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ABSTRACT: Cellulose composites with polyethylene (PE) permit to reinforce this commodity polymer, while at the same time introduc-
ing renewable content and thus minimizing the use of petroleum-based feedstocks. Herein, we report on two fully renewably sourced
and sustainably synthesized compatibilisers based on amylose and starch, which allow for such cellulose dispersion in low-density PE
(LDPE). These compatibilisers advantageously combine the hydrophilicity of carbohydrates with the hydrophobicity of fatty acids. Upon
extrusion of cellulose, LDPE, and the compatibilisers, a significantly improved dispersion of cellulose within LDPE was observed using
rheology at loadings of 10 wt % cellulose and 5-15 wt % compatibiliser. Moreover, an improved interfacial adhesion was observed using
scanning electron microscopy and was also confirmed by the mechanical properties, notably the Young’s modulus, as a result of the
good stress transfer between filler and matrix material. This study highlights the potential of fully renewable compatibilisers for the
preparation of composites of cellulose and the commodity plastic LDPE. © 2019 The Authors. Journal of Applied Polymer Science published by
Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2020, 137, 48744.
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INTRODUCTION requires lengthy and expensive pretreatments, which make
CNCs a value-added chemical with a current price of around 50
€/kg.> Analogous to the classical paper manufacturing, these
nanocrystals are present as a salt and an aqueous dispersion of

these CNCs is necessary to obtain isolated fibers, rendering their

Cellulose fibers are an extremely attractive reinforcing filler for
composite materials, as they are biodegradable, nontoxic, and of
extremely high strength.'™* The origin of cellulose and the type

of its extraction from biomass play a key role in the determina-
tion of its final properties."”~” Especially crystalline nanocellulose
(CNC) has been the focus of many studies in the past,>”® as
CNCs have the highest strength possible for cellulose fibers as a
result of their high crystallinity. However, the isolation of the

crystals from the otherwise amorphous cellulosic material

incorporation into hydrophobic matrices very difficult.'®"" Thus,
the extrusion of CNCs is extremely challenging, as special equip-
ment is necessary to remove the water during the process, still
hampering its industrial implementation.>'> A different type of
cellulose fiber is therefore needed for an industrially feasible
large-scale production of cellulose composites and several other
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methods are being investigated.> A particularly promising exam-
ple is bulk cellulose obtained as a side product from the produc-
tion of lignin and other wood-derived high-value chemicals via
different pulping methods."” For instance, the acetosolv process
(extraction using water containing acetic acid) results in cellulose
fibers with a typical width below 20 pm and several hundreds
micrometer in length, which are slightly acetylated. This is in
contrast to organsolv cellulose (extraction using ethanol or meth-
anol), which mainly contains alcohol groups.'* The acetosolv
process is advantageous compared to organsolv processes in that
no high pressure equipment is needed, benign and nontoxic sol-
vents are used, and that the bleeching of the cellulose can be per-
formed directly after the end of the extraction.'* Available as a
side or waste product from an environmentally friendly process,
compared to classical paper and CNC production methods, such
fibers are more sustainable than CNCs and are thus a promising
candidate for the production of reinforced composite materials.

Commodity plastics reinforced with cellulose are one of the main
applications of cellulose and have been a main target for many
researchers over the last decades."*'>"'” The main objective, par-
ticularly for polyolefins, for example, polyethylene (PE), is to
increase the material’s strength with the added advantage of
increasing the renewable content of the material. The major
challenge for such composites of hydrophilic cellulose and
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hydrophobic polyolefins is the lack of compatibility between the
two. The poor interfacial adhesion within the composite leads to
very poor dispersion of the cellulose fibers, which tend to aggre-
gate, thus resulting in poor material properties. Different routes
have been employed to defeat this problem, ranging from the use
of grafting agents,'®' and reactive extrusion,®**’ to the
functionalisation of one or both components.>'®**** Among
these, the use of compatibilisers or coupling agents is particularly
attractive, as these often polymeric molecules can be precisely
synthesized and tuned in a controlled manner, thus allowing the
effects of the molecular structure on the dispersion of cellulose to
be closely investigated and optimized.

Herein, we report on the use of new renewable compatibilisers
for the preparation of cellulose-reinforced low-density PE
(LDPE) composites. These compatibilisers are based on starch
and amylose, branched structural analogues of cellulose [Scheme 1
(a)], which are transesterified using high oleic sunflower oil to
attach fatty acid chains onto its hydroxy groups [Scheme 1(b)],
as reported in a previous publication.”” In this catalytic process, a
processable polymeric material is obtained, combining the hydro-
philicity of a glucose repeat unit along the main chain with the
hydrophobicity of a fatty acid side chain. It is envisaged that
these materials are able to interact with both cellulose and LDPE
and allow for a compatibilisation of such cellulose/LDPE

(a) Cellulose Starch
Amylose OH
OH ~10-30 % of starch N o
.5 , ,OH Mainly linear structure, a-(1,4) linkages OH ‘0
50 AHHO5~2LA
*8@0 S Some a-(1,6) branches \{
Mo | T ;H 320 — 4,900 repeat units

Amylopectin
Highly branched structure
95 % a-(1,4) and 5 % a-(1,6) linkages

Linear structure, only -1,4 linkages
800 — 10,000 repeat units

? wéﬁ
HOHOO6

9,600 — 15,900 repeat units 1

*HO
(b)
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OH or . OR Compatibiliser
4o ﬁ&oi\ . Ro\)\/OR 30 mol% TBD, DMSO > o /ﬁs\/ Transesterified amylose or starch
HO—T 115 °C, >12 hrs RO~ 7 °k on average ~1.3 fatty acid
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Fatty acid chains R' = H or fatty acid
<- \I(.])/\/\/\/\_/\/\/\/\
o
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Scheme 1. (a) Structures of cellulose and starch with key parameters of their structure, (b) synthesis of amylose- or starch-based compatibiliser using high

oleic sunflower oil,?’

et al.*® [Color figure can be viewed at wileyonlinelibrary.com]
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and (c) the preparation of composites using LDPE, bulk cellulose, and the renewable compatibilisers prepared according to Meier
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composites. Previous studies have shown that the acylation of cel-
lulose with fatty acids®® and the use of epoxidised plant oils as
compatibilisers®* are effective strategies to improve the material
properties of PE. Furthermore, starch has been used as an addi-
tive in polyolefin matrices in the past.*'”** The cellulose/LDPE
composites investigated in this study were prepared using extru-
sion [Scheme 1(c)], which is industrially one of the most attrac-
tive methods of polyolefin processing. The efficacy of the
compatibilisers was screened at a 10 wt % loading of cellulose
using rheological analysis and microscopy, while the quest for
composites containing up to 50 wt % renewable fraction was also
investigated. Further insights into the dispersion of cellulose
fibers within the composite and the material properties were
obtained by scanning electron microscopy (SEM), stress-strain
measurements, and thermal analyses.

EXPERIMENTAL SECTION

Materials

LDPE was kindly provided by INEOS Polymers & Olefins Europe
and had the following characteristics: density: 920 kg/m?; melt
index MI2.16 (190 °C/2.16 kg; ISO 1133-1): 8.5 g/10 min; molec-
ular weight: M,, = 17 300 g mol™", M,, = 126 000 g mol™"; melt-
ing temperature (T,,): 107 °C; crystallinity: 44%. The crystallinity
was calculated by using the enthalpy of melting measured by dif-
ferential scanning calorimetry (DSC): Cryst = (AH,, measured/
AH,, ) X 100, where AH,, o, = 293 ] g_l, the enthalpy of melt-
ing for 100% crystalline PE.>*

The cellulose pulp was obtained by pulping European beech wood
(Fagus sylvatica L.) using acetic acid followed by hydrogen perox-
ide (30%w/w in H,O, Aldrich) bleaching. Cellulose characteriza-
tion is provided in the Supporting Information (Figure S1-S2).
The transesterified amylose or starch were prepared according to
a recent publication by Meier et al.?® using high oleic sunflower oil
provided by Cargill (94.5% of acid chains were unsaturated, with
88.7% being monounsaturated, i.e., oleic acid, as determined by
"H NMR) and maize starch purchased in a local supermarket. Cel-
lulose, starch, and amylose (Aldrich) were dried at 100 °C in a
vacuum oven overnight prior to use. 1,5,7-Triazabicyclo[4.4.0]
dec-5-ene (98%, Aldrich) and dimethyl sulfoxide (anhydrous,
> 99.9%, Aldrich) were used as received. These polymeric mate-
rials have been previously characterized in detail®® and showed a
glass transition temperature (Tg) at 90 °C while no T, was
observed prior to their decomposition from 270 °C onwards.

Preparation of Composites

The different composites were prepared according to Table I. The
cellulose, modified amylose, and modified starch were cut into
small pieces, premixed with a spatula and, along with LDPE,
inserted into a Haake Mini 5 g twin-screw extruder at 180 °C
and 30 rpm. Once the sample was inserted, the rpm was
increased to 80. The pure LDPE was also extruded under the
same conditions to have the same thermal and shear history as
the composites samples. Subsequently, the samples were
compression-molded under vacuum at 120 °C and 10 kN pres-
sure for 10 min in a laboratory press to make 1.1 mm thick disks
of 25 mm diameter. The cooled films were then analyzed by
TGA, DSC, SEM, rheology, and stress—strain measurements.
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Table I. Composition of the Composites in wt % of a Total of 5g of
Sample

LDPE Cellulose Compatibiliser

Entry  Sample code (wt %)  (wt %) (mA, A, mSorS)
1 COmA/mS0 100 0 0
2 C10mA/mS5 85 10 5
8 C10mA/mS10 80 10 10
4 C10mA/mS15 75 10 15
5 COmA/mS10 90 0 10
6 C10mA/mSO 90 10 0
7 C10A/S10 80 10 10
8 COA/S10 90 0 10
9 C45mA/mS10 45 45 10
10 C45mA/mSO 55 45 0

A, amylose; LDPE, low-density polyethylene; mA, modified amylose; mS,
modified starch; S, starch.

Characterization

DSC was performed on a DSC Q100 instrument from TA Instru-
ments by placing around 5 mg of sample in an aluminium pan.
The sample was cooled to 0 °C, then heated to 140 °C, cooled to
—90 °C, and heated to 200 °C at a heating/cooling rate of 10 °C/
min. The last heating cycle was used for the determination of Tj,.

Thermogravimetric analysis (TGA) was performed on a TGA
Q500 instrument from TA Instruments. Around 10 mg of sample
was heated to 600 °C at a rate of 20 °C/min.

The melt rheological properties of the samples were determined
using an ARES G2 strain-controlled rotational rheometer from
TA Instruments. All measurements were performed with 25 mm
diameter parallel plate geometries under a nitrogen atmosphere.
Dynamic strain sweep tests were performed at 150 °C with 1 rad/s
for all the samples. Frequency dependence measurements were
performed in the linear viscoelastic regime between 120 and
160 °C. The linear master curves of G/(a)) and G”(w) at reference
temperature T,.f = 150 °C were constructed via frequency depen-
dency tests using the time-temperature-superposition (TTS) prin-
ciple.’® The TTS principle allows to increase the range of angular
frequencies and thus gives more information about the sample.

SEM analysis was performed on an FEI Quanta 600 using a W
gun using samples fractured in liquid nitrogen.

Stress—strain measurements were performed on an Instron 5594
tensile machine at a speed of 10 mm/min with a load capacity of
1000 N at room temperature. Young’s modulus, tensile strength,
and elongation at break were estimated by the average values of
at least three composite samples.

RESULTS AND DISCUSSION

In this study, the effect of two different compatibilisers, starch
and amylose transesterified with high oleic sunflower oil [modi-
fied amylose (mA) and modified starch (mS)], on the material
properties of LDPE and cellulose (C; detailed analysis provided in
Supporting Information) composites were investigated. As out-
lined in the introduction, cellulose was obtained from wood
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chips, while LDPE was donated from an industrial partner and
was produced via free-radical polymerization at elevated pressure
and temperature. Each compatibiliser was first tested at different
loadings for 10 wt % cellulose (entries 2-4 and 6, Table I) and
then further at 45 wt % cellulose (entries 9 and 10, Table I). The
obtained results were compared to reference samples (entries
1, 7, and 8, Table I) using nonmodified amylose (A) and non-
modified starch (S). For the sake of clarity, the amount of LDPE
is omitted in the sample names, which reflect the respective sam-
ple composition (for instance, COmA/mS0 for pure LDPE or
C10mA/mS5 for a sample containing 85% LDPE, 10% cellulose
and 5% starch-based compatibiliser, compare Table I).

Rheological Properties

The suitability of PE composite materials for various applications
strongly depends on their processability.”® Particularly the viscoelas-
tic properties, amount of viscous (fluid-like) behavior quantitied
by G” (w,) versus elastic (solid-like) behavior quantitied by G’
(@), and the thermal stability of the composites are important
parameters and depend on the filler concentration and the extent of
filler-matrix interaction. Rheology permits to measure these proper-
ties and allows to probe the microstructure of the composites, giving
insights into the state of cellulose dispersion within the matrix.***’
The viscoelastic behavior can be investigated by measuring the stor-
age modulus G’ (wy, 7o, T, t) (elastic contribution) and the loss
modulus G” (@, 7o, T, t) (viscous contribution) during oscillatory
shear measurements, in which the excitation frequency (w,), strain
amplitude (y,), temperature (T), and time (f) are varied indepen-
dently.” The linear viscoelastic region of the composites was deter-
mined by dynamic strain sweep measurements (Figure S3;
Supporting Information), measuring G’ (y) as a function of strain
amplitude [y, (#)] for all samples at 150 °C. The samples showed a
linear viscoelastic region until y,=10%, except for the highest content
of cellulose (C45mA/mS10), for which linear viscoelastic behaviors
up to yo=4% were noted (Figure S3; Supporting Information). In the
linear viscoelastic regime, G’ is independent of applied strain and
only depends on the microstructure at that temperature. Above this
critical strain (y), G’ becomes dependent on the rate and magnitude
of the applied strain and displays a more complex behavior.

Next, the samples were heated to 150 and 170 °C at an angular
frequency of w; = 1 rad/s for 1 h to determine their thermal sta-
bility in the linear viscoelastic regime (Figure S4-S5; Supporting
Information). Samples exhibited a stable G’ () for both tempera-
tures, indicative of the absence of degradation, except for samples
with 45 wt % cellulose (C45mA10/S10 and C45mA0/S0). For all
samples containing 45 wt % cellulose, a decrease in G’ (f) was
observed over the 1h period. This decrease was approximately
10% for C45mA10 and C45mS10, and above 15% for C45mA0/
S0 at both temperatures (Figure S4-S5; Supporting Information).
This phenomenon is not well understood, but possibly results
from the loss of residual water in the cellulose fibers. Further
investigations are needed to ascertain this hypothesis, for exam-
ple, coupled TGA-IR measurements.

Once the thermal stability of the composites up to 170 °C was
ensured for 10 wt % cellulose composites, the effect of the addi-
tion of cellulose and compatibiliser on the linear flow properties
of the composites was studied by dynamic frequency sweep tests
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(Figure S6; Supporting Information), in which the storage modu-
lus [G' (w,)] is obtained as a function of angular frequency (w;)
at reference temperature (T,r) 150 °C using the TTS principle. In
this kind of test, an increase of G’ (w;) at low @, is an indication
of the dispersion of the filler within the matrix as the G’ (w,)
only depends on the microstructure of the composite at that tem-
perature. Moreover, the appearance of a plateau signifies the
breach of the percolation threshold. Above this threshold, the
filler, in this case, cellulose fibers, forms an interconnected net-
work through a space filling dispersion of the fibers within the
matrix and improves the material properties through stress trans-
fer from the matrix (low strength) to the filler (high Strength).36

These tests showed that the addition of 10 wt % of cellulose to
LDPE (C10mAO and C10mS0) led to no enhancement of the
storage modulus compared to LDPE (comparison of violet hexa-
gons with black triangles, Figure S6; Supporting Information).
Most likely the fibers formed agglomerates within the matrix and
the addition of compatibiliser is needed to break these cellulose
clusters and ensure their dispersion. The effect of the addition of
10 wt % of compatibiliser (without cellulose) on the rheological
properties of the LDPE matrix was then investigated (Figure S6;
Supporting Information). While the addition of modified or
unmodified amylose to the LDPE matrix showed no significant
changes in G’ (filled pink pentagon and blue triangle, Figure S6;
Supporting Information), slight changes for starch were observed.
For modified starch, a 25% increase in G’ at w; > 10 rad/s and a
90% G’ increase at w; < 1 rad/s at 150 °C were observed, while
for nonmodified starch, a 10% decrease in G' at @, > 10 rad/s
and 60% increase in G at w; < 1 rad/s at 150 °C were observed
(hollow pink hexagon and blue triangle, Figure S6; Supporting
Information). These differences in G are very minor compared
to the expected improvements once both cellulose and com-
patibiliser are added.

Next, the effect of the compatibiliser (5-15 wt %) in the presence
of cellulose (10 wt %) was investigated using the same TTS prin-
ciple at 150 °C. The storage modulus (G') increased successively
with an increasing amount of compatibiliser (brown 5 wt %, blue
10 wt %, and green 15 wt %; Figure 1). At high frequencies
(w, > 10 rad/s), G was almost 200% higher for C10mA15 and
30% higher for C10mS15 compared to COmAO. Furthermore, the
appearance of a plateau of G was noted at low frequencies
(w; < 10 rad/s) for C10mA10, C10mA15 and C10mS15 (blue and
green symbols in Figure 1). The plateau indicated a space filling
dispersion of the cellulose fibers within the matrix. The otherwise
agglomerated cellulose fibers formed an interconnected network
within the matrix,*® able to dissipate applied stresses much better
within the material, increasing the storage modulus. The forma-
tion of such a network at this loading of cellulose is only possible
for nonagglomerated cellulose fibers, that is, fibers which have an
improved interfacial adhesion with the hydrophobic matrix. This
is a direct reflection of the addition of the amphiphilic
compatibilisers, which are able to provide interfacial interactions
between the two materials.

It is worth highlighting that the plateau was significantly more
pronounced for samples containing modified amylose (C10mA10
vs C10mS15), indicating a better compatibilising ability of the
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modified amylose compared to its modified starch analogue. This
can be further emphasized by comparing G' at @, = 0.05 rad/s of
samples C10mA15 and C10mS15, which was almost two times
higher for amylose and constituted an 18-fold increase compared
to pure LDPE. Another way of visualizing the improvement of
the dispersion within the matrix is to plot the relative absolute
complex viscosity (|7]/|n"]o) against the total filler and com-
patibiliser weight fraction (¢; Figure 2). The concentration neces-
sary to have, for example, a factor 2 improvement in the complex
viscosity (related to the dispersion of the cellulose fibers within
the matrix) is reached between 15 and 20 wt % of filler and com-
patibiliser for amylose (i.e, C10mA5 and C10mA10), while it
takes a higher amount to reach this value for starch, above 25 wt %
(i.e., C10mS15; Figure 2). The behavior of the complex viscos-
ity as a function of the weight fraction of compatibiliser and filler
appears to be neatly described for amylose by the extended Ein-
stein model, the modified Eilers,® Krieger—Dougherty,39 or
Mooney40 models [see Table S1 (Supporting Information) for
details] for suspensions of solids within a liquid while the modi-
fied Eilers model applies to the starch series. One possible expla-
nation for the better performance of the modified amylose
compatibiliser is that the linear structure of amylose [Scheme 1
(a)] was advantageous in the dispersion of cellulose in LDPE as it
was able to enrobe the cellulose fibers more effectively, while
starch, mainly composed of branched amylopectin [Scheme 1(a)],
was not able to adhere to the fibers surface as effectively.

Moreover, increasing the amount of cellulose to 45 wt % without
compatibiliser (C45mA/mS0) and with 10 wt % compatibiliser
(C45mA/mS10) was investigated (Figure 3). Although a twofold
increase in G’ (w;) was obtained in the absence of compatibiliser,
no plateau was observed for these samples (red symbols,
Figure 3). Upon the addition of 10 wt % compatibiliser (C45mA/
mS10), a 49-fold increase in G for C45mA10 and a 38-fold
increase in G for C45mA10 were noted at w, = 0.04 rad/s and a
pronounced plateau at low frequencies was observed. These
results confirmed that the addition of compatibiliser to the com-
posite (C45mA/mS10) effectively improved the dispersion of the
cellulose, compared to a simple mixture of LDPE and cellulose
(C45mA/mS10), increasing the G of the sample.

(a) Modified Amylose Composites
10° .
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Figure 2. Relative absolute complex viscosity (|5"]/]57"|o) as a function of the
total filler (cellulose) and compatibiliser (mA or mS) fraction (¢, wt %) at
angular frequency ®,=0.05rad/s for COmA/mS0O and samples containing
10 wt % cellulose (C10mAO-15, C10mS0-15). Several models are fitted to
the data points, which show an R-squared value above 0.97 [see 1
(Supporting Information) for further information]. [Color figure can be
viewed at wileyonlinelibrary.com]

Scanning Electron Microscopy

To further improve the understanding of the dispersion of the
cellulose fibers within the LDPE matrix, SEM images were
taken. A difference in the cellulose dispersion can be seen
when comparing samples with 45 wt % cellulose with and
without compatibiliser (C45mA/mS10 vs C45mA/mS0). In the
absence of compatibiliser, pull-out phenomena and large voids
were observed between the fiber and the matrix [Figure 4(c)].
Samples with compatibiliser (C45mA/mS10) on the other
hand showed enrobed cellulose fibers as well as a better adhe-
sion of the polymer matrix with the cellulose fibers [Figure 4
(d,e)]. This indicated that the modified amylose and modified
starch successfully increased the adhesion of the cellulose
fibers within the matrix, which allowed for an improved dis-
persion of the cellulose fibers within the LDPE matrix, as
observed by rheology. Unfortunately, no net difference could

(b) Modified Starch Composites
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Figure 1. Storage modulus G’ (@) as a function of angular frequency w, at T,er = 150 °C as obtained via TTS for pure LDPE and for composites containing
10 wt % cellulose (C) with 5-15 wt % of (a) modified amylose (mA) and (b) modified starch (mS). [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 3. Storage modulus G’ (w,) as a function of angular frequency ; at Tyer = 150 °C as obtained via TTS for pure LDPE and for composites containing
45 wt % cellulose (C) and 10 wt % of (a) modified amylose (mA) and (b) modified starch (mS). [Color figure can be viewed at wileyonlinelibrary.com]

be observed in images for samples containing less cellulose, as
no distinction between fibers, matrix, and compatibiliser could
be made. Further investigations using transmission electron
microscopy (TEM) also did not lead to a clarification because
of the semicrystalline nature of the matrix, which gave rise to
fuzzy regions in TEM pictures and the different components
could again not be clearly distinguished.

Thermal Properties

The TGA analysis revealed a reduced thermal stability of the
composite samples compared to pure LDPE and that their
decomposition occurred in two steps. First, from 300 °C

(d)

L45C45mA10 (e)

onwards, the cellulose and compatibiliser decomposed, followed
by LDPE above 450 °C (Figure 5). The weight loss of the sample
corresponds to the composition of the sample, for example, the
weight of the sample C10mA/mS5 decreased by 15 wt % up until
400 °C, which corresponds to the content in cellulose (10 wt %)
and compatibiliser (5 wt %) (see inset in Figure 5). An overall
decrease in thermal stability was expected due to the lower ther-
mal stability of cellulose. These values are in agreement with pre-
viously reported LDPE/starch blends.”>** In the DSC curves, no
change in T,, compared to extruded LDPE was observed, apart
from the effect of dilution in the enthalpy of melting (AH,,)
(Figure S7; Supporting Information).

A= st d Scale bar =50 pm

L45C45mS10

Figure 4. Scanning electron microscopy images of (a) pure LDPE (COmA/mS0), (b) pure cellulose (C100mA/mS0), (c) composite C45mA/mS0,
(d) composite C45mA10, and (e) composite C45mS10. Red arrows indicate pull-out phenomena and large voids; green arrows indicate enrobed fibers.

[Color figure can be viewed at wileyonlinelibrary.com]
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Figure 5. Thermogravimetric analysis curves of composites using (a) modified amylose and (b) modified starch compatibilisers and their respective reference

samples with the inset showing the % weight loss at the first plateau at 400 °C. [Color figure can be viewed at wileyonlinelibrary.com]

Mechanical Properties

Once the successful dispersion of the cellulose fibers was demon-
strated, the mechanical properties of the composites in the solid
state were investigated by elongation stress—strain measurements
(Table S2; Supporting Information). The main interest in adding
cellulose fibers to a polymer matrix is to increase its Young’s
modulus and thus increase its strength. First, the effect of the
compatibiliser on the Young’s modulus of LDPE was investi-
gated, which showed a negative effect on the Young’s moduli,
decreasing their value from 166 MPa (COmA/mS0) to 123 and
112 MPa for modified amylose (COmA10) and modified starch
(COmS10), respectively [entries 1, 5, and 12, Table S2
(Supporting Information); Figure 6]. This observation is similar
to a previous report on the addition of vegetable oils to HDPE.22
A similar trend was observed for the addition of nonmodified
amylose (COA10) and starch (C0S10), showing decreased Young’s
moduli of 91 and 92 MPa, respectively, relative to the LDPE
matrix (Table S2; Supporting Information). The addition of cellu-
lose to the matrix without compatibiliser slightly increased the
Young’s modulus to 218 MPa (entries 6 and 13, Table S2;
Supporting Information), corresponding to an increase of 31%
relative to pure LDPE (166 MPa, entry 1, Table S2; Supporting
Information).

Interestingly, in the presence of both cellulose and modified amy-
lose (C10mA5-15, Figure 6) the relative increase of the Young’s

Modified Amylose

—
Q
~

3004

Young's Modulus [MPa]

Q
<
E
=]
o

modulus is much larger. The largest relative increase (112%) was
observed for the composite containing 10 wt % of modified amy-
lose (261 vs 123 MPa, C10mA10 vs COmAI10, entries 3 and
5, Table S2; Supporting Information). Even though the rheologi-
cal analyses showed that the cellulose was dispersed to an even
better extent at 15 wt % compatibiliser loading (C10mA15), the
Young’s modulus dropped (202 MPa, entry 4, Table S2;
Supporting Information) as a result of the softening effect of the
compatibiliser. Nonetheless, the Young’s modulus was still
improved for C10mA15 compared to pure LDPE and a careful
balance between the degree of cellulose dispersion and the
Young’s modulus needs to be found related to the type of appli-
cation targeted.

Compared to the composites containing modified amylose, the
addition of modified starch had a less significant impact on the
Young’s moduli. A maximum relative increase of 78% was
observed for 5 wt % compatibiliser (C10mS5) and the addition of
more compatibiliser led to a decrease to 140 MPa (C10mS15).
This softening effect of the compatibiliser on the matrix material
was more pronounced compared to modified amylose. Overall,
these results support the rheological findings, which demon-
strated that modified amylose led to a better cellulose dispersion
compared to its starch analogues. It should be noted that, while
the Young’s modulus for samples containing cellulose and non-
modified amylose (C10A10) or nonmodified starch (C10S10)

Modified Starch
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Figure 6. Young’s moduli for composites with (a) modified amylose and (b) modified starch as compatibiliser and their respective reference samples.
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were in the same range as the composites containing modified
amylose (C10mA10) or modified starch (C10mS10), 261 versus
287 MPa for amylose and 237 versus 173 MPa for starch, the
rheological analyses above clearly highlighted the absence of any
cellulose dispersion within the matrix in the presence of non-
modified amylose or nonmodified starch (Table S2; Supporting
Information). This is directly reflected in the large standard devi-
ation of the Young’s modulus values (13-35%, Table S2;
Supporting Information), as these composites are very inhomoge-
neous materials.

In all samples, a severe impact of the addition of cellulose on the
elongation at break was observed, as values decreased from
185 to below 60% (Supporting Information). This is not unex-
pected, as a strengthening of the material (i.e., an increase in the
Young’s modulus) often triggers a decrease in its plastic elasticity
leading to a more brittle material.

CONCLUSION

The preparation of LDPE composites using bulk cellulose fibers
was shown to be possible using plant-oil and starch-based
compatibilisers synthesized in a sustainable fashion. A clear
improvement in the cellulose dispersion within the polymer
matrix was observed using rheology and could be confirmed by
SEM. Modified amylose showed a higher capacity to
compatibilise cellulose within the LDPE matrix as a plateau in
the storage modulus was observed at both 10 and 15 wt % com-
patibiliser loading with 10 wt % cellulose (C10mA10-15). This
was also reflected by a relative increase of 112% (C10mA10) in
terms of the Young’s modulus. Modified starch, on the other
hand, gave rise to a poorer dispersion of the cellulose and as a
result, the composites’ mechanical properties were not improved
significantly, a relative increase of only 78% in the Young’s mod-
ulus for C10mS5. This study highlights the promise of renewable
compatibilisers for the preparation of reinforced polyolefin matri-
ces using bulk cellulose fillers.
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