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In order to overcome interfacial incompatibility issues in natural fibre reinforced polymer
bio-composites, surface modifications of the natural fibres using complex and environmen-
tally unfriendly chemical methods is necessary. In this paper, we demonstrate that the
interfacial properties of cellulose-based bio-composites can be tailored through surface
adsorption of polyethylene glycol (PEG) based amphiphilic block copolymers using a
greener alternative methodology. Mixtures of water or water/acetone were used to form
amphiphilic emulsions or micro-crystal suspensions of PEG based amphiphilic block
copolymers, and their deposition from solution onto the cellulosic substrate was carried
out by simple dip-coating. The findings of this study evidence that, by tuning the amphiph-
ilicity and the type of building blocks attached to the PEG unit, the flexural and dynamic
thermo-mechanical properties of cellulose-based bio-composites comprised of either poly-
lactide (PLA) or high density polyethylene (HDPE) as a matrix, can be remarkably
enhanced. The trends, largely driven by interfacial effects, can be ascribed to the combined
action of the hydrophilic and hydrophobic components of these amphiphiles. The nature of
the interactions formed across the fibre–matrix interface is discussed. The collective out-
come from this study provides a technological template to significantly improve the perfor-
mance of cellulose-based bio-composite materials.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Current environmental concerns and stricter regula-
tions throughout the world have led to a wide shift
towards the design of engineering materials using ecolog-
ically-friendly and sustainable manufacturing methodolo-
gies. In this context, the use of renewable materials such
as natural fibres in commodity composites has rapidly
increased over the past few years and more recently natu-
ral fibres have become one of the fastest growing filler and
reinforcing materials for thermoplastics [1]. Bio-compos-
ites which are derived from the combination of natural
fibres with a thermoplastic (or a thermoset) have been
used for a number of applications in the automotive, build-
ing and packaging sectors [2,3].

However, the implementation of natural fibres as an
alternative reinforcement to synthetic fibres in the design
of structural engineering composites has been hindered
by limitations relating to the long term structural
and functional stability of these materials. The lack of
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performance essentially stems from the poor interfacial
quality between the hydrophilic natural fibre and the
hydrophobic polymer. To date, the primary avenue of
research employed to tackle this interfacial compatibility
issue has been focussed on the surface modifications of
the natural fibres using chemical routes including alkali,
silanization, acetylation, graft co-polymerization, etherifi-
cation and maleated-polypropylene [1,2,4–8] or physical
plasma routes [9–12]. The chemical surface modification
often improves the hydrophobicity of the fibre surface,
thus promoting interfacial bonding via diffusion of the
chain segments into the matrix [13]. The chemical surface
pre-treatment of natural fibres is typically carried out
separately, prior the processing of the composites, and
involves a number of successive steps [14,15]. The surface
functionalised fibres can be used to reinforce thermoplas-
tic or thermoset resins by injection moulding, compression
moulding, extrusion, sheet moulding compound (SMC) or
resin transfer moulding (RTM) techniques [16,17]. Non-
wovens, typically produced by carding of natural fibres
with a thermoplastic fibre (often polypropylene), are con-
solidated into a bio-composites for automotive interior
applications by compression moulding [17]. The surface
modification of natural fibres has also been reported by
means of reactive extrusion via grafting of di-functional
coupling agents such as anhydrides, isocyanates or benzo-
phenone onto the natural fibres [15,18]. The resulting
fibre/thermoplastic blend can be turned into a product
using compression moulding or injection moulding.

Whilst these methods were found to be effective to
some extent, one could argue that in an ecologically-
friendly manufacturing context, the reported methods are
not really acceptable as most methods use a range of toxic
chemicals, involve multi-step reactions and are not energy
efficient.

In our previous work, we presented the possibility of
overcoming the interfacial affinity issues in a jute/polylac-
tide (PLA) bio-composite by deposition of PEG–PLLA
amphiphilic block copolymers from solution [19]. This
method offered some environmental benefits as in most
cases water/acetone mixtures were used to treat the sur-
face of the fibrous substrate. We found that strong interac-
tions, such as intra- and inter-molecular hydrogen bonds
formed across the fibre–matrix interface, induced a certain
degree of enhancement in properties in these bio-
composites.

The work presented here extends on this concept by
looking into tuning both the amphiphilicity and the nature
of the building blocks constituting the copolymers in order
to optimize the performance of the cellulose based bio-
composite, for which the matrix is either PLA or high den-
sity polyethylene (HDPE). These particular matrices were
chosen because PLA is of high interest due to its sustain-
ability and bio-derived nature whilst polyolefin polymers
such as HDPE are still highly utilized for industrial applica-
tions such as automotive [3,20] and construction [21] due
to their lower cost. The current work builds on the previ-
ously reported concept that poly (ethylene glycol) (PEG)
has tremendous potential for forming hydrogen bonding
interactions with cellulose [22,23], and will use exclusively
amphiphilic copolymers having either C18H35 or a polyeth-
ylene (PE) block attached to a PEG block. This research
paper will investigate their deposition from solution and
surface adsorption onto the cellulosic substrate. The effects
of both the block type and the amphiphilicity of the
copolymers on the properties of the corresponding cellu-
lose based bio-composites will be analysed and the nature
of the interactions across the interface will be discussed.
2. Materials and experimental procedures

2.1. Materials

A plain weave of cellulose (regenerated bamboo Corcho-
rus genus) fabric of approximately 150 g/m2 was obtained
from Bamboo Australia.

Polylactic acid films (300 lm in thickness) were pur-
chased from Bi-Ax International (Canada). High density
polyethylene films (HD5148, 300 lm in thickness) were
kindly donated by Qenos Australia.

Three poly (ethylene glycol)-block-oleyl ether copoly-
mers (Brij� 93, O10 and 98) were obtained from Sigma
Aldrich. In these copolymers, referred to herein as PEGn–
b–C18, the number of PEG units, n, are 2, 10 and 20 and
their hydrophilic–lipophilic balance (HLB) values are 4,
12 and 15, respectively.

Three polyethylene-block-poly (ethylene glycol)
copolymers of average Mn � 1400 g/mol, 920 g/mol and
Mn � 875 g/mol were obtained from Sigma Aldrich. These
copolymers will be referred to herein as PEGp–b–PEm, the
number of polyethylene units m is 25, 17 and 25 whilst
the number of PEG units is p is 16, 10 and 4, respectively.
Their HLB values are 10, 10 and 4, respectively.

2.2. Surface treatment of the cellulosic substrate

The first step involved looking at the solubility of each
copolymer in preferably water but also in mixtures of
water and acetone. The fabrics were then surface coated
with 2.5 weight percent (wt%) of each copolymer. The sol-
vent uptake was calculated for each mixture by taking the
average weight absorbed by the fabric after dipping the
fabric into a glass beaker filled with a large quantity of
each solvent mixture. Surface treatment was carried out
by dipping once for approximately 2 min, square samples
of known dimensions and mass into solutions containing
various concentrations of copolymer (which generally var-
ied between 10 and 15 g/L solvent). The fabrics were then
dried in vacuo at 80 �C for 12 h.

2.3. Fabrication of the bio-composites

The treated fabrics were used to produce composite
samples with PLA and HDPE films. In order to minimise
hydrolysis of the polymer chains caused by a combination
of moisture and heat, the PLA films were dried overnight in
vacuo at 80 �C prior to processing. HDPE being very hydro-
phobic was used as received without any drying. The com-
posites were produced by compression moulding via a
stacking procedure using square samples of fabrics
(120 mm in length). The stacking sequence was achieved
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by alternating four layers of fabrics with five layers of films
(PLA or HDPE). The stack was placed into a stainless steel
mould coated with a release agent. The assembly was vac-
uum bagged at 85 kPa and placed in a hot press at 175 �C
for 5 min. Pressures of 1.5 MPa for 2.5 min followed by
2.5 MPa for 2.5 min were applied respectively. The com-
posites were removed from the press, de-bagged and
immediately annealed in a conventional oven at 110 �C
for 30 min. A complete schematic of the fabrication proce-
dure used in this work is presented in Fig. 1.
2.4. Characterisation

2.4.1. Optical microscopy
Optical micrographs were taken in reflection mode

using an Olympus DP71 digital camera at 5–10� total
magnification using a few drops of solution deposited on
a glass slide. A Nomarski-type filter was applied to
evidence phases of different refractive index.
2.4.2. Raman and infra-red spectroscopy
Raman spectra and spectral maps were obtained using

an inVia confocal microscope (Renishaw, Gloucestershire,
UK) equipped with the Streamline Plus chemical imaging
system. The Raman shifts were calibrated using the
520 cm�1 line of a silicon wafer. The spectral resolution
was �1 cm�1. The 514 nm excitation from an argon ion
laser (Modu-Laser Stellar-Pro ML/150) through a 50�
(0.75 na) objective gave an incident laser power of
4.5 mW at the sample as measured using an Ophir Nova
power meter fitted with a PD300-3W photodiode head.
This laser power gave good signal to noise spectra and
was found not to have any adverse effects on the samples.
All samples were mounted on mirrored surfaces. The fibre
bundles within the fabrics were orientated parallel to the
polarization of the laser with the aid of a rotating stage.
Raman survey scans were obtained by averaging 4 accu-
mulations, each with a 20 s exposure time. Raman spectral
maps were collected in highly confocal mode over an area
Fig. 1. Schematic representation of the bi
approximately 10 � 10 lm, using 1 lm increments
between data points, giving a total number of data points
per map of 121. Each spectrum was a single static accumu-
lation with a 35 s exposure time over the range of 544–
1837 cm�1.

False colour maps were created using WiRE software
version 3.4 (Renishaw, Gloucestershire, UK). The spectral
region between 950 and 865 cm�1 was deconvoluted into
two components at 926 and 897 cm�1 which were identi-
fied through 2nd derivative spectroscopy. The region
between 1300 and 1286 cm�1 was fitted with one band
at 1295 cm�1. The 897 cm�1 band is due to the cellulose
fabric while the 1295 cm�1 band can be attributed to the
PEG2–b–C18. Fits were based on band components repre-
sented by a variable mixture of Gaussian and Lorentzian
functions. All peak heights were limited to the range
greater than or equal to zero. In the initial fitting steps
the frequencies of overlapping band centres were only
allowed to vary by ±5 cm�1 from the frequency determined
by the second derivative spectra. All Raman maps were
translated onto the same colour scale through the use of
a look up table.

Infrared attenuated total reflectance (ATR) spectra were
collected from the films using a Perkin Elmer (Beaconsfield,
UK) System 2000 Fourier transform infrared (FTIR) spec-
trometer fitted with single bounce Ge Pike Technologies
MIRacle ATR accessory (Madison, USA) and a liquid nitro-
gen cooled Mercury Cadmium Telluride detector. Spectra
were collected at 4 cm�1 resolution with 64 scans co-
added. All spectroscopic data manipulation was carried
out using Grams AI V 9.1 software (Thermo Fisher
Scientific, Waltham, USA).
2.4.3. Differential scanning calorimetry
The thermal properties of the materials were investi-

gated using a TA Instruments Q200 operated under a nitro-
gen stream at a flow rate of 20 mL/min using sealed
aluminium pans.
o-composites fabrication procedure.
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2.4.4. Mechanical properties of the bio-composites
Dynamic mechanical analyses (DMA) were performed

using a Q800 instrument equipped in dual-cantilever mode
using a frequency of 1 Hz with a constant strain of 0.05%
and a heating rate of 2 �C/min between 0 and 125 �C. Spec-
imens of approximate dimensions of 55 mm � 12 mm �
2 mm were used. Flexural strength and flexural modulus
were determined on a Lloyd LR30 K universal tensile tester
using the 3 point bending method as per ASTM D790-84a
with a span length of 16 times the thickness and a
crosshead speed of 2 mm/min. All tests were conducted
at 20 ± 2 �C and 65 ± 2% relative humidity.
Fig. 2. Infrared ATR spectra obtained from (A) PEG2–b–C18, (B) cellulose
fabric and (C) PEG2–b–C18 treated fabric.
3. Results and discussion

3.1. Cellulose/PLA bio-composites

It is important to first discuss the solution properties of
the amphiphilic copolymers and their surface deposition
onto the cellulosic substrate, prior to fabricating the com-
posites. The hydrophilic–lipophilic balance (HLB) values
for the PEG10–b–C18 and PEG20–b–C18 copolymers are 12
and 15, respectively, indicating that these copolymers have
a stronger hydrophilic character. These copolymers are
water soluble and thus when dispersed in water the solu-
tions are visually clear (Supplementary Information,
Fig. SI1-A). On the other hand, the PEG2–b–C18 copolymer
has a much lower HLB value of 4 and is lipid-soluble due
to its stronger hydrophobic character. This copolymer,
liquid at room temperature, disperses in a water/acetone
solution (3–1 ratio) yielding a fine oil in water emulsion
that is milky in appearance. The droplets are approxi-
mately between 5 and 30 lm in size (Supplementary Infor-
mation, Fig. SI1-B). The emulsion was found to be quite
stable; the image in Fig. SI1-B was taken 48 h after mixing.

After deposition and surface adsorption of all the
copolymers onto the cellulosic fabric via dip coating from
these solutions, the presence of the copolymers was not
detectable in the Raman spectra of the cellulosic fabric
(Supplementary Information, Fig. SI2). The low wavenum-
ber Raman spectra obtained from the PEG2–b–C18 and cel-
lulose fabric are shown as traces A and B in Fig. SI2
(Supplementary Information) respectively. A typical spec-
trum obtained after treatment of the fabric with the
PEG2–b–C18 copolymer is shown as trace C. The strongest
feature in the low wavenumber Raman spectrum obtained
from PEG2–b–C18 is the 1655 cm�1 band which is assigned
to the C@C stretching vibration in the C18 chain [24]. This
feature could not be detected in any of the spectra
obtained from the treated fabric suggesting that the
PEG2–b–C18 is present as a very thin coating on the fibre
surface. As it has been aforementioned that all PEG–b–
C18 copolymers studied in this work were deposited onto
the fabric in a liquid form and local migration of the
copolymers is to be anticipated within the cellulose sub-
strate after drying of the fabric.

The presence of the copolymer within the top surface of
the cellulosic substrate was verified through ATR-FTIR
spectra analysis of thePEG2–b–C18, cellulose fabric and
PEG2–b–C18 treated fabric (shown in Fig. 2 as traces A, B
and C, respectively). Careful comparison of the spectra
revealed several differences in the absorbance pattern that
can be attributed to the presence of PEG2–b–C18. CH2

stretching vibrations associated with CH2–O groups are
observed at 2918 and 2847 cm�1 and the CH2 deformation
is observed at 1457 cm�1. The asymmetric C–O–C stretch-
ing vibration observed at 1111 cm�1 in the spectrum
obtained from the PEG2–b–C18 (trace A) is masked by the
strong C–O modes of the cellulose molecules [24]. As the
depth of penetration of the evanescent wave into the cellu-
lose at 2900 cm�1 can be estimated to be of the order of
0.23 lm it is likely that a thin uniform layer of PEG2–b–
C18 is on the surface of all fibres (below the limit of detec-
tion of the less surface sensitive Raman technique) [25]. To
further investigate the presence of PEG2–b–C18 on the fab-
ric surface the spectrum obtained from the residue left on
the Ge ATR crystal after the treated fabrics was removed
was recorded. This spectrum, shown as trace A is Fig. SI3
(Supplementary Information), is in excellent agreement
with that of the pure PEG2–b–C18 shown as trace B. Fur-
thermore, the scale factor of 26 used in this plot high lights
the thin amount of PEG2–b–C18 present on the surface of
the fibres.

The quasi-static flexural results presented in Fig. 3 point
out that the surface treatment of the cellulosic substrate
using the various PEG–b–C18 amphiphiles had a positive
influence on both the flexural modulus and strength of
the bio-composites with some noticeable enhancements.
The effects of the PEG block length was quite obvious in
Fig. 3. Whilst the copolymers containing the higher PEG
chain lengths of 10 or 20 provided a very reasonable
improvement (�25% in flexural modulus and �15% in flex-
ural strength), the copolymer containing the shortest PEG
chain, PEG2–b–C18 (HLB of 4), displayed the best perfor-
mance with improvements of 54% and 47% in flexural
modulus and strength. This improvement is higher than
what we previously reported using PEG–PLLA amphiphiles
having a minimum HLB of approximately 7 [19]. Clearly
the PEG2–b–C18 copolymer shows the strongest hydropho-
bic character and provided the greatest improvement to
the PLA–cellulose interface than the PEG20–b–C18 and
PEG10–b–C18 copolymers with lower hydrophobic
character.



Fig. 3. Effect of surface treatment of the cellulosic substrate using PEGn–b–C18 on the flexural properties of the corresponding composites with PLA.

Fig. 4. Effect of surface treatment of the cellulosic substrate using PEGn–
b–C18 copolymers on the storage modulus (top) and tand (bottom)
properties of the corresponding composites with PLA.
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Moreover, polyethylene glycols are known to be highly
flexible and hydrophilic polymers [26] and have been
shown to form strong hydrogen bonds when in contact
with cellulose [22,23]. Consequently, and in light of our
results, it can be postulated that the shorter PEG chains
allowed for lower degrees of slipping and hydrogen bond-
ing dissociation and restructuring at the cellulose–PEG
interface than do the longer PEG chains. However, the
improvement in interfacial properties can most likely be
ascribed to the combined action of the hydrophilic PEG
and hydrophobic C18 components.

It has been previously reported that in a fibre reinforced
composite, the interfacial properties between the matrix
and the fibre correlate well to their dynamic properties
[27–29]. The dynamic and thermal analysis data presented
in Fig. 4 supports this assumption. Over the range of tem-
peratures tested, the dynamic response of the bio-compos-
ites was greatly ameliorated after treatment with the
various amphiphiles, in line with the improved fibre–
matrix adhesion. An analysis of the data indicates that at
room temperature, the composite performs better with
the adsorption of the PEG2–b–C18 system for which the
storage modulus was found to be 60% higher than the
untreated cellulose bio-composite, correlating well with
the static flexural modulus data. Further, the observed shift
in the peak of tan delta (Tg) of 4.5 �C coupled with a reduc-
tion in the height of the tand curve reflects on a restriction
of the molecular mobility at the interface and improved
interaction at the fibre–matrix interface as reported else-
where [30].

3.2. Cellulose/HDPE bio-composites

In the next set of experiments a non-polar polyolefin
HDPE homopolymer matrix was used. The cellulose fabrics
were treated with the PEG2–b–C18 (which provided the
best result with a PLA matrix in the previous section) and
with three polyethylene-block-poly (ethylene glycol)
copolymers: PEG16–b–PE25, PEG10–b–PE17 and PEG4–b–
PE25. In the latter types of block copolymer, the block
attached to the PEG unit is identical to the polyethylene
matrix. In doing so, it was possible to separate and inde-
pendently analyse the effects that the type (e.g. PE vs
C18) and length of the PE block attached to the PEG unit
have on the interfacial and physical properties of the
resulting composites.
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In relation to their solution properties, none of the PEG–
b–PE copolymers are water soluble and therefore mixtures
of water/acetone (3–1 ratios) were employed to form
cloudy dispersions which were subsequently used for
dip-coating of the fabrics. Under the optical microscope,
the suspension containing the PEG16–b–PE25 and the
PEG10–b–PE17 copolymer presented uniformly dispersed
particles throughout the volume (Fig. SI4-A and B, Supple-
mentary Information). On the other hand, the PEG4–b–PE25

copolymer suspension presented crystalline precipitates
floating on the aqueous surface, indicating their more pro-
nounced hydrophobic character (Fig. SI4-C).

Because the PEG–b–PE copolymer solutions consisted of
solid particles or suspensions of micro-crystals, it was
important to understand how the copolymers were depos-
ited and adsorbed onto the fabric after the dip coating pro-
cess. We therefore investigated the homogeneity of the
deposition using Raman spot analysis (0.8 lm in diameter)
over a broad area of the treated fabric. The spectra
obtained from the PEG4–b–PE25 and cellulose fabric are
shown as traces A and B of Fig. SI5 (Supplementary Infor-
mation), respectively. Typical low wavenumber Raman
spectra obtained from the PEG4–b–PE25 treated fabric are
shown as traces C and D. All of the spectra obtained from
fabric samples were normalised on the 897 cm�1 band that
is associated with the b-glycosidic linkages found in cellu-
lose [31]. The sharp bands of the PEG4–b–PE25 are clearly
evident in trace D but not detectable in trace C. This result
suggested that the dispersion of the PEG–b–PE is variable
with localized areas of thick coverage.
Fig. 5. SEM images of the PEG4–b–PE25 treated fabric (A and B) and a 10 by 10 lm
on the surface (black is the substrate, red is the PEG4–b–PE25 copolymer). (For in
referred to the web version of this article.)
This result was further confirmed through SEM imaging
and Raman mapping of the PEG4–b–PE25 treated fabric
(Fig. 5A and B), where a sparse copolymer dispersion with
micron-size crystalline features were visible on the fila-
ments constituting the yarn of the fabric. A Raman chemi-
cal functional map representing the distribution of this
copolymer over a 10 � 10 lm randomly chosen area is
shown as Fig 5C. The Y axis of the Raman map is aligned
with the direction of the fibres.

The map colour represents the intensity of the
1295 cm�1 copolymer band that can be assigned to the
CH2 twisting vibration of the (ACH2A) chains in PEG–b–
PE normalised by the intensity of the 897 cm�1 cellulose
band. As given by the legend on the right hand side of
the figure, black (I1295/I897 = 0) indicates no polymer
detected while white (I1295/I897 � 1.6) represents a maxi-
mum amount detected. It can be seen from the map that
the PEG4–b–PE25 copolymer crystallites were indeed visi-
ble at the microscopic level (represented in the map by
the large white/yellow entities). Nonetheless, it is impor-
tant to also highlight that the cellulosic surface was largely
covered by thinner deposits of the copolymer (red, I1295/
I897 � 0.4) that is beyond what could be seen in the SEM
images.

We then looked at the stability of the cellulose–copoly-
mer interaction after subsequent rinsing in water. The pre-
viously PEG4–b–PE25 treated fabric which was immersed in
MiliQ water at room temperature, vigorously stirred for
approximately 1 min and re-dried. We found that the pres-
ence of PEG4–b–PE25 could still be detected on the surface
Raman chemical functional map (C) showing the presence of copolymer
terpretation of the references to colour in this figure legend, the reader is
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as showed in the Raman chemical functional map depicted
in Fig. 6A. The larger crystalline structures disappeared but
the map clearly indicated the presence of a thin PEG4–b–
PE25 layer (represented in the map by the red coloured
areas). The copolymer distributions obtained from the
Raman maps are shown in Fig. 6B. The distribution
obtained for the original treated fabric, depicted by the
black histogram bars, suggested a broad unevenness in
the deposition while after subsequent rinsing and drying
the distribution, depicted as the red bars, was found to
be narrower and lower in value, suggesting that the disper-
sion was more uniform and thinner. The molecular interac-
Fig. 6. Raman chemical functional map (10 by 10 lm) after subsequent rinsing
from the normalised intensity data from the two maps; black is as treated an
references to colour in this figure legend, the reader is referred to the web vers

Fig. 7. Effect of surface treatment of the cellulosic substrate using PEG2–b–C18 a
with HDPE.
tions at the interface between the thinly distributed micro-
crystalline species and the cellulose substrate must have
been strong enough to overcome the rinsing and stirring
process.

The flexural properties of the resulting bio-composite
samples are presented in Fig. 7. The trends again show
an obvious dependence on the type of surface treatment.
The PEG2–b–C18 copolymer, which provided the best
improvement with a PLA matrix, was only very mildly
effective in the HDPE matrix. The enhancement in flexural
modulus was 17%, accompanied by a slight (9%) loss in
strength (possibly within statistical deviation). On the
of the treated fabric (A) and histogram (B) of PEG4–b–PE25 counts derived
d red is after subsequent rinsing and drying. (For interpretation of the

ion of this article.)

nd PEG–b–PE on the flexural properties of the corresponding composites



Fig. 8. Effect of surface treatment of the cellulosic substrate using PEG2–
b–C18 and PEG–b–PE on the storage modulus (top) and tan delta (bottom)
properties of the corresponding composites with HDPE.
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other hand, it is clear from Fig. 7 that the PEG–b–PE type
copolymers were much more effective at improving the
flexural performance of the HDPE composites. The PEG4–
b–PE25 copolymer clearly outperformed the other systems
displaying a remarkable 115% and 54% increase in flexural
modulus and strength, respectively. The same conclusions
Fig. 9. DSC endotherms for the cellulose/HDPE (top) and PEG4–b–PE25
which have been made before in regards to the effect of the
hydrophilic/hydrophobic character of the copolymers on
the interfacial properties can be also drawn. In addition
to this, the trends evidenced that the nature of the block
attached to the PEG block is critical in tuning the interfacial
properties of the composite. Here the PE block was found
to be more effective because firstly it is compatible with
the HDPE matrix due to its identical chemical make-up
and secondly the possibility of molecular interactions
between the PE and HDPE chains through van der Waals
bonds also exist. DMTA data was also consistent with the
flexural static data, showing a large improvement of up
to 125% in the dynamic storage modulus between �25 �C
and 115 �C and showing a significant decrease in the
height of the tan delta associated with an improved inter-
face (Fig. 8) [30].

The paper investigated alternative explanations for the
property improvements observed in this work. The flexural
properties of a composite are dictated by the properties of
the individual constituents, fibre volume fraction and
interfacial strength. In light of the significant improve-
ments in modulus observed in this work, one could argue
that the fibre volume fraction between the samples must
vary. However it is important to stress that we ensured
that the fibre volume fraction remained consistent from
sample to sample and minimised this effect to the best of
our ability. The cellulosic fabric used was man-made from
regenerated bamboo and was very consistent in thickness.
The cellulosic fibres constituting the fabric were also very
homogenous in diameter (�20 lm from SEM analysis,
see Fig. 9). Moreover the pressures (of up to 5 bars corre-
sponding to approximately 2.5 MPa) and temperatures
applied to fabricate the composites were consistently the
same, yielding composites of approximate thicknesses of
1.8 ± 0.1 mm. In addition vacuum (85 kPa) was applied
during fabrication to minimise the presence of voids,
which are also inter-related to the flexural performance
of a composite. We can thus consider that the fibre volume
fraction was relatively consistent between samples.
treated cellulose/HDPE samples (only shown here for brevity).
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It could be implied that the trends could have been
related to significant changes in the crystallinity of the
HDPE matrix. However, it is important to note that all sam-
ples were annealed at 110 �C for 30 min post-processing
prior to the mechanical testing in order to maximise the
crystallinity of the HDPE matrix (or PLA matrix in the case
of the previous experiments). Regardless of that, the differ-
ence in crystallinity between the untreated cellulose/HDPE
and the PEG4–b–PE25 treated cellulose sample (which dis-
played the largest improvement) was verified. The DSC
dynamic scan of these two samples revealed a heat flow
of approximately �50 J/g ± 5 J/g (Fig. 9) and considering
that the heat of fusion of fully crystalline HDPE is 293 J/g
[32], it signifies that the difference in crystallinity is less
than 2% between samples. This difference cannot be con-
sidered significant enough to justify the observed large
increase in modulus after treatment with PEG4–b–PE25.
The difference in crystallinity was less than 2–3% in the
case of the PLA based samples studied in the previous sec-
tion (DSC results not shown here). In light of the collective
results presented here, there is in our opinion no doubt
that the trends are largely driven by interfacial effects.

4. Conclusions

The collective outcomes of this paper showed that the
interfacial properties in cellulose-based bio-composites
can be tailored through surface adsorption of polyethylene
glycol (PEG) based amphiphilic block copolymers. The
trends evidenced that the performance of the cellulose-
based bio-composites could be remarkably enhanced by
tuning both the nature of the block attached to the PEG
block and the overall amphiphilicity (i.e. hydrophilic–lipo-
philic balance) of the block copolymers. Improvements in
flexural modulus of up to 54% and 115% were observed
in the PLA or HDPE based bio-composites after surface
deposition and adsorption of the poly (ethylene glycol)
based amphiphiles. The strong interfacial interactions
formed across the fibre–matrix interface, such as intra-
and inter-molecular hydrogen and van der Waals bonds,
can be put forth as the main contributors to the perfor-
mance improvement. At the very least, the methodology
presented here offers a potentially greener alternative to
other chemical methods presented in the literature as the
deposition of aqueous amphiphilic emulsions or crystalline
suspensions from solution onto the cellulosic substrate
was carried out in a simple way using dip-coating. We
believe that the outcomes from this study provide a tech-
nological template to significantly improve the perfor-
mance of cellulose-based composite materials. We are
currently using this concept to improve the performance
of other functional composite materials.
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