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a b s t r a c t

With excellent reinforcing performance and many remarkable inherent properties, such as renewability
and high strength-per-unit-mass, chitin nanofibers (ChNFs) are attractive resources for polymer com-
posite applications. However, significant challenges resulting from chitin's insolubility have hindered
efforts to incorporate it effectively into polymer matrices. Here, ChNFs extracted from crab shells were
used as fillers to reinforce polyethylene oxide (PEO). The dispersion of ChNFs in the polymer matrix and
the interactions between fiber and matrix were studied by utilizing solvent-etching of the polymer
matrix, FTIR spectroscopy and AFM colloidal probe adhesion measurements. The results show that the
ChNFs were dispersed well and formed a fine interconnected network structure in the PEO matrix. ChNFs
also exhibited strong adhesion with PEO, resulting from hydrogen bond and van der Waals forces. The
ChNF interconnected network greatly enhanced the mechanical properties of PEO, with a 3-fold increase
in both the tensile strength and elastic modulus of the nanocomposites at 20% ChNF loading. Processing
ChNFs in suspensions with slight acidity and water-soluble polymers appears to support the formation of
highly interconnected networks that makes ChNF-polymer composites excellent candidates for rein-
forced, light-weight, renewable materials.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The development of nanofiller-reinforced polymer composites
has attracted intense attention from researchers over the past two
decades due to the large surface area/volume ratio of nanofillers,
and variousmaterials have been utilized to enhance themechanical
properties of polymer matrices, such as single-walled/multi-walled
carbon nanotubes, layered silicate and nanocellulose [1e7]. To date,
tremendous efforts have been devoted to improving filler adhesion
with polymers and their dispersion in matrices since these two
factors significantly influence stress transfer in nanocomposites.
Methods applied to address these issues include physical-
mechanical treatment and chemical functionalization [2e7].
However, it is still challenging to enhance particle or fiber disper-
sion and adhesion with the matrix simultaneously [2e7].
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Chitin, the second most abundant naturally occurring polymer,
forms a highly ordered crystalline structure in living organisms
[8,9]. Nanosized crystalline chitin (chitin nanocrystal or chitin
nanowhisker) can be produced by strong acid hydrolysis, and
shows excellent mechanical properties, such as a longitudinal
modulus of 150 GPa and transverse modulus of 15 GPa [10].
Recently, our group reported that ChNFs with diameter of ~20 nm
could be extracted from crab shells by a high pressure homogeni-
zation process [11,12]. The size and mechanical properties of ChNF
features make them ideal reinforcing materials for polymer
matrices. PEO is a water-soluble and biocompatible semi-
crystalline polymer that has found applications in many fields,
such as electrolytes, and biomedical engineering [1,13,14]. However,
its low modulus and tensile strength limit applications. These
mechanical limitations and its water solubility make PEO an ideal
model system for examining dispersion, adhesion and strength-
ening possible with ChNFs. In this work, we prepared ChNF-PEO
composites with up to 20% ChNF content. Solvent-etching of the
polymer matrix followed by SEM, FTIR spectroscopy and AFM
colloidal probe adhesion measurements were used to study the
ChNF dispersion and adhesion between ChNF and PEO matrix. The
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results demonstrate that without utilizing chemical surface modi-
fication, ChNFs can be readily dispersed in PEO, form a remarkable
interconnected network nanostructure and have strong adhesion
with PEO, significantly enhancing tensile strength and elastic
modulus simultaneously.

2. Experimental section

2.1. Materials

Dried crab shell flakes were purchased from TCI America.
Deionized water (18.2 MU cm) was prepared in a Barnstead Easy-
pure RoDi purification system. Hydrochloric acid, sodium hydrox-
ide, acetone and ethanol were purchased from EMD Chemical Inc.
Poly(ethylene oxide) (PEO, Mv ¼ 1,000,000 g/mol, SigmaeAldrich),
poly(ethylene) (PE, Mw ¼ 40,000 g/mol, SigmaeAldrich), poly(-
styrene) (PS, Mw ¼ 230,000 g/mol, SigmaeAldrich), poly(vinyl ac-
etate) (PVAc, Mw ¼ 50,000 g/mol, Alfa Aesar), and poly(vinyl
alcohol) (PVOH,Mw¼ 89,000e98,000 g/mol, SigmaeAldrich) were
used as received without further purification. 1, 2, 3-
trichlorobenzene (TCB, SigmaeAldrich), hexafluoroisopropanol
(HFIP, TCI America), and toluene (SigmaeAldrich), glycerol (Alfa
Aesar, purity> 99%) and diiodomethane (Alfa Aesar, purity>99%)
were used as received. Polystyrene (PS) particle with diameters of
~10 mm was purchased from Alfa Aesar Inc.

2.2. Methods

2.2.1. Preparation of ChNFs
Dried crab shell flakes were processed to obtain purified chitin

[11,12,15,16]. Ground crab shells were refluxed in 5 wt % sodium
hydroxide in DI water for 6 h to remove protein. The suspension
was filtered and rinsed with DI water until the pH was 7. Next, the
filtered solids were treated with 7% hydrochloric acid for 6 h at
room temperature to remove minerals. After filtration and washing
with DI water, the treated sample was refluxed in a 5% NaOH so-
lution for 2 days to remove residual proteins. A final extractionwith
acetone and ethanol was used to remove any remaining residues
(soluble dye for example). The purified chitin was dispersed in
distilled water under acidic condition and then this mixture was
passed through a high-pressure homogenizer (Bee International
Inc., MA) to generate ChNFs (aqueous medium pH is ~4.1). Detailed
information on ChNF production is described elsewhere [11].

2.2.2. Preparation of ChNF/PEO nanocomposite films
The PEO was firstly dissolved at 2 wt.% in DI water at room

temperature under a magnetic stirring. To prepare 5, 10, 15 and
20 wt.% ChNF/PEO composite films, the proper amount of ChNF/
water dispersions were added to the PEO solution. These mixtures
were magnetically stirred for two days, and were subsequently
casted into a PS Petri dish, followed by drying under vacuum at
40 �C for two days. The free standing dried ChNF/PEO nano-
composite films were obtained by carefully peeling films from the
PS substrate. Neat PEO films were prepared using the same pro-
cessing conditions for comparison. Both neat PEO and composite
films had a thickness of ~50 mm, as determined by an interferom-
eter (Model ID-C112CEB, Mitutoyo Corp.).

2.2.3. Preparation of ChNF coated polystyrene (PS) colloidal
particles

In order to fabricate colloidal probes coated with ChNFs for
adhesion measurements, a 0.5 wt. % ChNF in water dispersion was
added to a PS particle suspension (10 mm, 2.5 wt % in water),
followed by agitation using a rotational shaker for 12 h. Themixture
was then centrifuged in a micro-centrifuge (VWR Micro 1207). The
ChNF coated PS particles were settled at the bottom of the
container and dried in air at room temperature.

2.2.4. Preparation of polymer films
Substrates for colloidal-probe adhesion studies were prepared

by coating a series of polymer films on Piranha-cleaned silicon
wafers. The PE solution was prepared by dissolving 5% PE by mass
in hot 1, 2, 3-trichlorobenzene at ~100 �C. The PS solution was
prepared by dissolving 10% PS bymass in toluene. 5 wt. % PVOH and
PVAc solutions were prepared in hexafluoroisopropanol. The PEO
solution was prepared by dissolving 1 wt. % by mass in DI water.
Polymer films were prepared on Piranha-etched silicon substrates,
by using a knife-edge coating method described in detail elsewhere
[17]. The cast polymer films were firstly dried at room temperature
for 24 h and then dried under vacuum for at least 12 h (PVAc at
20 �C for 48 h and other polymers at 60 �C for 12 h) to remove the
residual solvent. After drying, films were transferred to a desiccator
and stored prior to measurements. Film thickness was approxi-
mately 10e20 mm, determined by using an interferometer (Model
ID-C112CEB, Mitutoyo Corp.).

2.2.5. Measurements of adhesion forces
Adhesion force measurements were carried out using atomic

force microscopy (AFM) (Veeco Dimension 3100). Tipless rectan-
gular cantilevers with nominal spring constants of 0.6e3.7 N/m
(Applied NanoStructures, Inc., Santa Clara, CA) were used. Single
ChNF-coated or bare PS particles were glued to the tipless canti-
levers with a small amount of epoxy resin (Epoxy Marine, Loctite,
Westlake, OH USA) using a procedure described in detail elsewhere
[18]. The actual spring constants for the cantilevers with the
attached ChNF-coated or bare PS particles (0.7e1.1 N/m) were
determined directly by the methods of Burnham and Hutter et al.
[19]. A series of 20 forceedistance curves were measured for each
combination of PS/ChNF or bare PS tip-polymer surface, taken on
three separate substrate surfaces within three randomly chosen
1 cm � 1 cm areas on each substrate at 20 �C, humidity 25e30%.
Three separate ChNF-coated or bare PS particle tips were used for
each set of measurements with a given substrate. The applied load
during force measurements was 2.5 nN. The mean (Ra) and root-
mean-square (rms) surface roughness of each polymer film for
adhesion measurements were obtained from topography scans of
three randomly-chosen 10 mm � 10 mm areas on each polymer
surface by using AFM with a standard pyramidal silicon nitride
probe.

2.2.6. Contact angle measurements
Contact angles of each polymer surface were measured at 20 �C

using a video contact angle system (AST products 2500XE, Billerica,
MA). Three standard testing liquids were chosen, two polar liquids
(DI-water and glycerol) and one nonpolar (diiodomethane), to
calculate the surface tension components of each polymer surfaces.
The water contact angles of those polymer surfaces were measured
only 3e5 s after drop placement. Generally, we didn't observe a
significant change of the contact angle until after at least 15 s,
which presumably occurs due to dissolution of the substrate. Nine
1 mL drops of each liquid were used for the contact angle test of each
polymer surface. Surface tension components corresponding to van
der Waals (VDW), Lewis acid, and Lewis basic interactions were
calculated from measured contact angle data by using van Oss and
Good's van der Waals acid-base theory [20]. According to this
theory, the surface energy is accessed from Eq. (1).
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gS ¼ gvWS þ 2
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(1)

where, gS is the total surface tension, gvWS is the van der Waals
component, gþ

S is the acid (electron acceptor) component, and g�
S is

the base (electron donor) component of the solid substrate. The
relation between surface energy components and the liquid-solid-
air contact angle (q) is given as:
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where, gL represents the surface energy of the testing liquids. By
using the known components of gL for three carefully-chosen liq-
uids, the gS components can be determined by regression. The
surface tensions of the testing liquids are as follows: water,
gþ ¼ g� ¼ 25.5, gvW ¼ 21.8, g ¼ 72.8 mJ/m2; glycerol, gþ ¼ 3.92,
g� ¼ 57.4, gvW¼ 34.0, g¼ 64.0 mJ/m2; diiodomethane, gþ ¼ g� ¼ 0,
gvW ¼ 50.8, g ¼ 50.8 mJ/m2 [21,22].

2.2.7. Characterizations of ChNFs
The morphologies of the prepared materials were characterized

using Field-Emission Scanning Electron Microscopy (SEM, Zeiss
Ultra 60, Carl Zeiss SMT, Ltd., Thornwood, NY). Before imaging,
these samples were coated with a thin layer of gold/palladium
(Hummer IV Sputtering System) to prevent sample charging. A
solvent-etching procedure was used to selectively remove PEO
domains from composites in order to aid in visualization of the
ChNF morphology. Etched films were prepared by washing with
water followed by rinsing with ethanol and drying at room tem-
perature for 2 days prior to SEM imaging.

The attenuated total reflectance-Fourier transform infrared
spectra (ATR-FTIR) of ChNF, neat PEO and nanocomposite films
were recorded using a Bruker Vertex 80v FTIR spectrometer
coupled to a Hyperion 2000 IR microscope under a 20x magnifi-
cation ATR objective (Bruker Optics, Inc., Billerica, MA). Measure-
ments were collected from 4000 to 400 cm�1 with a resolution of
4 cm�1, and were averaged over 64 scans. The surface charge of
ChNFs at pH 4.1 in water was measured by a Malvern Zetasizer
Nano ZS 90.

Mechanical characterization of neat PEO and PEO nano-
composites was conducted using a high-throughput mechanical
characterization (HTMECH) apparatus under ambient conditions,
described in detail elsewhere [23,24]. Briefly, the polymer films
were mounted in between two stainless steel plates and indented
by a steel pin with a diameter of 1.5 mm at a constant strain rate
(0.5 mm/s), resulting in equi-biaxial deformation. For each sample,
a minimum of 9 stress-strain tests were performed to obtain films'
mechanical properties, such as elastic modulus and tensile
strength.

The glass transition temperatures of the materials were
measured using dynamic mechanical analysis (DMA, Q800, TA In-
struments, DE USA). The samples were cut into rectangular strips
about ~3 cm long and ~3 mm wide and were tested in a tension
mode while being heated from �90 �C to 40 �C with a heating rate
of 2�C/min at a frequency of 1 Hz. All tests were performed in the
linear viscoelastic region.

Differential scanning calorimetry (DSC) (Q200, TA Instruments,
USA) was used to obtain the melting temperature and crystallinity
of neat PEO and PEO nanocomposites. Approximately 5e10 mg of
sample was loaded into aluminum pan. The PEO samples were
heated and cooled at a rate of 10�C/min under a nitrogen flow of
50 mL/min. The samples were firstly cooled from room tempera-
ture to�80 �C, held at �80 �C for 5 min, and were heated to 120 �C,
followed by maintaining at this temperature for 5 min and cooling
to room temperature.

3. Results and discussion

3.1. Morphologies of ChNF/PEO nanocomposite films

ChNFs produced from the high-pressure homogenization pro-
cess have an average diameter of 20 nm, mainly ranging from 5 to
50 nm and lengths that vary between hundreds of nanometers to
several micrometers, as shown in Fig. S1. They have a zeta potential
of þ57.5 mV at pH 4.1 due to protonated eNH3

þ groups [11]. SEM
images of the as-prepared films, shown as cross-section (Fig. 1 A, B,
and Fig. S2) and top-view (Fig. 1C, D) indicated that 10% and 20%
ChNF composites have void-free surfaces. The outlines of fibrous
morphologies assumed to be ChNFs can be observable, suggesting
that ChNFs were imbedded in the PEO matrix and had good
adhesion with PEO. However, the identity, size and inter-
connectivity of the ChNFs cannot be observed directly from Fig. 1
AeD. Since PEO is water soluble, but ChNFs are not, a solvent-
etching procedure was used to selectively remove PEO domains
in composites. As shown in supplementary data (Fig. S3), neat PEO
films were totally dissolved within 3 h of water immersion, while
ChNF/PEO composites maintained their shape after 10 days of
water immersion and 3 days of ethanol immersion before drying.
Fig. 1E and F shows SEM images of the top surfaces of the dried
solvent-etched 10% and 20% ChNF composite films, respectively.
Porous fibrous network structures are observed in both samples,
and most fibers in the 10% ChNF sample (Fig. 1 E) have diameters
ranging from 5 to 50 nm. Despite more fiber aggregates being
observed for 20% ChNF/PEO, there are still many fibers with di-
ameters of below 50 nm (Fig.1 F). Fig.1 and Fig. S3 clearly show that
the ChNFs were dispersed well and formed network structures in
the PEO matrix. We propose that the good dispersion of ChNFs is
ascribed to the excellent dispersion of ChNFs in water before their
mixing with PEO, electrostatic repulsion between ChNFs in PEO
solution (pH < 6), and strong adhesion between ChNF and PEO, as
discussed below in detail.

3.2. Mechanical properties of ChNF/PEO nanocomposite films

Nanofibrous fillers can lead to composite materials with better
mechanical properties than those of the neat polymers. However,
their reinforcing effect depends on many factors, including filler
morphologies, filler concentration and filler dispersion in
matrices and filler adhesion with matrices [1e7,25e32]. The me-
chanical properties of neat PEO and ChNF/PEO composite films are
shown in Fig. 2. Interestingly, the elastic modulus and tensile
strength increased significantly with increasing ChNF loading, up
to a factor of ~3 times for 20% ChNF compared to neat PEO. It is
worth noting that a previous study by Xu et al. on the reinforcing
effects of cellulose nanocrystals and cellulose nanofibrils in PEO
matrices displayed a maximum at 7% loading of the nano-fibrous
fillers [32]. The authors found that the tensile strength and
modulus of the prepared composites initially increased when
loading fillers up to 7% and then decreased as cellulose content
further increased. They further reasoned that the decreases in
mechanical properties at higher filler loading resulted from filler
agglomeration [32]. In contrast, the ChNFs obtained through a



Fig. 1. Fractured cross section (A) and top-view (C) SEM images of 10% ChNF/PEO composites. Fractured cross section (B) and top-view (D) SEM images of 20% ChNF/PEO composites.
Top-view SEM images of dried solvent-washed 10% (E) and 20% (F) ChNF/PEO composites.
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high-pressure homogenizer in this work exhibited a more uni-
form size, less entanglement and smaller bundles and were more
well dispersed in the PEO matrix (Fig. 1 and Fig. S1). Herein, the
continuous increases in tensile strength and modulus of ChNF/
PEO composites with up to 20% ChNF loading are likely due to
ChNFs' high mechanical properties, strong adhesion between PEO
and ChNFs (as demonstrated below in FTIR and adhesion results),
and good dispersion of ChNFs in the PEO matrix, resulting in
efficient stress transfer within the ChNF network structure
observed in SEM above. It is possible that beyond 20% ChNF
loading filler agglomeration might be observed, leading to a
maximum in modulus and strength. However, due to difficulties
in drying films at loadings beyond 20% ChNF using the solvent
casting method (due to extra water added in the ChNF suspen-
sion), we did not examine loading above 20% ChNF.

On the other hand, Fig. 2d shows that strain-at-break of the
materials increased and then decreased as ChNF loading increased.
Strain hardening was observed for composites comprising 5%, 10%
and 15% ChNF, likely due to the alignment of the ChNFs during
sample elongation. In contrast, the 20% ChNF composite did not
show strain hardening behavior.
3.3. FTIR of ChNF/PEO nanocomposite films

In terms of chemical structures of chitin and PEO, it is expected
that hydrogen bonds may form between them since the ether ox-
ygen (CeOeC) in PEO is a hydrogen bond acceptor and there are
eOH and eNH hydrogen bond donors in chitin. Infrared spectros-
copy is a highly effective method for investigating hydrogen bond
interactions in blend composites [33]. As shown in Fig. 3, the
characteristic absorption bands for PEO are detected at 1095 and
2878 cm�1, which are attributed to CeOeC stretching and CH2
stretching, respectively [33,34]. The characteristic peaks of chitin
such as the amide band I at 1654 and 1620 cm�1 and the amide
band II at 1554 cm�1 are observed [8,9]. All these characteristic
peaks from chitin and PEO can be detected in all the composites.
With decreasing ChNF loading from 100% to 5%, the amide I and
amide II shift to higher frequencies from 1620 to 1628 cm�1and
from 1554 to 1562 cm�1, respectively (Fig. 4). This suggests that
ChNFeChNF hydrogen bonds involving the amide nitrogen have
been disrupted after addition of PEO by formation of hydrogen
bonds between surfaceeNH groups on ChNF fibers and the ether
oxygen of PEO. We note that the h-bonds between OeH … N (29 kJ/
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mol) and NeH … N (13 kJ/mol) (representative of ChNFeChNF) are
stronger than NeH … O (8 kJ/mol) (representative of ChNF-PEO)
[35,36]. Thus the shift to higher amide frequencies is consistent
with the expectation of some fraction of weaker h-bonds between
PEO to ChNF.
3.4. Interaction of ChNF with polymer films

An alternative possibility is that ChNFeChNF h-bonds are
broken during fiber dispersion without any new PEO-ChNF h-
bonds formed, which is difficult to ascertain using ATR-FTIR alone.
To provide additional characterization of the nature of ChNF
adhesion with PEO, adhesion force measurements were conducted
using an AFM colloidal probe method. Fig. 5 shows the morphol-
ogies of the ChNF-coated PS particle that was attached to the tipless
cantilever. The adsorption of ChNFs on the PS surface was driven by
their electrostatic attraction, where the PS particle has a negative
charge due to surface sulfate groups and ChNF has positive charge
because of protonated eNH3

þ groups. Five kinds of polymer sub-
strates (PE, PS, PVAc, PVOH and PEO) were chosen to examine the
effect of surface chemistry on the adhesion forces of ChNFs. The
surface roughness, contact angles and calculated surface tension
components of these polymers are listed in Tables 1e3. As shown in
Table 3, PE and PS are essentially apolar, while PEO, PVAc and PVOH
have large Lewis basic components, where lone electron pairs are
provided by ether, carbonyl and hydroxyl groups, respectively.
These surface tension results are consistent with polarity consid-
erations of the molecular structures.

As shown in Fig. 6, the adhesion forces for bare PS were inde-
pendent of the polymer surface types. (Fig. S3 shows the typical
raw forceedistance curves for ChNF-coated PS particles on varied
polymer surfaces, which indicates that their interactions are in a
short-range (<5 nm).) This is consistent with the expectation that
adhesion between PS and the polymer surfaces is governed by
VDW forces. Furthermore, according to the Hamaker model, VDW
adhesion between a particle and a flat surface depends on the
Hamaker constant and a contact radius, which should be approxi-
mated well by the Hamaker model [37].

FHamaker ¼
AR
6d2

(3)

Since the values of the Hamaker constant for these five poly-
mers are very close (~8e9 � 10�20 J), the VDW forces are deter-
mined largely by the contact radius [38]. Therefore, the similar
VDW adhesion forces between bare PS and these polymer surfaces
suggest that the small variation in surface roughness of these
polymers (Table 1) didn't affect their contact radii.

In contrast, the adhesion forces for ChNF-coated PS were all
higher than PS alone, and they varied with different polymer sur-
faces (Fig. 6). The marked increase in adhesion for ChNF-coated PS
on PE and PS, apolar surfaces, is indicative of an increase in contact
area for the ChNF-coated PS probes, which is consistent with the
added roughness due to the ChNF coating observed in Fig. 5. PE, the
most apolar in the series, shows the lowest adhesion force value,
while PVAc, PVOH, and PEO with high Lewis basic components
possess higher adhesion forces. Typically, the short-range interac-
tion (<5 nm) includes dispersion (nonpolar, VDW force) and non-
dispersion force (polar, acid-base interaction). Since the gvW of
these polymer surfaces are not significatly different (Table 3), the
VDW forces for ChNF are almost independent of polymer surface
Fig. 2. (a) Representative stress-strain curves, (b) elastic modulus, (c) tensile strength
and (d) strain-at-break of neat PEO and ChNF/PEO composites.



Fig. 3. FTIR spectra of each composite films: (a) neat PEO, (b) 5% ChNF/95% PEO, (c) 10%
ChNF/90% PEO, (d) 15% ChNF/85% PEO, (e) 20% ChNF/80% PEO, and (f) neat ChNF.

Fig. 4. FTIR spectra of composite films in the 1500e1800 cm�1 region: (a) neat PEO, (b)
5% ChNF/95% PEO, (c) 10% ChNF/90% PEO, (d) 15% ChNF/85% PEO, (e) 20% ChNF/80%
PEO, and (f) neat ChNF.

Fig. 5. (A) SEM image of an AFM probe of ChNF-coated PS particle after all AFM force meas

Table 1
Surface roughness of the various polymer surfaces.

Surface PE PS PVAc PVOH PEO

Ra(nm) 4.2 ± 0.8 2.4 ± 0.4 1.5 ± 0.3 1.6 ± 0.4 8.3 ± 2.2
rms (nm) 4.3 ± 0.8 2.8 ± 0.4 1.7 ± 0.3 1.9 ± 0.4 8.7 ± 2.4

Table 2
Contact angles (�) of polymer surfaces with three testing liquids.

Substrate Water Glycerol Diiodomethane

PE 105.2 ± 4.0 87.3 ± 2.1 52.8 ± 2.0
PS 101.1 ± 3.0 84.2 ± 2.0 33.6 ± 2.0
PVAc 60.7 ± 2.9 70.7 ± 3.0 37.8 ± 3.0
PVOH 46.2 ± 1.4 44.0 ± 1.3 40.4 ± 1.4
PEO 19.0 ± 4.0 46.8 ± 2.0 33.8 ± 2.5
Chitin 56.7 ± 1.4 46.7 ± 1.4 37.4 ± 2.0

Table 3
Surface tension components (mJ/m2) of various polymer surfaces.

Surface gvW gþ g- g

PE 33 0 0 33.0
PS 43 0.2 0.4 43.2
PVAc 41 0.6 16.7 46.8
PVOH 39 1.1 28.8 50.4
PEO 43 0 64.0 43.0
Chitin 41 1.3 17.1 50.4
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types. Therefore, the differences in adhesion forces suggest that
Lewis acidic and basic components of the polymer surfaces play an
important role in adhesion with ChNF.

Assuming van Oss and Good's Lifshitzevan der Waals acid-base
theory for the solid (chitin surface, Ch)-solid (polymer surface, P)
interface, the relationship of the adhesion force with the surface
energy of the polymers can be expressed as:

Fadfa
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gvwch g

vw
P

q
þ b

ffiffiffiffiffiffiffiffiffiffiffiffiffi
gþchg

�
P

q
þ c

ffiffiffiffiffiffiffiffiffiffiffiffiffi
g�chg

þ
P

q
(4)

where, Fad is the experimentally determined adhesion force, and a,
b and c are coefficients scaling the VDW and acidic-basic contri-
butions, respectively. Since the VDW components of the five
polymers (gvwP ) are similar, Eq. (4) can be simplified to:

FadfAþ b
ffiffiffiffiffiffiffiffiffiffiffiffiffi
gþchg

�
P

q
þ c

ffiffiffiffiffiffiffiffiffiffiffiffiffi
g�chg

þ
P

q
(5)

where A is a constant representing VDW-driven adhesion.We fitted
the adhesion force data to Eq. (5), which is shown as a plane in
Fig. 7. Fitting all five polymers led to a correlation coefficient of r2

~0.88, suggesting that the differences of total adhesion forces on
urements; (B) Enlarged SEM image of surface morphology of ChNF-coated PS particle.



Fig. 6. Adhesion forces for ChNF-coated and bare PS particles on various polymer
surfaces.

Fig. 7. Fitting of the planar model of Eq. (4) to adhesion force data for ChNF-coated PS
colloidal probes with five substrates of varying polarity.

Table 4
Melting temperature and crystallinities of neat PEO and PEO/ChNF composite.

Sample Tm (�C) DH (J/g) Xc (%)

Neat PEO 67.3 177.0 86.3
5% Chitin/PEO 65.8 165.5 85.0
10% Chitin/PEO 64.0 152.3 82.6
15% Chitin/PEO 62.7 137.4 78.9
20% Chitin/PEO 62.0 122.3 74.6
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varied surfaces can be explained by acid-base (h-bonding in-
teractions) of the polymer surfaces. Further, the relative contribu-
tions of acidic and basic components are not too different, b/
c¼ 1.46. Carbonyl, hydroxyl and ether oxygens in the polymers that
possess them act as the major electron donor components and are
able to form hydrogen bonds with eOH, eNH and eNH2 groups on
the chitin structures. Since PEO has the largest g� value, indicative
of its electron donors (hydrogen bond acceptors), and because
chitin has protons that can serve as hydrogen bond donors, such
aseOH, eNHe and eNH2, we conclude that the acid-base interac-
tion between PEO and chitin are hydrogen bonds. This is consistent
with FTIR data presented above.
3.5. DSC analysis

The melting temperature (Tm), enthalpy of fusion and crystal-
linity (Xc) of neat PEO and ChNF/PEO composite films were
measured using DSC. The degree of crystallinity of these samples
was calculated according to Eq. (6) [39].

Xc ¼ DHi

fiDHm
i
� 100% (6)

where, DHi is the enthalpy of fusion of the prepared PEO samples,
obtained from DSC measurements, fi is the mass fraction of PEO in
the composite, andDHm

i is the enthalpy of fusion of 100% crystalline
PEO, which is 205 J/g [39]. The neat PEO has a melting temperature
of 67.3 �C and crystallinity of 86.3% (Table 4), and the crystallinity
and melting temperature of PEO decreased with increasing ChNF
loading. We reason that the dispersion of ChNF in the PEO matrix
and strong interactions between ChNF and PEO hindered chain
diffusion and folding during PEO crystallization, resulting in the
low crystallinity for composite samples. The neat PEO has a Tg
of �56.2 �C while the Tg of 5%, 10% and 15% ChNF/PEO composites
are �49.2, �48.7 and �48.4 �C, respectively. The increase in glass
transition temperature and decrease in crystallinity with ChNF
content for the composites is consistent with the strong adhesion
between ChNF and PEO that likely restricts PEO chain mobility.
4. Conclusions

In this study, ChNF/PEO nanocomposites were successfully
fabricated by an aqueous solution casting method and the
structure-property relationships of the nanocomposites were
investigated. ChNFs were dispersed well and formed inter-
connected network structures in the PEO matrix. Compared to neat
PEO, the tensile strength and elastic modulus of the nano-
composites increased ~3 times at 20% ChNF loading. In addition to
ChNFs' high mechanical properties, the strong interactions be-
tween ChNF and PEO, and the ChNF network structure played
important roles in efficient stress transfer from matrix to fiber and
from fiber to fiber. The ATR-FTIR and AFM colloidal probe adhesion
measurements support the conclusion that ChNF has strong h-
bond and VDW-driven adhesion with itself and with PEO.

The crystallinities of PEO in composites are lower than that of
neat PEO, whichmay be attributed to dispersion of ChNF in the PEO
matrix and strong interactions between ChNF and PEO that restrict
the chain mobility during PEO crystallization. Processing ChNFs in
suspensions with slight acidity and water-soluble polymers ap-
pears to support the formation of highly interconnected networks
that makes ChNF-polymer composites excellent candidates for
reinforced, light-weight, renewable materials.
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