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Abstract 

The focus of this research was to study the effect of combining nanofillers with different geometry and surface 
chemistry on the structure and properties of biopolymers as an alternative to traditional plastics. How the inclusion 
of 2D graphene oxide (GO) or reduced GO (rGO) combined with 1D sepiolite (SPT) or cellulose nanocrystals (CNCs) 
affect the structure and properties of chitosan and chitosan/carboxymethyl cellulose (CMC) materials was investi-
gated. A 3D interconnected microstructure formed, composed of GO and SPT due to the strong interactions between 
these hydrophilic nanofillers. The chitosan/CMC/GO/SPT composite had the highest tensile strength (77.5 ± 1.2 MPa) 
and Young’s modulus (1925.9 ± 120.7 MPa). For the un-plasticised matrices, hydrophobic rGO nanosheets generally 
hindered the interaction of SPT or CNCs with the polysaccharides (chitosan and CMC) and consequently, composite 
properties were mainly determined by the rGO. However, for the chitosan matrix plasticised by 1-ethyl-3-methylim-
idazolium acetate ([C2mim][OAc]), rGO + CNCs or rGO + SPT disrupted polymer chain interactions more effectively 
than the nanofillers when added alone and resulted in the chitosan being more plasticised, as shown by increased 
chain mobility, ductility, and surface hydrophilicity. For the [C2mim][OAc]-plasticised chitosan/CMC matrix, the advan-
tages of including hybrid fillers, rGO + CNCs or rGO + SPT, were also obtained, resulting in higher thermal stability and 
surface hydrophobicity.
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Introduction
Chitosan is renewable, biodegradable, biocompat-
ible, non-toxic, biologically tolerant, and hydrolysable 
by lysozymes and has excellent film-forming, hydration, 
wound healing, antifungal and antimicrobial proper-
ties [1]. Due to these appealing and useful properties, 
chitosan has been extensively studied for application in 
biomedical treatment, pharmaceutics, food, cosmetics, 
biotechnology, water treatment, agriculture, textiles, and 
papermaking [1–4].

Chitosan due to its abundant hydroxyl and amino 
functional groups can be chemically modified as a route 
to new or improved properties [5]. Nonetheless, a more 
convenient and cost-effective method to modify chitosan 
could be by blending it with other polymers, especially 
biopolymers. Cellulose is another important polysaccha-
ride widely available in plants and constitutes the most 
abundant renewable polymer resource [6]. Blends of chi-
tosan with cellulose have been widely studied, display-
ing antibacterial activity, metal ion absorbency, odour 
treatment characteristics, increased water or moisture 
absorption capacity, enhanced mechanical properties, 
good antistatic behaviour, high porosity, and self-healing 
effects [7]. Generally, such materials are made through 
dissolving chitosan and cellulose in a solvent followed 
by regeneration [7], which can be time- and chemically 
intensive. Moreover, the properties of chitosan/cellu-
lose blends are dependent on the way of biopolymer 
chain interactions. For example, it was found that the 
mechanical and dynamic mechanical thermal proper-
ties of chitosan/cellulose films prepared by dissolving the 
polysaccharides in trifluoroacetic acid and casting were 
dominated by cellulose, which was supposed to be due 

to the strong intra-molecular and intra-strand hydro-
gen bonding remaining within cellulose [8]. However, no 
phase separation was found for chitosan/cellulose mate-
rials obtained by regeneration from the ionic liquid (IL) 
1-butyl-3-methylimidazolium acetate ([C4mim][OAc]) as 
a solvent [9].

Carboxymethyl cellulose (CMC) is chemically derived 
from cellulose, with some hydroxyl groups replaced by 
carboxymethyl groups (─CH2─COOH), which makes 
it water-soluble. More importantly, CMC is negatively 
charged and can ionically complexed with the chitosan 
polycation at appropriate pH [10]. Chitosan/CMC blends 
have demonstrated enhanced properties for various 
applications such as in functional food packaging [11–13] 
and tissue engineering [14–17]. Excellent oil/water-bar-
rier properties were shown by a chitosan/CMC coating 
[18]. The pH-controlled swelling behaviour [19, 20] and 
enhanced hydrolytic stability [21] of chitosan/CMC com-
posites have been demonstrated. Moreover, chitosan/
CMC-based smart materials for pH- or electrically sensi-
tive actuators have been developed [22, 23].

Creating nanocomposites is another important strat-
egy to enhance the properties of polysaccharide materi-
als [24]. Some of the most important nanofillers include 
nanoclays (e.g. sepiolite, or SPT), graphene/graphene 
oxide (GO), and polysaccharide nanocrystals (e.g. cel-
lulose nanocrystals, or CNCs). Graphene is a 2D nano-
material having extraordinary mechanical properties, 
thermal conductivity, and electronic transport properties 
[25]. It has been demonstrated that graphenic nanomate-
rials have antimicrobial activity [26–29], which may com-
plement the antimicrobial properties of chitosan. GO has 
oxygen-containing hydrophilic groups (e.g. carboxylic 
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acid and phenolic hydroxyl groups) on the platelets and 
the ionisation of these groups in water makes GO nega-
tively charged [30]. Nanoclays such as SPT are hydro-
philic and negatively charged in their natural forms due 
to isomorphic substitutions occurring in the inter-gallery 
spacing between the clay platelets [31, 32]. CNCs pre-
pared by acid hydrolysis contain negative sulphate half-
esters [33, 34] and are also hydrophilic. Thus, all these 
nanofillers have the potential to strongly interact with 
chitosan as a polycation. Chitosan-based nanocom-
posites have been studied to some extent including our 
recent reports [35, 36] showing the different enhance-
ment effects of GO, CNCs, and SPT when used alone. 
However, the effect of combined nanofillers with varied 
geometry and surface chemistry on the structure and 
properties of polysaccharide-based materials has barely 
been explored, which forms the intention of this research. 
A previous study [37] indicated that GO and CNCs, 
when added together into polyvinyl alcohol (PVA), pro-
vided a synergistic effect on the mechanical and thermal 
properties of the material as CNCs may assist with the 
de-agglomeration of GO platelets, leading to a 3D inter-
connected microstructure of CNCs/GO. This phenom-
enon is worth further examination with polysaccharide 
matrices.

Thus in this work, we developed polysaccharide-based 
nanocomposites filled with hydrophilic GO or hydro-
phobic reduced GO (rGO) combined with hydrophilic 
SPT or CNCs. The polysaccharide matrices studied were 
chitosan alone and that blended with CMC and were 

either un-plasticised or plasticised with an IL, 1-ethyl-
3-methylimidazolium acetate ([C2mim][OAc]). This 
current study was conducted based on the hypothesis 
that, for polysaccharide nanocomposites with combined 
nanofillers, the effects of the nanofillers could be either 
counteracting or synergistic, depending on the nano-
filler chemistry (hydrophilicity/hydrophobicity), polysac-
charide matrix, and plasticisation. Conceivably, in such 
systems, there would be  multiple interactions among 
material components that influence the matrix structure 
and properties, a topic which has not been systematically 
studied before. We found novel ways of interacting and 
novel structures formed when combined nanofillers were 
included, which could add important, new knowledge to 
the area of biopolymer-based composites.

Experimental
Materials
Chitosan was purchased from Shanghai Ryon Biological 
Technology Co., Ltd (China) and CMC as a sodium salt 
from Shanghai Macklin Biochemical Co., Ltd (China). 
This chitosan has a degree of deacetylation (DD) of > 90%, 
a viscosity of ~ 100  mPa·s (i.e. 1% solution in 1% acetic 
acid at 25  °C), and an Mw of ~ 150  k  g·mol−1, and was 
characterised before [38]. The CMC has a degree of sub-
stitution (DS) of 0.7, a viscosity of 50–100 mPa·s (Brook-
field, 2% solution, at 25 °C), and an Mw of 90 k g·mol−1, 
of which the characteristics were also reported previ-
ously [21]. NaBr (pure) and formic acid (98% w/w AR) 

Table 1  Sample codes and compositions (presented as portions by weight)

Sample code Biopolymer matrix [C2mim][OAc] Nanofillers 2 M Formic 
acid 
solution

A/GOS-F 100 Chitosan – 0.375 GO + 0.375 SPT 261

A/GOC-F 100 Chitosan – 0.375 GO + 0.375 CNCs 261

A/rGOS-F 100 Chitosan – 0.375 rGO + 0.375 SPT 261

A/rGOC-F 100 Chitosan – 0.375 rGO + 0.375 CNCs 261

AE2/GOS-F 100 Chitosan 20 0.375 GO + 0.375 SPT 261

AE2/GOC-F 100 Chitosan 20 0.375 GO + 0.375 CNCs 261

AE2/rGOS-F 100 Chitosan 20 0.375 rGO + 0.375 SPT 261

AE2/rGOC-F 100 Chitosan 20 0.375 rGO + 0.375 CNCs 261

B/GOS-F 100 Chitosan – 0.375 GO + 0.375 SPT 261

B/GOC-F 100 Chitosan – 0.375 GO + 0.375 CNCs 261

B/rGOS-F 50 Chitosan + 50 CMC – 0.375 rGO + 0.375 SPT 261

B/rGOC-F 50 Chitosan + 50 CMC – 0.375 rGO + 0.375 CNCs 261

BE2/GOS-F 50 Chitosan + 50 CMC 20 0.375 GO + 0.375 SPT 261

BE2/GOC-F 50 Chitosan + 50 CMC 20 0.375 GO + 0.375 CNCs 261

BE2/rGOS-F 50 Chitosan + 50 CMC 20 0.375 rGO + 0.375 SPT 261

BE2/rGOC-F 50 Chitosan + 50 CMC 20 0.375 rGO + 0.375 CNCs 261



Page 4 of 17Chen et al. Functional Composite Mater            (2021) 2:14 

were supplied by Scientific Laboratory Supplies Ltd 
(UK). SPT and [C2mim][OAc] (≥ 95.0%) purchased from 
Sigma-Aldrich Company Ltd (UK). GO, in the form of 
aqueous paste (25% GO, 74% water, and 1–1.5% HCl), 
was acquired from Abalonyx AS (Norway). GO was 
chemically reduced into rGO using a hydrazine hydrate/
ammonia mixture solution at 90 °C following the proto-
col detailed in our previous publication [35]. CNCs were 
procured from Nanjing XFNANO Materials Tech Co., 
Ltd (China). Deionised water was used throughout the 
work.

Preparation of chitosan‑based composites
The formulations of the different bionanocomposites pre-
pared in this work are listed in Table 1. The biopolymer 
matrix was either chitosan alone (represented by “A”) or a 
chitosan/CMC blend at 1:1 (w/w) ratio (“B”). The sample 
preparation procedure used was established previously 
[21], including pre-blending of the ingredients, thermo-
mechanical kneading at 80 °C for 15 min using a HAAKE 
Rheomix OS Lab Mixer (Thermo Fisher Scientific, USA), 
hot-pressing using a COLLIN P200 P/M platen press 
(COLLIN Lab & Pilot Solutions GmbH, Germany) at 
110 °C for 10 min, and then stored at 57% relative humid-
ity (RH) and room temperature (RT) for 3 weeks before 
characterisation. Throughout the discussion below the 
samples are compared with those reported previously, 
including A/S-F, A/C-F, B/S-F, B/C-F (un-plasticised 
biopolymer matrices incorporating SPT or CNCs), 
AE2/S-F, AE2/C-F, BE2/S-F, BE2/C-F ([C2mim][OAc]-
plasticised matrices with SPT or CNCs) [36], A/GO-F, 
A/rGO, B/GO-F, B/rGO-F (un-plasticised matrices with 
GO or GO) [35], AE2/GO-F, AE2/rGO, BE2/GO-F, and 
BE2/rGO-F ([C2mim][OAc]-plasticised matrices with 
GO or GO) [39], which were all prepared using the same 
procedure.

Characterisation of chitosan‑based composites
The samples were characterised following the meth-
ods described previously [35]. Briefly, scanning electron 
microscopy (SEM) images of cryo-fractured sections of 
the bionanocomposite films were acquired using a ZEISS 
SIGMA field-emission gun microscope (Carl Zeiss AG, 
Germany) at 6 kV.

Ribbons obtained by ultramicrotoming of the biona-
nocomposite films were imaged in the mode of scanning 
transmission electron microscopy (STEM) using a Talos 
F200X transmission electron microscope (Thermo Fisher 
Scientific, USA) at 200 kV.

A Bruker TENSOR 27 Fourier-transform infrared 
(FTIR) spectrometer (Bruker Corporation, USA) coupled 
with an attenuated total reflection (ATR) accessory was 

used to collect FTIR spectra at RT with 32 scans for each 
sample over a range of 4000–500 cm−1.

X-ray diffraction (XRD) analysis was undertaken using 
a Panalytical Empyrean X-ray diffractometer (Malvern 
Panalytical Ltd, UK) at 40 kV and 40 mA with a Co target 
(Kα = 1.790307 Å) and a beam slit of 10 mm. The samples 
were scanned over an angular range (2θ) of 6–40° with a 
step size of 0.0263° and a step rate of 2.16 s/step.

Thermo-gravimetric analysis (TGA) was conducted 
using a Mettler Toledo TGA (Mettler Toledo, USA) 
under temperature ramping from 30 °C to 700 °C at 10 K/
min under nitrogen.

A Tritec 2000 DMA (Triton Technology Ltd, UK) was 
employed to perform dynamic mechanical thermal anal-
ysis (DMTA) in the dual cantilever mode (sample length: 
5  mm; displacement: 0.01  mm) with temperature scans 
from − 100 °C to 180 °C at 2 K/min and 1 Hz.

Following ASTM Standard D882, tensile tests of 
the specimens as thin sheets were conducted using an 
Instron 3367 Universal Testing System (Intron, USA) 
with a 1kN load cell at a constant crosshead speed of 
3 mm/min.

Contact angle measurements were carried out based 
on the sessile-drop technique and the Young–Laplace 
equation using an Attension Theta Lite instrument (Bio-
lin Scientific, UK). A drop (2 μL) of distilled water was 
placed onto the sample surface with a manual dispenser 
and the images were recorded at RT over a time range of 
60 s at 5.1 fps.

Results and discussion
Morphology and structure of chitosan‑based composites
SEM images (Figure S1) shows that all the bionano-
composite films had a cohesive structure. For the sam-
ples containing SPT, this needle-like nanofiller can be, 
observed as white dots or even as protruding rods. The 
SPT nanoparticles are more apparent in the samples that 
also contained rGO (A/rGOS-F, AE2/rGOS-F, B/rGOS-
F, and BE2/rGOS-F) than in those also included with GO 
(A/GOS-F, AE2/GOS-F, B/GOS-F, and BE2/GOS-F). In 
this regard, the hydrophilic GO may have assisted with 
the de-aggregation of SPT needles in the polysaccharide 
matrices, whether plasticised or not. However, there was 
no discernible difference in morphology between the 
samples with rGO + CNC and those with GO + CNC 
added.

The extent of nanofiller dispersion was also examined 
by STEM, see Fig. 1. For the bionanocomposites contain-
ing SPT, this non-swelling, needle-like clay was clearly 
identifiable in the STEM images. Some individual needles 
had lengths up to several hundreds of nanometres (e.g. in 
A/GOS-F), whereas some large agglomerates can also be 
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seen (e.g. in B/GOS-F). It is likely that most of the GO 
or rGO was finely dispersed and not observable under 
STEM, while some could be barely observed as agglom-
erations (A/rGOC-F) or a “cloudy” feature intermixed 
with SPT nanoneedles (A/GOS-F, AE2/GOS-F, B/GOS-
F, and BE2/GOS-F) as indicated by blue arrows. This 3D 
interconnected microstructure formed by 2D GO and 
1D SPT could indicate strong hydrogen-bonding interac-
tion between these two hydrophilic nanomaterials. This 
strong interaction can facilitate nanofiller dispersion in a 
polymer matrix and lead to a 3D interconnected micro-
structure formed by two nanofillers [37]. Strong inter-
action may also occur between GO and CNCs although 
CNCs were much less visible under STEM here. This fea-
ture of 3D interconnected microstructure could hardly be 
identified for the samples into which SPT and hydropho-
bic rGO were added together. Overall, effective disper-
sion of the nanofillers resulted from thermomechanical 
mixing.

Figure 2 shows that the FTIR spectra for the different 
bionanocomposite films were similar to those for A-F 
and B-F (un-plasticised chitosan and chitosan/CMC 
without nanofiller) [21] despite some shifting of bands. 
Our previous work [35] indicated that in A/GO-F, the 
interactions between GO and chitosan resulted in shift-
ing of the bands originally at 1256  cm−1, 1065  cm−1, 
and 1022  cm−1, which can be assigned to amide III, 
the asymmetric C─O─C stretching in the glycosidic 
linkage, and the skeletal vibration of C─O stretching, 
respectively [40–42], while these changes were not 
apparent for A/rGO-F. Besides, A/C-F had a red shift 
of the band originally at 1065  cm−1, indicating strong 
interaction between CNCs and chitosan, while A/S-F 
showed an unchanged FTIR spectrum [36]. Here, we 
found A/GOC-F had band positions unchanged to 
those for A/GO-F, whereas the band positions for A/
GOS-F match those for A-F. In this regard, there are 
strong interactions between 2D GO and 1D SPT, which 
compete with and weaken the interaction of GO with 
chitosan. This supports the observations made from the 
STEM images (i.e. the formation of a 3D interconnected 
microstructure). CNCs did not have such a strong effect 
as SPT did in weakening GO–chitosan interactions. A/
rGOS-F and A/rGOC-F did not display any band shift-
ing compared with A/rGO-F and A-F. In this regard, 
rGO even hindered interaction between CNCs and 
chitosan.

Most of the A-series of bionanocomposites plasticised 
by [C2mim][OAc] showed the same FTIR patterns to that 
for A-F without discernible shifting of bands. There are 
strong interactions between the IL and chitosan such 
that the nanofillers had a reduced impact on the poly-
saccharide chain interactions, which is not detectable by 
FTIR. Nonetheless, AE2/rGOC-F displayed a blue shift 
of the band originally at 1572 cm−1 (due to N─H bending 
from amine and amide II) [40–42], possibly indicating a 
greater level of interaction of chitosan with the nanofill-
ers in this case.

We previously found that, compared with B-F, B/
GO-F showed a slight blue shift of the band originally 
at 1022  cm−1 (ascribed to the skeletal vibration of C─O 
stretching) [35] while B/S-F and B/C-F showed no signifi-
cant changes [36]. Here, Fig. 2 shows that B/GOC-F and 
B/GO-F had the same band positions, whereas B/GOS-F 
had band positions matching those for B-F. This result 
indicates, again, the strong interaction between 1D SPT 
and 2D GO. Compared with B-F, inclusion of rGO + SPT 
or rGO + CNCs also did not cause significant changes in 
the FITR spectrum.

The B-series of bionanocomposites plasticised by the 
IL showed the same FTIR patterns to that for B-F with-
out apparent band shifting, except that BE2/GOC-F had 
a slight blue shift of the band at 1022 cm−1. Regarding the 
latter, CNCs may further interfere with the polysaccha-
ride backbone vibration.

The crystalline structures of the different bionanocom-
posite films were examined using XRD, see Fig. 3. For all 
the A-series samples, the XRD curves were completely 
different from that for the original chitosan [21] and 
thus represent a predominantly re-crystallised chitosan 
structure. Compared with A/GO-F and A/rGO-F [35], 
the bionanocomposites with GO + SPT or GO + CNCs 
added exhibited a similar XRD pattern. While A/GOC-F 
showed almost the same peak intensities as those for A/
GO-F, for A/GOS-F the XRD peaks (especially at 13.5°) 
became more intense. In A/GOS-F, strong interaction 
between 2D GO and 1D SPT (as suggested from STEM 
and FTIR analyses) could reduce the effect the nanofill-
ers have on chitosan chain re-arrangement during post-
processing conditioning, leading to a greater degree of 
re-crystallisation. Nevertheless, in A/GOC-F, the CNCs 
did not have such a strong interaction with GO, nor did 
it show an additional effect on chitosan re-crystallisa-
tion. Moreover, A/rGOS-F and A/rGOC-F displayed less 

(See figure on next page.)
Fig. 1  Scanning transmission electron microscopy high-angle annular dark-field (STEM-HAADF) images of the different chitosan and chitosan/
carboxymethyl cellulose (CMC)-based nanocomposite films. The yellow arrows indicate a feature possibly due to CNCs not fully dispersed in 
the matrix; the blue arrows indicate 3D microstructural domains formed by SPT and GO. The scale bar for the first and third column of images 
(magnification 31.8 k ×) represents 500 nm and the scale bar for the second and fourth column of images (magnification 180 k ×) represents 
100 nm
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Fig. 1  (See legend on previous page.)
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intense peak intensities (especially at 13.5°) than those 
for A/rGO-F but more intense than those for A/GO-F 
and A/GOC-F. Our previous study [36] showed that SPT 

and CNCs suppressed the re-crystallisation of chitosan. 
Here, in A/rGOS-F and A/rGOC-F, inclusion of SPT 
and CNCs may still have some effect in limiting chitosan 

Fig. 2  Fourier-transform infrared (FTIR) spectra for the different a chitosan and b chitosan/carboxymethyl cellulose (CMC)-based nanocomposite 
films. The reference lines denotes characteristic bands 1171 cm−1 for [C2mim][OAc] [39], 1589, 1414 and 1022 cm−1 for CMC, 1643, 1572, 1530, 1377, 
1256, 1151, 1065, and 1022 cm−1 for chitosan [21]. The arrows signify peak shifting or peak intensity change
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Fig. 3  X-ray diffractograms for the different a chitosan and b chitosan/carboxymethyl cellulose (CMC)-based nanocomposite films
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chain rearrangement for re-crystallisation, although this 
behaviour was not as strong as that for GO.

The A-series of bionanocomposites plasticised by 
[C2mim][OAc] showed similar XRD curves as those for 
AE2/GO-F and AE2/rGO-F [39], suggesting their crystal-
line structure was mainly determined by the IL.

All the un-plasticised B-series of bionanocomposites 
were predominantly amorphous. While [C2mim][OAc] 
plasticisation was found to result in a slight increase in 
polysaccharide crystallinity [39], here, inclusion of nano-
fillers did not cause discernible differences in the XRD 
peak intensities.

Properties of chitosan‑based composites
The thermal stability of the different samples was ana-
lysed by TGA and presented as derivative-weight pro-
files, see Fig.  4. Typically, chitosan materials display a 
major weight loss between 200  °C and 400  °C, along 
with a small, sharp peak centred between about 200  °C 
and 240 °C, attributed to the initial de-polymerisation of 
chitosan [21]. Our previous study [35] showed that, for 
the un-plasticised A-matrix, inclusion of GO reduced 
the major peak temperature (Td) (from 297 °C for A-F to 
289 °C for A/GO-F) while, rGO enhanced thermal stabil-
ity (Td = 307 °C for A/rGO-F). Moreover, the Td values of 
A/S-F and A/C-F were 280  °C and 289  °C, respectively, 
that is, inclusion of SPT or CNCs reduced the thermal 
stability of chitosan [36]. Here, A/GOC showed similar 
Td as that for A/GO-F (291  °C). Nevertheless, as the Td 
value of A/GOS-F (312 °C) was significantly higher than 
that of A/GO-F and A/S-F, it may be there is a synergistic 
effect of combining 1D SPT and 2D GO together yield-
ing enhanced thermal stability. This could be due to the 
greater dispersion of SPT facilitated by interacting with 
GO (see the 3D interconnected microstructure in STEM 
images). Both SPT and GO could restrict the transfer of 
pyrolysis products through the matrix. The higher ther-
mal stability of A/GOS-F also corresponds to higher 
crystallinity (see XRD results). Furthermore, compared 
with A/rGO-F, A/rGOC-F had a similar Td value, while 
A/rGOS-F displayed slightly enhanced thermal stability 
(Td = 310 °C), which can also indicate a synergistic effect 
of 2D rGO and 1D SPT when combined.

Compared with AE2/GO-F (Td = 276  °C) [39], AE2/
GOS-F and AE2/GOC-F showed similar thermal stabil-
ity. The thermal stability of AE2/rGOS-F was unchanged 
as was AE2/rGO-F (Td = 282  °C), while the Td value of 
AE2/rGOC-F (273  °C) was notably lower and similar to 
the Td of AE2-F (272  °C) [39]. Our previous study [36] 
noted the slightly higher thermal stability of AE2/C-F 
(Td = 275 °C) over that of AE2-F (Td = 272 °C). It should 
be noted that the Td value of [C2mim][OAc] (252 °C) was 
lower than that of chitosan [39]. Thus, we speculate that, 

for AE2/rGOC-F, the thermal stability of chitosan was 
more affected by the IL, while a combination of rGO and 
CNCs could disrupt chitosan chain interactions further. 
This phenomenon was further investigated.

B/GO-F had two overlapping peaks at 269  °C (major, 
Td) and 297 °C (minor); the peak at the higher tempera-
ture could be attributed to the ionically complexed poly-
saccharide structure [21]. Compared with B/GO-F, while 
B/GOC-F only showed some decrease in temperature of 
the second peak, B/GOS-F displayed a broadened transi-
tion up to about 350 °C, which is most probably derived 
from multiple thermal decomposition events, with 
Td = 260 °C. Conceivably, the interaction between 2D GO 
and 1D SPT resulted in a less homogenous polysaccha-
ride structure. Compared with B/rGO-F (Td = 268  °C), 
the thermal stability of B/rGOC-F was unchanged, 
whereas B/rGOS-F had significantly higher Td (278  °C). 
Our previous study [36] indicated that inclusion of 
SPT alone did not alter the thermal stability of the un-
plasticised B-matrix. Nonetheless, here the addition of 
SPT resulted in increased thermal stability when it was 
included with rGO.

The B-series of bionanocomposites plasticised by 
[C2mim][OAc] exhibited a more defined peak, just as 
BE2-F, possibly due to enhanced interaction between the 
two polysaccharides by [C2mim][OAc] [39]. BE2/GOS 
and BE2/GOC had unchanged Td values and similar to 
that of BE2/GO-F and BE2-F (Td = 283  °C) [39]. None-
theless, BE2/rGOS-F and BE2/rGOC-F had a Td value of 
290 °C, higher than that of BE2/rGO-F (284 °C), as well 
as those of BE2-F, BE2/S-F, and BE2/C-F (all 283 °C) [36, 
39]. This observation suggests there is a synergistic effect 
on inclusion of rGO + SPT or rGO + CNCs resulting in 
enhanced thermal stability of the IL-plasticised B-matrix, 
possibly by enhancing ionic complexation as well as 
effectively restricting the transfer of pyrolysis products by 
forming tortuous paths for diffusion.

Generally, chitosan materials have two relaxa-
tion events, namely α-transition (glass transition) and 
β-relaxation, that can be revealed by DMTA [43, 44]. 
These two relaxations were also shown here on loss 
tangent (tan δ) curves for all the bionanocomposites, 
see Fig.  5. For A/GO-F, the peak temperature of the 
α-transition (Tα) was 109 °C and for the β-transition (Tβ) 
at − 34 °C [35]. A/GOC-F displayed a tan δ profile resem-
bling that for A/GO-F with no significant changes in Tα 
and Tβ. This means inclusion of GO + CNCs did not alter 
the molecular interactions in amorphous chitosan. None-
theless, for A/GOS-F, the α-transition was less intense 
accompanied by lower Tα (103  °C). The Tα value of A/
GOS-F is also lower than that of A/S-F (112 °C) [36]. The 
reduction in Tα for A/GOS-F could be due to the strong 
interaction between 2D GO and 1D SPT, as discussed 
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Fig. 4  Thermogravimetric analysis (TGA) results (derivative weight vs. temperature) for the different a chitosan and b chitosan/carboxymethyl 
cellulose (CMC)-based nanocomposite films. The reference lines denote the major peak temperatures of B/GO-F (269 °C) and A/GO-F (289 °C), 
respectively [21]
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above. Moreover, A/rGO-F [35], A/rGOS-F, and A/
rGOC-F exhibited a tan δ profile very similar to that of 
A/GOS-F. In these samples, the interaction between rGO 
and chitosan chains could be weak and the effect of SPT 
or CNCs might be hindered by the presence of the rGO 
nanosheets.

Our previous study [36] showed that AE2/S-F and 
AE2/C-F had the same Tβ (− 28  °C) and Tα (73  °C) 
as those for AE2-F. In comparison with AE2/GO-F 
(Tβ =  − 30  °C and Tα = 70  °C) [39], here, AE2/GOS-F 
and AE2/GOC-F showed no significant changes in 
either Tβ or Tα. In these samples, chitosan chain mobility 

Fig. 5  Dynamic mechanical thermal analysis (DMTA) results (loss tangent (tan δ) vs. temperature) for the different a chitosan and b chitosan/
carboxymethyl cellulose (CMC)-based nanocomposite films
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is mainly influenced by the IL. Compared with AE2/
rGO-F (Tβ =  − 32  °C and Tα = 74  °C) [39], AE2/rGOS-F 
and AE2/rGOC-F displayed moderately lower Tα (69  °C 
and 65  °C, respectively). Regarding the increased chain 
mobility in these two bionanocomposites as shown 
here, the inclusion of a combination of rGO + CNCs or 
rGO + SPT disrupted chain interactions, as discussed 
above and, facilitate the plasticisation of chitosan by 
the IL. This interesting phenomenon is worth further 
investigation.

Our previous research [35, 36] also indicated that 
inclusion of nanofillers such as CNCs and SPT further 
limited chain mobility of the un-plasticised B-matrix by 
interacting with the polysaccharides. B/S-F and B/C-F 
had Tβ =  − 19  °C and − 18  °C and Tα = 126  °C and 
125  °C [36]. Compared with B/GO-F (Tβ =  − 24  °C and 
Tα = 120  °C) [35], B/GOS-F and B/GOC-F had moder-
ately higher Tα (both 125 °C) while Tβ was unchanged. In 
this regard, inclusion of GO + SPT and GO + CNCs con-
strained polysaccharide chain mobility with the effects of 
the individual nanofillers. Nonetheless, compared with 
B/rGO-F (Tβ =  − 25 °C and Tα = 121 °C) [35], B/rGOS-F 
and B/rGOC-F showed no discernible changes to relaxa-
tion temperatures. In this instance, the rGO nanosheets 
may have hindered the effects of CNCs or SPT.

BE2-F had Tβ =  − 23 °C and Tα = 91 °C [39]. Inclusion 
of GO or rGO, or either of them combined with SPT or 
CNCs, generally did not cause apparent changes in the 
relaxation temperatures, suggesting the dominant effect 
of the IL.

Representative stress–strain curves under tensile test-
ing (Figure S2) show that all the different bionanocom-
posite films were tough materials and most samples 
displayed strain-hardening behaviour, with the excep-
tion of B/GOC-F, behaviour displayed just like B/GO-F 
[35]. This may suggest, in these most amorphous sam-
ples, the polysaccharide chains were less entangled. We 
can also notice that AE2/rGOC-F was the most ductile 
sample supporting the hypothesis that the combination 
of rGO + CNCs enhanced the [C2mim][OAc] plasticisa-
tion of chitosan.

Figure  6 shows the Young’s modulus (E), tensile 
strength (σt), and elongation at break (εb) of the different 
samples. Compared with A/GO-F (E = 1723 ± 59  MPa 
and σt = 55.7 ± 1.0  MPa), both A/GOS-F and A/GOC-F 
showed lower E (1424 ± 169 and 1453 ± 202) and A/
GOC-F also had reduced σt (51.5 ± 5  MPa). GO as a 
2D material was shown to have a greater reinforcement 
than 1D SPT and CNCs [35, 36]. The results here sug-
gest a change in property on addition of two nanofill-
ers. Compared with A/rGO-F (E = 1489 ± 135  MPa 
and σt = 57.7 ± 1.1  MPa) [35], A/rGOC-F had similar 

mechanical properties while A/rGOS-F had a higher E 
(1635 ± 97  MPa) and σt (60.7 ± 1.4  MPa). As inclusion 
of SPT alone could not result in the apparent changes in 
mechanical properties [36], this result clearly indicates 
some synergistic effect of the combined inclusion of 1D 
SPT and 2D rGO in enhancing mechanical properties.

Compared with AE2/GO-F (E = 751 ± 52  MPa, 
σt = 25.1 ± 1.0  MPa, and εb = 47.1 ± 11.6%) [39], AE2/
GOS-F had similar mechanical properties; AE2/GOC-F 
also had similar E and σt but higher εb (66.1 ± 15.6). 
Compared with AE2/rGO-F (E = 1011 ± 68  MPa, 
σt = 28.8 ± 2.9  MPa, and εb = 61.1 ± 13.3%) [39], AE2/
rGOS-F and AE2/rGOC-F had reduced E (893 ± 53 MPa 
and 702 ± 92  MPa, respectively) and σt (26.4 ± 2.1  MPa 
and 22.4 ± 1.4  MPa, respectively) but increased εb 
(78.2 ± 12.2%, and 76.5 ± 20.0%, respectively). Even com-
pared with AE2/C-F (σt = 26.0 ± 1.4 MPa; εb = 53.1 ± 7.4) 
[36], both AE2/GOC-F and AE2/rGOC-F had higher εb 
and AE2/rGOC-F had additionally lower σt. This could 
reflect greater plasticisation of chitosan by the IL in the 
presence of CNCs + GO or CNCs + rGO, as discussed 
above.

Among all the samples, B/GOS-F had the highest E 
(1926 ± 121  MPa) and σt (77.5 ± 1.2  MPa), which are 
much higher than those of B/S-F (E = 1042 ± 180  MPa 
and σt = 57.4 ± 4.1  MPa) [36] and B/GO-F 
(E = 1047 ± 270 MPa and σt = 61.3 ± 4.5 MPa) [35]. These 
enhanced mechanical properties could be due to a coop-
erative effect of 2D GO and 1D SPT when  combined 
for load transfer within the predominantly amorphous 
B-matrix. This synergistic effect may be due to the 3D 
interconnected structure formed by GO + SPT and their 
excellent dispersion as shown from STEM images. In 
contrast, B/GOC-F displayed E, σt, and εb much closer 
to those for B/GO-F, suggesting GO had a greater effect 
than CNCs on the mechanical properties of the B-matrix. 
B/rGOS-F and B/rGOC-F had E, σt and εb values between 
those for B/rGO-F [35] and those for B/S-F or B/C-F 
[36], indicating there was no cooperation between rGO 
and SPT or CNCs with regard to the mechanical rein-
forcement of the B-matrix.

BE2/GOS-F and BE/GOC-F had similar E, σt, 
and εb as those for BE2/GO-F (E = 863 ± 81  MPa, 
σt = 37.4 ± 2.1 MPa, and εb = 23.2 ± 10.9 MPa) [39]. Also, 
BE2/rGOS-F and BE/rGOC-F had similar mechanical 
properties as those for BE2/rGO-F (E = 1018 ± 100 MPa, 
σt = 39.8 ± 2.5  MPa, and εb = 35.8 ± 9.4  MPa) [39]. In 
these samples, the mechanical properties are mainly 
determined by the IL and the contributions of the nano-
fillers (especially CNCs or SPT) were minor.

The Shore D hardness for the different samples (see 
Figure S3) generally match the trends observed for E and 
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Fig. 6  Tensile mechanical properties (a and b, tensile strength; c and d, Young’s modulus; e and f, elongation at break) of the different chitosan and 
chitosan/carboxymethyl cellulose (CMC)-based nanocomposite films. Error bars indicate standard deviations
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σt. However, rGO was more effective than GO at increas-
ing Shore D hardness, although its interaction with the 
polysaccharides was much weaker.

Suitable surface wettability (hydrophilicity/hydro-
phobicity) of materials is demanded for some applica-
tions. For example, cell adhesion occurs preferentially 

on moderately water-wettable polymer surfaces [45]. 
Besides, high surface hydrophilicity can lead to a 
hydrated layer on the materials as a high-surface-
energy barrier to prevent biofouling (protein absorp-
tion) [46]. Figure  7 illustrates the contact angle data 
for the different bionanocomposites. Water in contact 

Fig. 7  Contact angle values at 0 s and 60 s for the different a chitosan and b chitosan/carboxymethyl cellulose (CMC)-based nanocomposite films. 
The error bars indicate standard deviations
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with a biopolymer surface may destroy existing hydro-
gen bonds in the material and make more biopolymer 
polar groups free to bind with water on the material 
surface, leading to the contact angle decreasing with 
the time of wetting [47]. Thus, the contact angle val-
ues at 0 s and 60 s (θc0s and θc60s) were measured. The 
surface hydrophilicity of A/GOC-F was similar to that 
of A/GO-F (θc0s = 99 ± 5° and θc60s = 88 ± 4°) [35] or 
A/C-F (θc0s = 96 ± 6° and θc60s = 89 ± 4°) [36]. However, 
compared with A/GO-F [35] and A/S-F (θc0s = 100 ± 4° 
and θc60s = 92 ± 5°) [36], A/GOS-F showed increased 
surface hydrophilicity as indicated by lower contact 
angles especially θc60s (54 ± 4°), which is even lower 
than the θc60s value for A-F (68 ± 5°) [21], as the inclu-
sion of GO + SPT disrupted chitosan chain interactions 
exposing more polar groups (hydroxyl and amine) on 
the film surface. Moreover, A/rGOS-F and A/rGOC-
F had similar contact angle values as those for A/rGO 
(θc0s = 84 ± 8° and θc60s = 55 ± 4°). While rGO disrupted 
hydrogen bonding between chitosan chains, SPT or 
CNCs combined with rGO did not result in a reduction 
of surface hydrophilicity here as when they were used 
alone [36], probably because rGO nanosheets hindered 
the interaction of SPT or CNC with chitosan.

AE2/GOS-F had similar surface hydrophilicity to 
that of AE2/GO-F (θc0s = 96 ± 7° and θc60s = 63 ± 8°) 
[39]. Nonetheless, AE2/GOC-F displayed higher sur-
face hydrophilicity than both AE2/GO-F [39] and 
AE2/C-F (θc0s = 98 ± 7° and θc60s = 71 ± 7°) [36]. More-
over, AE2/rGOS-F (θc0s = 82 ± 5° and θc60s = 48 ± 9°) 
and AE2/rGOC-F (θc0s = 82 ± 2° and θc60s = 53 ± 6°) 
displayed higher surface hydrophilicity than AE2/
rGO-F (θc0s = 90 ± 5° and θc60s = 66 ± 6°) [39], AE2/C-
F (θc0s = 98 ± 7° and θc60s = 71 ± 7°), and AE2/S-F 
(θc0s = 98 ± 6° and θc60s = 64 ± 7°) [36]. This indicates 
for the IL-plasticised A-matrix, there is a synergis-
tic effect when a combination of 1D and 2D nanofillers 
are added to the chitosan (i.e. GO + CNCs, rGO + SPT, 
or rGO + CNCs) in disrupting the hydrogen bonding 
between chitosan chains and/or between chitosan and 
the IL.

Compared with B/GO-F (θc0s = 92 ± 6° and 
θc60s = 86 ± 7°) [35], B/GOC-F had similar contact angle 
values whereas B/GOS-F displayed significantly reduced 
θc0s (73 ± 4°) and θc60s (53 ± 7°), even lower than those for 
B/S-F (θc0s = 82 ± 5° and θc60s = 65 ± 7°). Again, it seems 
that a combination of GO + SPT may have disrupted 
polysaccharide chain interactions more effectively, mak-
ing more hydroxyl and amine groups exposed on the 
material surface. Compared with B/rGO-F (θc0s = 92 ± 6° 
and θc60s = 86 ± 7°), both B/rGOS (θc0s = 73 ± 4 
and θc60s = 53 ± 7°) and B/rGOC (θc0s = 90 ± 6 and 

θc60s = 84 ± 7°) showed increased surface hydrophilicity, 
although our previous study [36] indicated that inclu-
sion of either SPT or CNCs alone into the un-plasticised 
B-matrix led to increased surface hydrophobicity. In this 
sense, rGO combined with either SPT or CNCs results in 
a greater concentration of free polar groups as the fillers 
disrupt polymer chain interactions.

BE2/rGOS-F (θc0s = 75 ± 5° and θc60s = 62 ± 3°) and 
BE2/rGOC-F (θc0s = 79 ± 6° and θc60s = 64 ± 5°) had lower 
surface hydrophilicity than BE2/rGO-F (θc0s = 70 ± 7° and 
θc60s = 45 ± 6°) [39], and they even had higher θc0s values 
than those for BE2/S-F (68 ± 4°) and BE2/C-F (70 ± 3°) 
[36]. In this regard, while SPT and CNCs can interact 
with the IL or polysaccharides to reduce the availability 
of polar groups on the composite film surface, their effect 
was enhanced with the presence of rGO as a hydrophobic 
nanofiller.

Conclusions
This work has shown the possibility for synergistic 
behaviour when GO or rGO (2D nanofiller) is com-
bined with SPT or CNCs (1D nanofiller), on the struc-
ture and properties of polysaccharides (chitosan and 
CMC). Such synergistic behaviour is determined by 
both filler surface chemistry and the polarity of dif-
ferent biopolymers. Examination of the morphology 
of these composites using STEM  and FTIR data indi-
cate strong interaction between GO and SPT, leading 
to greater nanoparticle dispersion and the formation 
of a 3D interconnected microstructure but, reduced 
interaction between these nanofillers and the polysac-
charides. However, for the un-plasticised B-matrix, 
GO + SPT interacted synergistically resulting in an 
increase in the mechanical properties of the matrix. 
In contrast, rGO, which is hydrophobic, interacted 
weakly with SPT and CNCs. For the un-plasticised 
matrices, the rGO nanosheets were generally found to 
hinder the interaction of SPT or CNCs with the poly-
saccharides and, thus, the material properties were 
mainly determined by rGO. However, for the IL-plas-
ticised A-matrix, it seems addition of a combination 
of rGO + CNCs or rGO + SPT was more effective than 
the nanofiller when  used alone at disrupting chitosan 
chain interactions, resulting in a more plasticised mate-
rial, increased ductility and surface hydrophilicity. For 
the IL-plasticised B-matrix, addition of rGO + CNCs 
or rGO + SPT resulted in greater thermal stability and 
increased surface hydrophobicity, possibly by negating 
the effect of the IL. This study has revealed some inter-
esting effects resulting from the inclusion of 2D GO/
rGO when combined with 1D CNCs or SPT in chitosan 
and chitosan/CMC matrices where clearly multiple 
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factors (e.g. filler geometry, filler surface chemistry, and 
polymer–filler interactions) determine material struc-
ture and properties.

Thus, the knowledge obtained from this work can 
guide our future work in designing biopolymer com-
posites with tailored properties (e.g. mechanical prop-
erties and surface hydrophilicity) for biomedical (for 
e.g. wound healing and tissue engineering), biotechnol-
ogy (as in e.g. cell growth support), fire retardancy, and 
other high-value applications.
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