-
per and subjected to melt grafting reaction in a co-rotating
twin-screw extruder ZK 25 E (Coolin, Germany) which was
equipped with an air pelletizer EWA 10 (Econ, Austria).
Processing parameters: constant temperature profile 170
°C, screw speed (100 r min~') and feed rate (30 r min™").
Final concentration: PLA 94 mass%, MAH 5 mass%, DCP
1 mass%.

Preparation of biocomposites

For suitable process adjustment, the decomposition tempera-
ture of natural filler and its amount of inorganic phase were
evaluated before composite production. Thermal degrada-
tion has been performed using thermal gravimetric analysis
(TGA) on a TGA?2 instrument (Mettler Toledo, Switzerland).
Samples were heated from 50 to 600 °C under N, atmos-
phere and further from 600 to 800 °C under O, atmosphere
at the heating ramp of 10 °C min~!. The initial decomposi-
tion temperature was determined at 5% mass loss. Decom-
position of rice husks takes place at 253 °C and cellulose
fibres at 263 °C. The residual mass was evaluated at 800 °C.
The evaluated average amount of inorganic phase (ash) of
rice husk was 17 mass% and 13 mass% in cellulose fibres
(Fig. 4). The chemical composition of the ash was deter-
mined by Fourier-transform infrared spectroscopy (FTIR),
at ambient temperature (23 °C). FTIR spectra of rice husks,
cellulose fibres and their ashes were recorded using a Nico-
let iS10 FTIR spectrometer (Nicolet, USA) with deuterated
lanthanum «-alanine-doped triglycine sulphate (DLaTGS)
detector and diamond attenuated total reflection (ATR). In
all cases, a total of 64 scans at a resolution of 4 cm™! were
used to record the spectra. The spectra were taken over a
wavenumber range of 400-4000 cm™' and were obtained
with respect to a background which has been taken of the

Mass/%

0 —— T T T T T T T T T T
50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
Temperature/°C

Fig.4 TG curves of PLA, rice husks (RHs) and cellulose fibres (CeF)
decomposition
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air previously and under the same measurement conditions
(Fig. 5). From the FTIR spectra, it can be stated that the ash
of the rice husk corresponds to the majority of the silica
bases minerals and the ash of the cellulose fibres to calcium
carbonate. Commercial inorganic silica has peaks at 1071
cm~! and 806 cm™!, which can be assigned to the Si—O-Si
stretching and bending vibrations [33]. The rice husk ash
contained the same functional group at wavenumbers 1042
cm~! and 793 cm™'. On the FTIR spectrum of calcium car-
bonate, the fundamental bands can be seen at 708 cm™!
(in-plane bend), 883 cm™! (out-of-plane bend) and at about
1400-1500 cm™! (asymmetric stretch) [34]. The ash of tech-
nical cellulose fibres contained the same bands at wavenum-
bers 875 cm™! and 1416 cm™'. The results of ash chemical
composition correspond to the results published by Cortés
et al. [27] and material data sheet of Arbocel ZZC 500 [31].

Biocomposites that contain 10-30 mass% rice husk or
technical cellulose (PLA/RH, PLA/CeF, PLA-g-MAH/PLA/
RH and PLA-g-MAH/PLA/CeF) were prepared by co-rota-
tion intermeshing twin-screw microcompounder MC 15 HT
(Xplore, Netherlands). Microcompounder is equipped with
two conical screws (172 mm mixing length and 22-9 mm cone
diameters). All the biocomposite components were dried in a
vacuum oven at 50 °C for 24 h. Discontinued (batch) process,
at 100 r min~! and 190 °C melt temperature, was applied for
compounding. The advantage of this process is a uniform dis-
tribution of nature fillers, MAH, respectively, and control of
the same components concentration in every test specimens.
The batch homogenization to ensure sufficient dispersion of
fillers was done for approximately 10 min and was followed by
standard test specimen preparations by microinjection mould-
ers IM 12 (Xplore, Netherlands). The process conditions were
set as follows: 190 °C melt temperature; 35 °C mould tempera-
ture; 28-s injection and holding time (cycle time); 1.6 MPa
pneumatic injection and holding pressure.
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Fig.5 FTIR spectra of rice husks (RHs) and cellulose fibres (CeF)
before and after thermal decomposition: a RH, b ash of RH (silica
bases minerals), ¢ CeF, d ash of CeF (calcium carbonate)

Differential scanning calorimetry (DSC) analysis

Non-isothermal study of crystallization kinetics was per-
formed using a DSC1/700 instrument (Mettler Toledo, Swit-
zerland) at different cooling rates at 5 to 40 °C min~'. The
instrument was calibrated via indium and zinc standard. About
5-8 mg of sample was prepared from the cross section of the
test specimen on a rotating microtome Leica RM2255 (Leica
Biosystem, Germany) for each formulation. These were put
into an aluminium pan, sealed and then placed in the DSC
chamber. An empty pan was used as a reference. The experi-
ments were performed under a constant flow of nitrogen of
50 mL min~'. The samples were heated from 25 to 200 °C
with heating rate 10 °C min~".

Depending on their preparation, type of filler, amount of
filler and cooling rate, the following thermal properties were
observed for composite systems: heat of melting (AH,,), heat
of cold crystallization (AH ) and heat of premelt crystalliza-
tion (AH,,). Further, the degree of crystallinity (y.) was deter-
mined according to Eq. (1), where AHronis the melting enthalpy
of 100% crystalline PLA (93] g_l) [2, 3] and w,,, is the mass
content of PLA in the composites. Unfortunately, due to a
method of determination, varying values of AHﬁlare reported
in the literature [35]. Moreover, the following were tracked:
melting temperature (7},)), cold crystallization temperature
(T,.), premelt crystallization temperature (7,.), melt crystal-
lization temperature (7,), heat of melt (primary) crystallization
(AH,) and non-isothermal crystallization kinetics. Each run of
specific cooling rate was determined the variation of relative
crystallinity (Xy) as a function of the temperature. Relative
crystallinity was calculated according to Eq. (2), where AH;
is the heat of melt crystallization, and 7, T, T, and H_ repre-
sent the temperature at any given moment, initial temperature,
final temperature and heat of melt crystallization, respectively.
Relative crystallinity at T, (Xp,) is specified in Table 3. The
melt crystallization time (¢,) is given by Eq. (3), where CR is
the cooling rate:

_ AH, —AH, - AH

X, = “ X 100%
¢ AHO w,, ’ M
T ( dH,
AHT /To < dr )dT
Xy = = x 100% )
AHC /Tm (dH°>dT
Ty dT
T,-T
= 3)
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Table 1 Thermal analysis (DSC) data for the obtained PLA composites with ground rice husks (RHs)

Sample code and mass/mg CR/°Cmin™" AH, /I g™ AHJ g™ AHg"' y/% Tuu/°C Tpl°C T,/°C T, °C T/°C AHJIg™
PLA 5 38.64 1.18 17.63 213 - 168.7 1534 107.6 959 12.71
5.53 10 37.09 - 32.49 49 1639 1697 - 111.9 927 0.93
20 37.80 - 35.06 29 1639 1699 - 112.7 - -
40 3791 - 35.67 24 1639 1701 - 1129 - -
PLA/10RH 5 35.90 0.37 20.51 179 - 168.8 1532 1107 963 7.87
6.99 10 36.15 - 31.19 59 1635 1700 - 112.1 946 040
20 36.64 - 32.94 44 1631 1700 - 1124 - -
40 36.66 - 33.69 35 1633 1700 - 112.6 - -
PLA/20RH 5 34.66 0.77 2.24 925 - 1674 1542 973 988 23.19
7.34 10 34.14 0.57 22.16 153 - 167.7 1554 1039 939 299
20 34.44 - 27.60 92 - 1679 - 1053 - -
40 34.51 - 28.38 82 - 1681 - 1054 - -
PLA/30RH 5 3172 - - 487 — 1679 - - 101.0 25.74
6.96 10 3226 1.68 14.88 241 - 1676 1542 101.0 943 6.6
20 30.50 0.71 23.47 9.7 - 1672 1556 1029 - -
40 30.68 0.37 24.16 9.4 - 167.9 1559 103.1 - -
PLA/10RH, 5 36.31 1.38 6.89 335 - 168.0 1538 1025 98.1 20.56
5.79 10 34.57 - 25.94 103 1624 1689 - 1087 942 1.62
20 34.89 - 29.09 6.9 1623 1692 - 1090 - -
40 34.82 - 29.79 6.0 1623 1692 - 1092 - -
PLA/20RH, 5 32.39 0.7 2.64 39.0 - 1682 1538 1003 99.7 2273
5.34 10 31.81 0.6 20.55 143 - 1684 1549 1043 951 4.00
20 31.41 - 24.44 94 - 1685 - 1054 - -
40 31.29 - 26.77 6.1 — 1687 - 105.6 - -
PLA/30RH, 5 29.57 0.6 1.16 927 - 1680 1543 97.0 992 21.56
5.73 10 29.42 0.97 18.36 155 - 1679 1548 1027 941 3.86
20 28.14 0.36 21.97 89 - 1682 1559 1037 - -
40 28.02 0.35 22.40 8.1 - 1682 1559 1037 - -
PLA/10RH,, 5 35.86 1.4 13.24 253 - 168.3 1538 106.1 968 13.69
5.69 10 34.16 - 29.32 58 1625 1695 - 1107 932 124
20 35.36 - 31.70 44 1620 1697 - 1114 - -
40 34.82 - 30.92 47 1620 1699 - 111.6 - -
PLA/20RH,, 5 31.64 1.24 3.9 356 - 168.3 1534 981 980 19.10
5.58 10 31.17 1.8 18.80 142 - 167.7 1536 992 937 3.15
20 30.58 1.65 22.92 8.1 - 167.7 1541 997 - -
40 30.64 1.59 23.07 80 - 167.7 1541 995 - -
PLA/30RH,, 5 29.18 0.84 1.67 409 - 167.8 1544 958 986 19.50
6.09 10 28.31 0.8 18.77 139 - 1682 1553 1047 939 237
20 28.13 - 22.84 8.1 - 168.5 - 1057 - -
40 28.17 - 22.71 84 - 168.5 - 1059 - -
PLA-g-MAH/PLA/I0RH 5 36.57 1.38 6.4 346 - 1682 1537 1019 982 19.69
10 34.95 - 27.87 8.5 1628 1693 - 1094 941 151
7.28 20 35.86 - 31.05 58 1628 1694 - 109.6 - -
40 35.25 - 31.83 41 1628 169.6 - 1099 - -
PLA-g-MAH/PLA/20RH 5 33.69 0.58 - 447 - 1684 1552 - 99.1 23.82
10 33.09 0.65 21.63 146 - 168.6 1552 1045 933 247
7.40 20 33.07 - 26.46 89 - 168.9 - 1057 - -
40 33.22 - 27.23 8.1 - 169.0 - 1059 - -
PLA-g-MAH/PLA/30RH 5 29.60 0.25 - 454 - 168.5 1552 - 99.8  23.30
7.22 10 29.76 0.61 19.35 151 - 168.5 1544 1050 929 295
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Table 1 (continued)

Sample code and mass/mg CR/°Cmin™' AH, /I g™ AHJ g™ AH g y/% Tuu/°C Tpl°C T,/°C T, °C T/°C AHJIg™

20 30.13 -
40 30.14 -

23.50
24.52

102 -
87 -

168.8 -
168.8 -

106.1 — -
1064 - -

CR: cooling rate; RHp: the plasma-treated surface of the rice husks; RHgj;: ozone-treated rice husk surface

Determination of flexural modulus

The presence of particle fillers in polymer composites as
well as morphology changes (especially in surface layer of
injection moulding products) has significant influence on
stiffness. The stiffness of composites was evaluated by deter-
mination of flexural modulus. The three-point flexural test
(according ISO 178) was made by TiraTest tensile testing
machine, which is equipped with KAF type of load cells
(ranging from 0 to 1000 N, sensitivity 2.0 mV/V) and with
WA-type series displacement transducers (max. linearity
deviation: —0.13% and nominal supply voltage: 80 mV/V).
The determination of flexural modulus was made on speci-
mens with size 80 X 10 X4 mm by loading rate of 2 mm
min~! (sampling frequency during recording: 500 Hz). This
loading rate corresponds to specimen deformation rate of 1%
min ~!. Samples were prior to testing conditioned in climatic
chamber (Teseco, Czech Republic) at temperature 35 °C and
80% relative humidity for 10 days.

Results and discussion
Absolute degree of crystallinity

PLA is due to its slow crystallization rate, characteristic in
heating phase with cold crystallization and sometimes also
with premelt crystallization. The level of these exothermal
reactions has an influence on values of heat of crystal melt-
ing. Consequently, the values of heat of cold and premelt
crystallization are necessary to subtract from the heat of
melting of PLA, respectively, PLA composites (Eq. 1).
Evaluated heat of melting (AH,,), heat of cold crystalliza-
tion (AH,.), heat of premelt crystallization (AHpC) and per-
centage crystallinity (y.) data are for PLA and PLA rice
husk-based composites provided in Table 1 and for cellulose
fibre-based composites in Table 2.

It is well known that the degree of crystallinity (y,)
decreases with increasing cooling rate [36]. This decrease
was for pure PLA higher than for PLA composites contain-
ing ground RH and CeF. There was observed 90% decrease
in degree of crystallinity for pure PLA and 80% decrease
for composites containing RH, after increasing cooling rate
from 5 to 40 °C min~! (Table 1). The cellulose fibre-based

PLA composites evoked only 20% decrease in degree of
crystallinity, at the same cooling rates (Table 2). It means
that CeF has during crystallization better nucleation effect
than ground RH. The degree of crystallinity increased in
range from 1.6 X to 2.5 X (depending on cooling rate) when
the PLA composites contain 10 mass% of RH (Fig. 6). By
the same amount of CeF in PLA composites, there was
detected increasing in range from 2.8 to 19 X. The high-
est increase corresponds to the highest cooling rate (Fig. 7).
Further, the influence of fillers amount is also obvious. By
the 30 mass% of nature fillers (NFi) and the highest cool-
ing rate of 40 °C min~!, the PLA/RH degree of crystallin-
ity increased by almost 4 X and for PLA/CeF almost 21 X
(Fig. 8). It can be presumed (due to higher melt crystal-
lization temperature and heat of melt crystallinity) that
considerable increasing degree of crystallinity of PLA/CeF
composites is enhanced with CaCOj; presence in cellulose
fibres. This statement is consistent with results research of
Eiras and Pessan [37] where the nucleation effect of CaCO;
nanoparticles on crystallization of PP was proved. In this
study, the degree of crystallinity and the melt crystallization
temperature of PP increased at addition of CaCO;.

An increase in degree of crystallinity is detected with
increased amount of ground RH and CeF. The highest
changes were evaluated by the highest cooling rate (Tables 1
and 2). The composite containing RH reached the highest
changes in variety of mass compositions under 40 °C min~!
cooling rate where the surface treatment was not applied.
The degree of crystallinity was increased in PLA/30RH
composite 2.7 X compared to PLA/10RH composite (Fig. 9).
Contrariwise, the ozone surface treatment evoked the high-
est degree of crystallinity for cellulose-based composites.
The degree of crystallinity was in PLA/30CeF; composite
increased about 32% compared to PLA/10CeF; (Fig. 10).
The influence of filler amount was very important, especially
for RH-based composites.

The results of PLA-g-MAH introduction and plasma sur-
face treatment of RH declare that both structure modifica-
tions have, in low filler concentrations, significant impact
on degree of crystallinity. It is obvious especially at slow
cooling rate. The comparable increase was observed for
plasma surface treatment of PLA composites which contains
10 mass% of RH and PLA composites with grafted maleic
anhydride (PLA-g-MAH/PLA/10RH). The rice husk com-
posites without surface treatment or with ozone treatments
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Table 2 Thermal analysis (DSC) data for the obtained PLA composites with cellulose fibres (CeF)

Sample code and mass/mg  CR/°C min™' AH,/Jg™' AH,/Jg™' AH g yJ% Tpol°C Tpl°C T,/°C T, °C TJ°C AHJIg™'

PLA/10CeF 5 45.62 - - 544 - 1687 - - 1343 4193
7.13

10 4331 - - 517 - 167.6 - - 127.4 409

20 41.83 - - 499 - 1659 - - 117.8 37.29

40 37.19 - 3.47 402 1648 1688 - 920  100.5 25.80
PLA/20CeF 5 36.69 - - 493 - 1659 - - 135.1 36.80
7.22

10 36.97 - - 496 - 1674 - - 128.5 36.40

20 36.27 - - 487 - 1659 - - 1192 32.73

40 3235 - 1.51 414 1644 1692 - 91.8 1039 24.90
PLA/30CeF 5 35.90 - - 551 - 1682 - - 135.6 33.60
7.39

10 34.28 - - 526 - 167.6 - - 1292 32.02

20 32.23 - - 495 - 1659 - - 1202 29.50

40 29.20 - 0.31 443 1642 1694 - 90.8 1059 23.79
PLA/10CeF, 5 43.91 - - 524 - 167.8 - - 133.6 40.70
541

10 40.68 - - 485 - 1668 - - 126.7 38.37

20 35.65 0.48 5.66 352 164.1 1513 930 1170 3539

40 35.66 0.47 5.92 349 1640 1678 1513 928  99.7 20.26
PLA/20CeF, 5 40.42 - - 543 - 168.1 - - 1353 38.20
5.37

10 38.11 - - 512 - 1669 - - 128.8 35.71

20 36.50 - - 490 - 1650 - - 120.1 33.74

40 33.61 - - 451 1639 169.1 - - 105.1 26.23
PLA/30CeF, 5 36.43 - - 559 - 1680 - - 136.7 34.10
5.19

10 34.90 - - 536 - 167.1 - - 130.9 32.51

20 31.81 - - 488 - 1658 - - 122.7 31.40

40 30.75 - - 472 1641 1695 - - 109.1 27.48
PLA/10CcF,, 5 38.18 - - 456 - 166.6 - - 1362 34.22
6.43

10 37.02 - - 442 - 1657 - - 131.0 32.16

20 35.40 - - 422 - 1642 - - 1234 30.78

40 32.44 - - 387 1629 1683 - - 1119 28.13
PLA/20CeF,; 5 44.87 - - 602 - 168.1 - - 1357 39.92
7.38

10 42.87 - - 576 - 1668 - - 129.8 37.70

20 41.10 - - 552 - 1652 - - 122.0 36.81

40 36.77 - - 494 1635 1690 - - 108.7 31.57
PLA/30CcF,, 5 40.15 - - 61.6 — 167.6 - - 1359 36.01
7.12

10 38.16 - - 586 - 1663 - - 1302 34.25

20 36.94 - - 567 - 1651 - - 122.6 32.70

40 33.19 - - 509 1632 1687 - - 110.0 29.91
PLA-g-MAH/PLA/10CeF 5 50.11 - - 60.1 - 1683 - - 134.7 4533
7.12

10 47.93 - - 575 - 166.8 - - 127.9 43.79

20 46.01 - - 55.2 1656 - - 1189 4027

40 40.27 - 2.61 452 1642 1690 - 91.1 101.9 2834
PLA-g-MAH/PLA/20CeF 5 40.52 - - 547 - 1684 - - 135.0 36.94
6.77
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Table 2 (continued)

Sample code and mass/mg CR/°C min~! AH, /T ¢!

AH, g

AH NI g yd% Touyl’C Ty/°C T,/°C T,/ °C TJ°C AH/I g™

10
20
40

PLA-g-MAH/PLA/30CeF 5
6.97

10
20
40

37.89
35.29
31.49
36.14

34.48
33.01
29.97

- 512 - 1673 - -
- 477 - 1660 - -
0.96 412 1643 1696 - 91.0
- 559 - 168.6 - -
- 533 - 1674 - -
- 510 - 166.1 - -

- 463 1642 1694 - -

128.3 35.35
119.1 32.87
103.9 25.14
136.3 33.16

130.2 31.79
1222 29.46
108.6 25.56

CR: cooling rate; CeFp: the plasma-treated surface of the cellulose fibres; CeFy;: ozone-treated cellulose fibres surface
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Fig.6 Degree of PLA composites crystallinity with 10 mass%

husk (RH) under different cooling rates
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Fig.7 Degree of PLA composites crystallinity with 10 mass% cellu-

lose fibres (CeF) under different cooling rates

reached in low cooling rate markedly lower degree of crys-
tallinity (Fig. 6). The influence of plasma and ozone sur-
face treatments of RH, as well as the chemical treatment of
PLA with maleic anhydride, on degree of crystallinity is for
20-30 mass% concentration insignificant. Contrariwise, the
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Fig.8 Degree of PLA composites crystallinity with 30 mass% rice
husks (RHs) or cellulose fibres (CeF) at cooling rate of 40 °C min~!

Degree of crystallinity/%
o - W A OO o N ® OO

/30
20
10

Amount of RH/mass%

Fig.9 Degree of PLA composites crystallinity with 10-30 mass%

rice husks (RHs) at cooling rate of 40 °C min~!
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Degree of crystallinity/%

Amount of CeF/mass%

Fig. 10 Degree of PLA composites crystallinity with 10-30 mass%
cellulose fibres (CeF) at cooling rate of 40 °C min~!
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n
o
Cooling rate/°C min~'

Fig. 11 Degree of crystallinity of PLA-based composites with 30
mass% rice husk (RH)

Degree of crystallinity/%

8
Cooling rate/°C min™

Fig. 12 Degree of PLA composites crystallinity with 30 mass% cel-
lulose fibres (CeF) under different cooling rates
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highest values were observed for RH composites without
surface modification (Fig. 11).

Higher degree of crystallinity was observed for PLA
composites with 10 mass% of CeF and grafted maleic anhy-
dride onto macromolecule chain of PLA. The plasma and
ozone surface treatment of CeF did not evoke any positive
enhancements of degree of crystallinity (Fig. 7). Definitely,
the highest degree of crystallinity was observed in PLA
composites with 20-30 mass% of CeF which were treated
with ozone (Fig. 12). Morphology changes and changes in
chemical properties of fibres, evoked by ozone treatment,
could be a reason of these enhancements. An influence of
ozone treatment on changes of chemical properties of fibres
was reported in research of Magsood [38].

Non-isothermal crystallization kinetics

From the results of the relative crystallinity determination
(Table 3), it can be seen that at T, the highest relative crys-
tallinity at melt crystallization temperature (Xy.) values is
obtained for PLA composites with cellulose fibres. As can
be seen in Fig. 13, these cellulose-based composites pri-
marily crystallized at higher temperatures than those based
on rice husks. The 20% and 30% increase in the peak rela-
tive crystallinity of PLA-g-MAH/PLA/10CeF compared to
PLA-g-MAH/PLA/10RH composites has been observed at
cooling rate (CR) of 5 and 10 °C min~!, respectively. From
obtained DSC data (Table 1 and Table 2) and traces of X—T
curves (Fig. 13), it can be seen that fillers based on CeF
show higher nucleation efficiency on PLA compared to RH-
based fillers.

As it was already mentioned in the section of the absolute
crystallinity degree evaluation, the plasma modification of
the RH surface and the polymer structure modification by
MAH grafting represent an important factor that affects the
absolute degree of composite crystallinity, especially at a
slow cooling rates and low filler content. From the graphical
dependence on Fig. 14, it can be seen that with increasing
cooling rates, a shorter time is required to reach the maxi-
mum value of the relative crystallinity degree. The higher
retardation effect of cooling rate on the crystallization is
observed at lower cooling rates. Furthermore, the obvious
S shape of the X;—¢ curve tends to straighten at a higher
cooling rate. The same trends were observed by Zhou et al.
[39] at PLLA-based systems. In addition, the plasma surface
modification of RH caused a higher retardation effect on
the PLA crystallization (Fig. 14) compared to PLA filled
with neat RH and PLA-g-MAH/PLA/RH composites at both
cooling rates (CR =5 and CR=10). With a higher cool-
ing rate (CR=10), it can be seen the negative effect of the
plasma treatment and the modification of polymer structure
by MAH on the crystallization time.
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Table 3 Thermal analysis (DSC) data for the obtained PLA composites with ground rice husks (RHs) and cellulose fibres (CeF) inclusive deter-

mination of relative crystallinity at a peak melt crystallization temperature (Xr.)

CR/°C min~! Sample code and mass/mg AHp Y g7 X% Sample code and mass/mg AHp Y ¢! X%

5 PLA 6.08 47.8
5.53

10 0.46 49.5

20 - -

40 - -

5 PLA/10RH 3.80 48.3 PLA/10CeF 23.74 56.6
6.99 7.13

10 0.21 52.5 23.43 57.3

20 - - 18.35 49.2

40 - - 14.25 552

5 PLA/20RH 11.11 479 PLA/20CeF 20.18 54.8
7.34 7.22

10 1.47 49.2 19.05 52.3

20 - - 18.61 56.9

40 - - 12.99 52.2

5 PLA/30RH 13.59 52.8 PLA/30CeF 18.43 54.9
6.96 7.39

10 3.2 48.5 18.05 56.4

20 - - 16.91 57.3

40 - - 11.99 50.4

5 PLA/10RH, 9.53 46.4 PLA/10CeF, 22.26 54.7
5.79 5.41

10 0.75 46.3 21.82 56.9

20 - - 18.89 534

40 - - 10.59 52.3

5 PLA/20RH, 11.19 49.2 PLA/20CeF; 20.67 54.1
5.34 5.37

10 1.92 48.0 21.13 59.2

20 - - 17.04 50.5

40 - - 14.03 53.5

5 PLA/30RH, 10.77 50.0 PLA/30CeF; 18.45 54.1
5.73 5.19

10 1.98 51.3 18.73 57.6

20 - - 17.92 57.1

40 - - 13.70 49.9

5 PLA/10RH,; 6.1 44.6 PLA/10CeF; 18.65 54.5
5.69 6.43

10 0.66 53.2 18.57 57.7

20 - - 18.25 59.3

40 - - 15.64 55.6

5 PLA/20RHy3 9.32 48.8 PLA/20CeF; 20.94 52.5
5.58 7.38

10 1.58 50.2 21.91 58.1

20 - - 20.45 55.6

40 - - 16.54 52.4

5 PLA/30RH 3 9.17 47.0 PLA/30CeF; 18.74 52.0
6.09 7.12

10 1.15 48.5 19.89 58.1

20 - - 16.28 49.8

40 - - 16.75 56.0
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Table 3 (continued)

CR/°C min™! Sample code and mass/mg AHp /Y ¢! X1d% Sample code and mass/mg AH /Y g7 X1d%
5 PLA-g-MAH/PLA/10RH 9.28 47.1 PLA-g-MAH/PLA/10CeF 25.95 57.2
7.28 7.12
10 0.67 44.4 25.18 57.5
20 - - 19.71 48.9
40 - - 13.69 48.3
5 PLA-g-MAH/PLA/20RH 11.52 48.4 PLA-g-MAH/PLA/20CeF 19.97 54.1
7.40 6.77
10 1.28 51.8 20.57 58.2
20 - - 16.90 514
40 - - 11.85 47.1
5 PLA-g-MAH/PLA/30RH 11.68 50.1 PLA-g-MAH/PLA/30CeF 19.01 57.3
7.22 6.97
10 1.44 48.8 18.67 58.7
20 - - 16.58 56.3
40 - - 11.44 44.8

CR: cooling rate; RH}, (CeFp): the plasma-treated surface of the rice husks (cellulose fibres); RHq; (CeFs3): ozone-treated rice husk (cellulose

fibres) surface

X Xyc =525 %
O 509 E
x Xyc =495
404 3
30 4 3
20 4 E
103~ PLA(CR=10) 3
04— PLA/1ORH (CR=10)
—— PLA/10CeF (CR=10) &
0 T T T T T T T
0 20 40 60 80 7.100 1207 140 160

Temperature/°C

Fig. 13 Variation in Xy during the cooling rate (CR) of 10 °C min™!
for neat PLA, PLA/10RH and PLA/10CeF

During the absolute degree of crystallinity evaluation
of PLA/CeF composites, a positive influence of fibre sur-
face treatment with ozone at a higher filler content (20-30
mass%) was found. In contrast, at a lower CeF loading (10
mass%) positive effect of MAH grafting was observed. Fur-
thermore, in Fig. 15a it can be seen that surface treatment of
CeF by ozonization accelerated the crystallization of PLA
in contrast to neat CeF. However, this positive effect (as
opposed to the total degree of crystallinity of the composite,
see Table 2) can only be observed with decreasing cooling
rate. At higher cooling rates, this otherwise positive effect
of fibre surface modification on the crystallization rate of
PLA tends to diminish. On the other hand, modification of
polymer structure with MAH at low CeF loading (10 mass%)
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Fig. 14 Plots of relative degree of crystallinity as a function of time
for neat PLA, PLA/10RH, PLA/10RH,, and PLA-g-MAH/PLA/10RH
at cooling rate (CR) of 5 °C min~! and 10 °C min™!

tends to fasten the crystallization at higher cooling rates
(Fig. 15b).

Figure 16 shows the relative crystallinity degree evolution
over the time plots for composite systems where the highest
degree of absolute crystallinity (X,) was recorded for both
types of fillers (i.e. PLA/30CeF,; and PLA/30RH). From
the course of X—f curves, it is apparent that PLA compos-
ites with RH exhibit a higher retardation effect on the melt
crystallization at both cooling rates. This retarding phenom-
enon tends to lower with increasing cooling rate. In contrast,
PLA/30CeF; exhibits a faster transition to the glass region
and X —t curve tends to straighten. Furthermore, unlike RH-
based composites, there is no significant reduction in the
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Fig. 20 Influence of CeF addition on cold crystallization of PLA after
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Fig.21 Cold crystallization of PLA and PLA composites with 10
mass% RH and CeF after previous cooling rate (CR)

retarding effect in the measured cooling rate ranges. It is
also evident from the graphs that the effect of cooling rate
on the crystallization time of PLA is more significant for the
RH-based fillers.

Cold and melt crystallization

As it was mentioned above, the poly(lactic acid) is in heating
phase (temperature about 108—113 °C, depending on cool-
ing rate) characteristic by its cold crystallization (Table 1).
Cold crystallization is an exothermic crystallization process
which is observed during heating of sample that has pre-
viously been cooled very quickly and has had no time to
crystallize. Below the glass transition, molecular mobility
is severely restricted and cold crystallization does not occur;
above the glass transition, small crystallites are formed at
relatively low temperatures. Cold crystallization tempera-
ture (T,,) is increasing with cooling rate increase [22]. Heat
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Fig.22 Cold crystallization of PLA and PLA composites with 10
mass% CeF after previous cooling rate (CR) of 40 °C min™"
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Fig.23 Cold crystallization of PLA and PLA-g-MAH/PLA with
20RH and 20CeF after previous cooling rate (CR) of 40 °C min~!

of cold crystallization (AH,,) is inversely proportional to
the heat of melt crystallization (AH,), as shown in Table 1.
The evaluated results from DSC analysis declared that PLA
significantly crystallizes from melt only by 5 and 10 °C
min~! cooling rate. The melt crystallization is not evident
at higher cooling rates. Consequently, a considerable cold
crystallization of PLA is observed. Comparable dependence
is observed for PLA composites containing RH. Neverthe-
less, there is a difference in the level of heat of melt crys-
tallization (Table 1). The heat of melt crystallization is for
RH-based composites higher (Figs. 17 and 18). Further, the
total elimination of cold crystallization was observed by
slow cooling rate 5 °C min~! of PLA composites containing
20-30 mass% of RH and grafted maleic anhydride (Fig. 18).
For RH-based composites, the highest degree of crystallinity
was observed in PLA-g-MAH/PLA composites which was

cooled by rate 5 °C min~!.
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The introduction of cellulose fibres had during melt crys-
tallization higher nucleation effect than RH. Significant shift
of melt crystallization to higher temperatures even at high
cooling rate (40 °C min~!) has been noticed (Fig. 19). How-
ever, upon decrease in cooling rate any significant changes
of melt crystallization temperatures have been observed
(Table 2). Furthermore, more significant elimination of
cold crystallization was noted by the presence of CeF con-
trary to the presence of RH in PLA composite (Table 2).
For example, there was not observed any cold crystalliza-
tion in composites PLA-g-MAH/PLA/CeF and PLA/CeF,
which contain the highest concentration of fibres (30 mass%)
and where the highest cooling rate 40 °C min~! was applied
(Table 2 and Fig. 20.)

Contrary to RH, the initiation elimination of PLA cold
crystallization was for CeF-based composites observed
already at 10 mass% and cooling rates 5-20 °C min~!
(Fig. 21). The elimination of cold crystallization was for
RH-based composited observed only at 5 °C min~! cooling
rate and 30 mass% in PLA matrix. The higher cooling rate
40 °C min~! and low CeF amount caused elimination of
cold crystallization only by ozone surface-treated compos-
ites (Fig. 22). From evaluated results, it is possible to state
that increasing amount of CeF causes increase in degree of
crystallinity and elimination of cold crystallization in PLA
composites. Further, the ozone surface treatment of CeF has
positive effect on degree of crystallinity and cold crystal-
lization elimination. It is obvious especially by higher filler
amount.

The rice husks and cellulose fibres have also influence on
cold crystallization temperature of PLA. There was evalu-
ated that with increasing amount of RH, the cold crystalliza-
tion temperature of PLA decreases (in range of 7 to 10 °C).
Cellulose fibres in PLA composite caused markedly decrease
in cold crystallization or evoked its total elimination. At
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PLA/10RH g3 (CR=40)
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Fig.24 DSC curves of PLA and PLA/10RHg; composites heating
after previous cooling rate (CR)

higher cooling rates (40 °C min~"), temperature decrease
about 21 °C was observed (Fig. 23).

Crystal polymorphism

Multiple melting peaks were observed in some DSC curves
of PLA and PLA composites. There are differences in peaks
which depend on varying cooling rates and different RH or
CeF amounts. Multiple melting peaks indicate the presence
of imperfect a'-crystals that have tendency to melt at lower
temperatures (T;,,). The fast nucleation and consequently
creation of imperfect o'-crystals, which are disordered crys-
tals with the same conformation as the a-form but with loose
packing, were observed under rapid cooling. Contrariwise,
the o'-crystals generation was under increasing filler amount
(RH, CeF) eliminated. There are several studies that inves-
tigate multiple melting peaks phenomenon of PLA [35, 40,
41]. These revealed that the phenomena of o'- and a-crystal
formation can be correlated with crystallization condition.
Furthermore, it was concluded that formation of a-crystals
is replaced by formation of pseudohexagonal o'-crystals at
temperatures lower than 120 °C [25]. Both forms can grow
in temperature range from 100 to 120 °C, and at temper-
atures lower than 100 °C, only a'-crystals are made. The
o'-crystals are metastable at the temperature of its formation,
but transform into the stable a-form upon heating at their
stability limit. Another event is the occurrence of exother-
mic peak at temperature T, (premelt crystallization). The
exothermic peak reviled just before the melting peak. The
reason could be transformation of disordered a'-crystals to
more ordered a-crystals. There was observed exothermic
premelt crystallization in PLA and PLA composites only
when the low temperature of a’ was not detected (Table 1,
Fig. 24).

T T T T T T T T T T

§ end:

’ Endo !

o 7T
CRedo  PLA/SORHo3 /)
CR=20 /]
CR=10 ///

—CR=5

PLA/30RH; (CR=40)

PLA/20RH; (CR=40)

Heat flow/mW g

PLA/0RHo3 (CR=40)

T T T T T T T T T T T T
128 132 136 140 144 148 152 156 160 164 168 172 176 180
Temperature/°C

Fig.25 The influence addition and amount of RH on o'-/a-
polymorph transition of PLA after previous cooling rate (CR)
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Fig.26 DSC curves of PLA and PLA composites heating with 10
mass% CeF after previous cooling rate (CR)

The elimination of imperfect o’-crystals formation in PLA
composites with 20-30 mass% by all applied cooling rates
(5-40 °C min~") is obvious from our DSC results (Table 1).
The DSC curves show an exotherm prior to the dominant
melting peak, corresponding to the o'-to-a-crystalline phase
transition (Fig. 24). The decreasing amount of imperfect
o'-crystals was observed in composites where PLA-g-MAH
was used within 10 mass% of RH. The comparable decrease
was observed for plasma surface treatment of PLA com-
posites containing the same amount of filler. The ratio of
o’- and a-crystals is evaluated by heat of melting (AH,,, and
AH,,,) which is corresponding to polymer mass% (Table 3
and Fig. 25).

In Fig. 25, the DSC curves of PLA composites, which
contain a'-crystals and have different RH concentration, are
shown. Multiple meting peaks were with the presence of RH
eliminated. The small endothermic peak is observed around
153 °C in PLA composites with 20-30 mass% of RH. This
evaluation corresponds with results study of Di Lorenzo
and Androsch [23] where o'-/a-transitions under different
heating rates were investigated. This endothermic peak is
observed only at samples which undergoes previous higher
cooling rates (Fig. 25). These phenomena can only be caused

@ Springer

by melting of a'-crystals, which are further superimposed by
exothermic formation of a-crystals and melt at a higher tem-
perature. Regarding the evolution of the transition behaviour
of RH composites, it is obvious that the exothermic reor-
ganization event is outpaced by endothermic melting. This
phenomenon is characteristic behaviour that occurs during
heating of crystals with low thermal stability [23].

Contrariwise to RH, the cellulose fibres did not cause
total elimination of imperfect o’-crystals of PLA in evalu-
ated range of cooling rates (Fig. 26). While by composites
containing 20-30 mass% of RH, the imperfect o'-crystals
were eliminated at 40 °C min~! cooling rate, the signifi-
cant part of crystalline structure was composed of imper-
fect o’-crystals (evaluated from heat of melting AH, ) at
cellulose-based composites of (Table 4).

Flexural modulus

Flexural modulus is material characteristic, which is sig-
nificantly influenced by the morphology and crystallinity
of polymers. In particular, heterogeneous structure of sur-
face layers is important for high values of flexural modulus.
In experimental measurement, there was observed flexural
modulus increase with increasing RH and CeF amount. This
statement is consistent with results research of Dimzoski
et al. [42] and Graupner et al. [14]. Further, there were not
observed any differences between RH and CeF at lower
amount (10 mass%) of fillers. However, it was obvious that
flexural modulus reached higher values at higher amount of
CeF (20-30 mass%), as shown in Figs. 27-29. A positive
effect of grafted maleic anhydride to stiffness increase was
observed at lower amount (10 mass%) of RH. Nevertheless,
it is important to state that the evaluated difference was low
and that the influence of filler amount is at higher concen-
trations more considerable than any applied surface treat-
ment. There was not observed any positive effect to flexural
modulus enhancement at a variety of plasma surface treat-
ment of CeF or grafted maleic anhydride (PLA-g-MAH/
PLA/30CeF). The lowest effect on flexural modulus was
noted at ozone-treated fillers.
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Table 4 Heat of melting for o’- and a-crystals of PLA composites with rice husks (RHs) und cellulose fibres (CeF)

Sample code CR/Cmin~! AH, g™ AH_/Jg™' Sample code CRPCmin~! AH, /Tg™' AH, /T g
PLA 5 - 38.64
5.53

10 9.56 27.53

20 14.82 22.98

40 15.75 22.16
PLA/10RH 5 - 32.31 PLA/10CeF 5 - 41.06
6.99 7.13

10 10.05 22.48 10 - 38.98

20 12.14 20.84 20 - 37.65

40 12.56 20.44 40 11.01 22.46
PLA/20RH 5 - 27.73 PLA/20CeF 5 - 29.35
7.34 7.22

10 - 2731 10 - 29.58

20 - 27.55 20 - 29.02

40 - 27.61 40 12.54 13.34
PLA/30RH 5 - 22.20 PLA/30CeF 5 - 25.13
6.96 7.39

10 - 22.58 10 - 24.00

20 - 21.35 20 - 22.56

40 - 21.48 40 1131 9.13
PLA/10RH, 5 - 32.68 PLA/10CeF, 5 - 39.52
5.79 5.41

10 4.54 26.58 10 - 36.61

20 6.80 24.60 20 - 32.09

40 7.57 23.77 40 9.41 22.69
PLA/20RH, 5 - 25.91 PLA/20CeF, 5 - 32.34
5.34 5.37

10 - 25.45 10 - 30.49

20 - 25.13 20 - 29.20

40 - 25.03 40 13.83 13.06
PLA/30RH, 5 - 20.70 PLA/30CeF, 5 - 25.50
5.73 5.19

10 - 20.59 10 - 24.43

20 - 19.70 20 - 22.27

40 - 16.61 40 13.55 7.97
PLA/I0RH,; 5 - 32.27 PLA/10CeF, 5 - 34.36
5.69 6.43

10 10.36 20.39 10 - 33.32

20 10.36 21.47 20 - 31.86

40 10.58 20.75 40 18.89 10.31
PLA/20RH,; 5 - 2531 PLA/20CeF; 5 - 35.90
5.58 7.38

10 - 24.94 10 - 34.30

20 - 24.46 20 - 32.88

40 - 24.51 40 17.14 12.28
PLA/30RH,, 5 - 20.43 PLA/30CeF, 5 - 28.11
6.09 7.12

10 - 19.82 10 - 26.71

20 - 19.69 20 - 25.86

40 - 19.72 40 14.18 9.06
PLA-g-MAH/PLA/I0RH 5 - 32.73 PLA-g-MAH/PLA/10CeF 5 - 44.85
7.28 7.12
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Table 4 (continued)

Sample code CR/Cmin~! AH, g™ AH_,/Jg™' Sample code CRPCmin~!  AH, /T g™' AH, /T g
10 4.51 26.77 10 - 42.90
20 7.50 24.59 20 - 41.18
40 7.93 23.62 40 11.56 24.48
PLA-g-MAH/PLA/20RH 5 - 26.78 PLA-g-MAH/PLA/20CeF 5 - 3221
7.40 6.77
10 - 26.31 10 - 30.12
20 - 26.29 20 - 28.06
40 - 26.41 40 11.45 13.59
PLA-g-MAH/PLA/30RH 5 - 20.57 PLA-g-MAH/PLA/30CeF 5 - 25.12
7.22 6.97
10 - 20.68 10 - 23.96
20 - 20.94 20 - 22.94
40 - 20.95 40 12.59 8.24

CR: cooling rate; RHp (CeFp): the plasma-treated surface of the rice husks (cellulose fibres); RHq; (CeFy3): ozone-treated rice husk (cellulose
fibres) surface
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Fig. 27 Flexural modulus for PLA composites with 10 mass% RH Fig. 28 Flexural modulus for PLA composites with 20 mass% RH
and CeF and CeF
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Fig.29 Flexural modulus for PLA composites with 30 mass% RH
and CeF

Conclusions

The presence of ground rice husks (RHs) and technical cel-
lulose fibres (CeF) caused not only increase in stiffness of
PLA composites but also enhanced crystallization kinetics.
In PLA composites containing 30 mass% of RH, there was
observed almost 32% increase in flexural modulus (4747
MPa), contrary to pure PLA (3541 MPa), and almost 48%
increase (5224 MPa) in composites with the presence 30
mass% of CeF. Moreover, the lower filler amounts (10
mass%) evoked in PLA/RH and PLA/CeF composites a
similar trend of flexural modulus increase. The influence
of plasma and ozone surface treatment on stiffness was
not observed. The positive effect of chemical treatment of
grafted maleic anhydrides onto PLA matrix was evaluated
only for PLA/RH composites with 10 mass% of fillers.
Consequently, a study of non-isothermal crystallization of
RH- and CeF-based composites was performed. The influ-
ence of fillers amount, as well as physical surface treatment
and chemical treatment based on compatibilizing agent
introduction (PLA-g-MAH) under different cooling rates
on thermal properties and crystallization kinetic, was inves-
tigated. A higher nucleation effect of CeF, which has aver-
age 13 mass% of CaCOj, in PLA composites was observed,
compared to the presence of RH in composites. Up to 20%
and 30% increase in the peak relative crystallinity (Xr,)
of PLA-g-MAH/PLA/10CeF compared to PLA-g-MAH/
PLA/10RH composites has been observed at cooling rate
of 5 and 10 °C min~!, respectively. The highest increase in
absolute degree of crystallinity (compared to pure PLA) was
noted in PLA/RH and PLA/CeF composites that were cooled

by the highest rates. The highest increase was observed in
CeF-based composites. The highest increase in absolute
degree of crystallinity, by almost 4 X, was observed in PLA
composites containing 30 mass% of RH that was cooled by
the highest cooling rate (40 °C min~") and almost 21 x (from
2.4 into 51%) in PLA/CeF composites at the same amount of
fillers. Further, the increase in absolute crystallinity degree
with increasing amount of natural filler (especially RH) was
noted. This is observed especially under intensive cooling
rates. The increasing absolute degree of crystallinity with
increasing amount of natural filler is not so significant for
CeF as for RH. However, it is possible to state that the RH
and CeF natural fillers eliminate the negative effect of cool-
ing rate on PLA materials.

The positive influence of surface treatment of RH on
absolute degree of crystallinity was noticeable only in PLA
composites with 10 mass% of fillers. The highest absolute
degree of crystallinity (33.5%) was reached in plasma sur-
face-treated composites (from primary 17.9% in PLA/10RH
and CR =5). Comparable values of crystallinity degree of
PLA-g-MAH composites (34.6%) were observed by slow
cooling rate 5 °C min~'. This positive effect was reached
only at low cooling rate (CR =5). With a higher cooling
rates, an increase in crystallization time was observed. With
increasing amount of RH, there was not evaluated any posi-
tive effect of surface treatments or grafted MAH for both
determinations of absolute and relative degree of crystal-
linity. In addition, the plasma surface modification of RH
caused a higher retardation effect on the PLA crystallization
(Fig. 14) compared to PLA filled with neat RH and PLA-g-
MAH/PLA/RH composites.

The composites with 10 mass% of CeF reached the high-
est absolute degree of crystallinity (60.1%) in variety of PLA
with grafted MAH (from primary 54.4% in PLA/10CeF
and CR=35). A positive effect of surface-treated fibres was
observed when ozone treatment of CeF with the amount
up to 20-30 mass% was applied. Contrary to PLA-g-MAH
composites (55.9%), even higher values of degree of crystal-
linity (61.6% in PLA/30CeF,; and CR=5) were observed
for this formulation. Furthermore, surface treatment of CeF
by ozonization accelerated the crystallization of PLA in
contrast to neat CeF. This positive effect is more profound
especially at lower cooling rates. On the other hand, modi-
fication of polymer structure with MAH at low CeF load-
ing (10 mass%) tends to fasten the crystallization at higher
cooling rates.

From the crystallization kinetics evaluation, it is apparent
that PLA composites with RH exhibit a higher retardation
effect on the melt crystallization. This retarding phenom-
enon tends to lower with increasing cooling rate. In contrast,
PLA composites with CeF exhibit a higher nucleation effi-
ciency and fastening of the crystallization kinetics.
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Changes of degree of crystallinity, mentioned about, are
reflection of melt crystallization kinetic. Its enhancements,
due to the nucleation effect of RH and CeF, have significant
influence on cold crystallization and crystal polymorphism
of PLA. In experimental measurement, it was observed that
the peak of meting crystallization temperature is moved to
higher temperatures. The presence of CeF caused elimination
of cold crystallization even in 10 mass% concentrations. The
elimination of cold crystallization of composites was reached
by cooling rates 5-20 °C min~' and in composites contain-
ing ozone-modified CeF also by cooling rate 40 °C min~".
Plasma surface treatment and PLA-g-MAH modification
had an effect only in higher amounts of CeF (20 and 30
mass%). Contrary to CeF, the RH evoked the cold crys-
tallization elimination of PLA only by slow cooling rates
5°C min~! and 30 mass% of filler. Further, the shift of cold
crystallization temperatures to lower values was observed
at presence of RH and CeF in PLA composites. The shift
about 7-10 °C has been observed for composites with 30
mass% of RH. More intensive shift (about 21 °C) has been
observed for composites with 30 mass% of CeF unless it was
eliminated by slow cooling rate completely.

In evaluated thermal properties, the influence of
RH and CeF on transformation behaviours of a'-/a-
polymorphs was observed. The elimination of imperfect
a'-crystals was observed with increasing amount of RH
and CeF. The presence of RH and CeF in 20-30 mass%
evoked elimination of a'-crystals creation in all cooling
rate ranges (5-40 °C min~!). The o'-crystals were in CeF
composites eliminated already at 10 mass%, but only in
cooling rate range 5-20 °C min~!. Moreover, the endother-
mic event was observed in PLA/RH composites by cooling
rate higher than 20 °C min~'. This endothermic event was
caused with melting of o'-crystals, which are then super-
imposed by exothermic formation of a-crystals that melt
at a higher temperature. At the lower cooling rate, only
o'-/a-exothermic transition is observed.
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