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This work provides a direct evidence to investigate relationship between hydrogen bonding interactions
and property enhancement of cellulose nanocrystals (CN) based bionanocomposites. Cellulose nano-
crystal citrates (CN—C) with more hydroxyl (O—H) and carboxyl groups, CN and cellulose nanocrystal
formates (CN—F) with less O—H groups were extracted from commercial microcrystalline cellulose using
citric/hydrochloric acids, hydrochloric acid and formic/hydrochloric acids, respectively. Then different
nanocrystals were incorporated into bacterial polyester poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) for tuning hydrogen bonding interactions and properties of PHBV nanocomposites. As expected,

K : : . . o .
N‘;ﬁvgocrgfnposites at the same loading contents, CN—C had stronger reinforcing capability on PHBV matrix than CN and
Interface CN—F. Compared to neat PHBV, tensile strengths of 10% CN—F/PHBV, 10% CN/PHBV and 10% CN—C/PHBV

were improved by 146%, 166% and 187%, respectively. Especially, the maximum decomposition tem-
perature of 10% CN—C/PHBV was increased by 48.1 °C, and this nanocomposite showed superior barrier
properties with a 64% reduction in water vapour permeability (WVP). Besides, the nanocomposites
showed excellent biocompatibility to human MG-63 cells and lower overall migration levels. Such an
outstanding reinforcement by CN—C was ascribed to improved interfacial interaction (more hydrogen

Thermal properties
Infrared (IR) spectroscopy

bonding interactions or hydrogen bond network), and nanodispersibility in the nanocomposites.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

It is well known that uses of conventional non-biodegradable
materials (especially food packaging) will cause harmful effects
on environment, thus there is a growing interest in developing
fully biodegradable polymer based nanocomposites (as bio-
packagings), especially cellulose nanoparticles (CNPs)-reinforced
nanocomposites. With only a small amount of nanofiller addition,
mechanical or/and thermal properties of polymer matrix are
improved substantially [1-5]. For fully biodegradable nano-
composites, researchers believe that the outstanding and effective
polymer reinforcement by CNPs is mainly attributed to strong

* Corresponding author. The Key Laboratory of Advanced Textile Materials and
Manufacturing Technology of Ministry of Education, College of Materials and
Textile, Zhejiang Sci-Tech University, Hangzhou 310018, China.

** Corresponding author. The Key Laboratory of Advanced Textile Materials and
Manufacturing Technology of Ministry of Education, College of Materials and
Textile, Zhejiang Sci-Tech University, Hangzhou 310018, China.

E-mail addresses: phdyu@zstu.edu.cn (H.-Y. Yu), yaoj@zstu.edu.cn (J.-M. Yao).

http://dx.doi.org/10.1016/j.compscitech.2016.10.004
0266-3538/© 2016 Elsevier Ltd. All rights reserved.

intermolecular hydrogen bonds between O—H groups of CNPs and
C=0 groups of biodegradable polyester [poly(3—hydroxybutyra-
te—co—3—hydroxyvalerate) (PHBV) [6—12], polylactic acid (PLA)
[13—15], polycaprolactone (PCL) [16—18]. Many studies have re-
ported that good dispersion of CNPs in polymer matrix was bene-
ficial to form more hydrogen bonding interactions between them,
but relationship between surface functional groups of CNPs and
hydrogen bonding interactions in nanocomposites was not clear.
Recently, many attempts have been made to explain the rein-
forcing effect of CNPs on PHBV matrix. Ten et al. found that for-
mation of more hydrogen bonding interactions and nucleating
effect of CNPs on PHBV were responsible for significant improve-
ment in mechanical property [10—12]. They found that solution-
cast nanocomposites showed better mechanical properties than
those of melt-processed nanocomposites due to severe CNP
agglomeration. Although polyethylene glycol as a compatibilizer
can improve the CNPs dispersion in PHBV matrix, it would restrict
the formation of hydrogen bonding interactions between nano-
fillers and matrix, resulting to a reduction of thermal stability
[10,11]. Our study on this nanocomposite system also indicated that
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at the same loading levels, the well-dispersed cellulose nano-
crystals (CN) with sulfate groups (CN—S) show weaker reinforcing
effects on PHBV than that of HCl-hydrolyzed CN (CN—H). By
introduction 10 wt % CN—S or CN—H, tensile strength for 10% CN—S/
PHBV was improved by 149% while, the tensile strength for 10%
CN—H/PHBV was increased greatly by 166% [8]. The improvement
in CN—H/PHBV might be attributed to more hydroxyl groups
(without substituted sulfate groups) for forming more hydrogen
bonds (supported by larger hydrogen bond fraction value of 0.41
than 0.47 for 10% CN—S/PHBV) [8]. When PHBV chains were
grafting on the CNs to improve their dispersion within PHBV ma-
trix, but a decrease in increment magnitude of mechanical prop-
erties for the nanocomposite was found as compared to PHBV
nanocomposites reinforced by unmodified CNs, which was attrib-
uted to decreased amounts of hydroxyl groups and resultant
hydrogen bonds [6]. Besides, the graft polymerization of CN needs
more complicated processes.

It has been known that enhancements in the mechanical and
thermal performances of biopolymer based nanocomposites can be
tailored by interactions between CN functional groups and
biopolymer groups. Especially, the more hydroxyl groups of CNs
have, the more hydrogen bonds between nanofillers and matrix
form [5—18]. Nevertheless, to the best of our knowledge, structural
design of cellulose nanocrystals for modulating the formation of
hydrogen bonds in nanocomposites is still poorly investigated.
Therefore, the aim of this work is to endow CNs with different
number of hydroxyl groups via HCOOH/HCI and CgHgO7/HCl hy-
drolysis of commercial microcrystalline cellulose (MCC) according
to previously described method in our literature [19—21]. In order
to evaluate the impact of hydrogen bonding interactions on prop-
erties of PHBV nanocomposites, CN samples with different amounts
of hydroxyl groups were prepared. Bionanocomposites composed
of unmodified CN, cellulose nanocrystal formates (CN—F) and cel-
lulose nanocrystal citrates (CN—C), in a PHBV matrix were pro-
duced via simple solution casting. The microscopic structure as well
as mechanical, thermal, barrier and migration properties of the
nanocomposites were systematically investigated to elucidate the
relationship between hydrogen bonding interactions and macro-
scopic performance reinforcements and thus shed some light on a
fast ongoing field of high-performance food biopackagings.

2. Experimental section
2.1. Materials, preparation of CNPs and their nanocomposites

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV,
My = 5.90 x 10%) was purchased from Tiannan Biological Material
Co., Ltd. Commercial microcrystalline cellulose (MCCs), hydro-
chloric acid (HCl), acetone and chloroform were purchased from
Shanghai Guoyao Group Chemical Reagent Co., Ltd. Citric acid
(CgHgO7), formic acid (HCOOH) and ammonia solution (NH3-H,0)
were purchased from Hangzhou Gaojing Fine Chemical Industry
Co., Ltd. The preparation and characterization for cellulose nano-
crystals (CN), cellulose nanocrystal formates (CN—F), cellulose
nanocrystal citrates (CN—C) and the resulting nanocomposites
(using solvent casting) were given in Supplementary Information.

3. Results and discussions

The morphology and dispersion of CN, CN—F and CN—C in water
were observed by using TEM (Fig. 1). After water evaporation, in-
dividual nanocrystals can still be clearly distinguished. The average
geometric characteristics of CNs were estimated at 265 + 30 nm in
length and 16 + 4 nm in diameter. It was in accordance with
nanocrystal dimensions reported by published work [21]. For CN—F

and CN—C, rod-shaped structure kept and similar dimension ach-
ieved. The average aspect ratios (AR) for CN, CN—F and CN—C were
about 16.5 + 7.5,16.4 + 8.8 and 16.6 + 8.4, respectively. The rod-like
morphology and geometric dimensions were similar to data re-
ported for CNs extracted from MCC [10,11].

Generally, a homogenous nanocrystal dispersion is prerequisite
for forming more intermolecular hydrogen bonds in nano-
composites, thus fractured surfaces of nanocomposite films are
studied by FE-SEM. In Fig. 1 and 10% CNs, 10% CN—F and 10% CN—C
without micro-scale agglomerates were homogenously dispersed
into PHBV matrix, demonstrating that solvent-exchange approach
can prevent aggregation of nanocrystals [6—8]. Also, surface groups
(formate [9] and citrate groups) contributed to improve uniform
distribution of nanocrystals within PHBV matrix. Indeed, a good
nanocrystal dispersion in nanocomposites was beneficial to
enhance interfacial adhesion between two components and effec-
tive stress transfer during mechanical tensile test.

FT-IR analysis is used to confirm different surface functional
groups on the CN, CN—F and CN—C. Compared with those of CNs,
new strong peaks at 1720 and 1718 cm™~! assigning to ester C=0
stretching vibrations were observed in spectra of CN—F and CN—C
(Fig. 2a), indicating that formate and citrate groups were intro-
duced onto the nanocrystals, respectively. By using oxime reaction
and conductivity titration (Supplementary Information), the con-
tents for CN—F formate groups and CN—C carboxyl groups were
0.58 and 1.12 mmol/g, respectively. On the other hand, hydrogen
bonding interactions between CNPs and PHBV matrix were
confirmed by IR spectra. Peak at 3436 cm~! was due to free O—H
groups, while peak at 3345 cm~! was due to hydrogen bonded O—H
groups. Moreover, compared with neat PHBV, the band position for
C=0 stretching was shifted from 1723 to 1727 cm~! and this band
became broad for the nanocomposites. These results proved the
formation of hydrogen bonding interactions between O—H groups
of CNPs and C=0 groups of PHBV. Further, hydrogen bond fraction
(Fy—co) was calculated through curve—fitting procedure according
to reported equation [11,19]:

Fy_co = ( AH/rH/a

— (1)
AH/rH/a + Aa>

where A; and Ay are peak areas of free and hydrogen bonded

components, respectively, and ryj, is the specific absorption ratio of

above two bands.

Fig. 2b illustrates that at the same loading levels, Fy—cp value
of CN—C based nanocomposite was larger than that of CN based
nanocomposite, whereas the CN—F based nanocomposite
showed lowest Fy—cp values. It indicates the formation of more
intermolecular hydrogen bonds in the CN—C based nano-
composites due to more polar groups (carboxyl and hydroxyl
groups) on CN—C (Fig. 2¢) with good dispersion in matrix (Fig. 1).
Indeed, the hydrogen bonds took place by hydroxyl or carboxyl
groups (CNPs) as proton donors and carbonyl groups (PHBV) as
proton acceptors. The CN—C had more hydroxyl or carboxyl
groups after one hydroxyl group of cellulose was esterified with
carboxyl group of CgHgO7, leading to two carboxyl and one hy-
droxyl groups on each cellulose unit(Fig. 2d). Therefore, larger
amounts of hydrogen bonds were obtained for the CN—C based
nanocomposites. On the contrary, hydroxyl groups of CN—F were
reacted with carboxyl groups of HCOOH, and thus the amounts of
hydroxyl groups were reduced, leading to a decrease in numbers
of hydrogen bonds.

CNPs can simultaneously form two intermolecular hydrogen
bonds with PHBV due to two C=O0 groups in each unit of PHBV
[6—8,22], which was defined as double hydrogen bonded CNPs (db-
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Fig. 1. TEM micrographs of CN, CN—F and CN—C; and FE-SEM images for fractured morphologies of 10% CN/PHBV, 10% CN—F/PHBV and 10% CN—C/PHBV.

CNPs). In general, the number of O—H groups (Ny—oy) involved in
hydrogen bonds should be equal to that of hydrogen bonded C=0
groups (Ng—co), the fraction of hydroxyl groups involved in inter-
molecular hydrogen bonds (Fy—oy) and fraction of db-CNPs (Fqp.-
cnps) €an be calculated as follows:

ry)

Ny_on = Nu_co,

Fy_on = Fuco(1 — Xo) / Rowyco:
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Fig. 2. FT-IR spectra (a), hydrogen bond fraction (Fy—co) (b), chemical structures (c) for PHBV and different nanocrystals (CN, CN—F and CN—C) and the nanocomposites, (d)
schematic representation for possible formation of hydrogen bonding interactions in 10% CN/PHBV, 10% CN—F/PHBV and 10% CN—C/PHBV.
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Fap_cnps > 2Fy_on — 1, (4)

Where X, is crystallinity of nanocomposites, Ronco is the molar
ratio of O—H groups and C=0 groups in nanocomposites, and can
be calculated by following equations:

Menps o 3
(CN/PHBV nanocomposite): Rox,co = w5 (5)
MPHBV

(CN — F/PHBV nanocomposite): Rog,/co

Menps o 3

Mo — NocoH X McNps (6)
- Mpypy o D ’

PHBV

(CN — C/PHBV nanocomposite): Roy/co
 MAE % 3+ Ncoon x Menps 7)
- Mpypy o ) ’
PHBV

where mcnps and mpygy are weights of CNPs and PHBV, respec-
tively; Mcnps (162 g mol’1) and Mpypy (154 g mol”) are molecular
weigh for repeating units of cellulose and PHBV, respectively; nocon
and ncgoy are formate and carboxyl contents, respectively.

As shown in Table 1, Fgp-cnps value of 10% CN—F/PHBV was about
0.30, indicating that more than 30% of CN—F nanofillers formed two
hydrogen bonds with PHBV chains. This strongly hints that there is
a hydrogen-bonding network in the nanocomposites. Moreover,
higher Fgp-cnps of 1.46 and 2.66 were found for 10% CN/PHBV and
10% CN—C/PHBV, respectively. It suggests that denser hydrogen-
bonding network was formed in 10% CN—C/PHBV nano-
composites, which were supported by percolation threshold (PT)
value of CN—C nanoparticles. Based on aspect ratios (AR) of CNPs
and equation of percolation threshold (PT = 0.7/AR) [11,23,24].
Therefore, the percolation threshold of CNPs was calculated to be
4.2 vol % using the CNP aspect ratio of 16.5. With known densities of
PHBV (1.2 g/cm?) and CNPs (1.5 g/cm?) [11,25], the percolation
threshold in CNP weight ratio was 5.2 wt %. Above this weight ratio
of CNPs, the continuous percolation network was easily obtained
due to homogeneous dispersion of CNPs and strong hydrogen
bonding interactions between PHBV and CNPs. Generally, the
hydrogen bond forms a physical crosslink in the nanocomposites
and exerts a great influence on the nanocomposite properties
[11,22].

From Eqs. (4)—(7), the fraction of C=0 group that acts as a
crosslink point (Fi.co) and average number of atoms between every
two adjacent crosslink points (Ni_) can be determined as follows:

L co= de7CNPsROH/CO/(1 —Xo), (8)

Ni_p =4/F_co, (9)

The calculated values of Fi.co and Ni_ are listed in Table 1.
Clearly, 10% CN—C/PHBV showed the largest F;_co value (0.92) than
those of other nanocomposites, indicating the highest crosslink

Table 1
Estimated parameters based on Fy—co values for the nanocomposites reinforced
with different CNPs.

Sample Fi—co Romjco  Fu—on  Fab-enes>  Frco>  Npi<
10%CN/PHBV 0.41 0.16 1.23 1.46 0.49 8.22
10%CN—F/PHBV 0.25 0.15 0.65 0.30 0.12 34.39
10%CN—C/PHBV 0.63 0.17 1.83 2.66 0.92 437

density for 10% CN—C/PHBV, whereas the N was less than 4.36. It
has been reported that high density hydrogen-bonding network of
PHBV/bisphenol a nanocomposites would suppress the PHBV
crystallization. This confined crystal structure may bring a benefi-
cial effect on PHBV morphology, and improved mechanical prop-
erties [12,22].

Fig. 3a and b illustrate DSC curves, Tc and T¢ (onset)-Tc of neat
PHBV and the nanocomposites reinforced with different CNPs, and
the corresponding thermal parameters (crystallization temperature
(Te), cold crystallization temperature (Tc.), and onset temperature
of crystallization (T (onset))) are listed in Table 2. No obvious crys-
tallization peak appeared in the first cooling scans of neat PHBV,
and only cold crystallization peak (41.2 °C) was observed in the
second heating scan (Fig. 3a), while strong crystallization peaks at
54.1, 100.4 and 78.0 °C were found for 10% CN—F/PHBV, 10%CN/
PHBV and 10%CN—C/PHBV, respectively. These results implied
easier crystallization of PHBV occurred in the presence of the CNPs,
and the heterogeneous nucleation effect of CNs was stronger than
other nanofillers. The 10%CN/PHBV had higher T. and lower T,
(onset)-Tc values than those of PHBV and other nanocomposites
(Fig. 3b and Table 2), revealing that the incorporation of CNs could
efficiently induce a greater increase in nucleation and crystalliza-
tion rates of PHBV crystals because the parameter T (onset)-Tc is used
to evaluate the overall crystallization rate of the nanocomposites,
the smaller T¢ (onset)-Tc value hints the greater overall crystallization
rate [7,8]. The different T, values can be explained that only OH
groups on CNs could quickly tailor conformational ordering of
crystalline PHBV chains, and thus PHBV crystallization could be
induced and accelerated by interchain interactions in terms of
surface-induced conformational order (SICO), leading to an
appearance of higher T, as compared to CN—F or CN—C with
substituted groups. A similar phenomenon was found for poly (L-
lactide) nanocomposites reinforced with carbon nanotubes and
graphene nanosheets [26].

The WAXD patterns, crystallinities (X¢) and crystallite size (D2qg)
are shown in Fig. 3c and d. Based on Rietveld-Ruland approach and
Scherrer equation, the X. and Djgo of the nanocomposites were
calculated and listed in Table 2. It has been reported that CNPs can
affect the PHBV crystallization in two opposed ways [7,8,12]. On one
hand, CNPs was an efficient nucleation agent to promote nucleation
and overall crystallization rate, leading to higher crystallization
temperature. On the other hand, due to hydrogen bonding in-
teractions, CNPs hindered chain diffusion and folding during PHBV
spherulitic growth [8,12], resulting in a slight decrease of crystal-
linity. In Fig. 3c, the CNPs exhibited characteristic diffractograms of
cellulose I, and their incorporation did not cause new crystalline
symmetries of PHBV. Furthermore, compared to neat PHBV, the
(111) diffraction was shifted to higher angles after CNP addition,
suggesting that PHBV formed defective crystals in the presence of
CNPs due to hydrogen bonding interaction. As a result, 10% CN—C/
PHBV showed the lowest X. value than other nanocomposites
(Fig. 3d) since the diffusion rate of crystalline PHBV chains was
altered by hydrogen bond network induced by more hydrogen
bonds in the nanocomposite (Table 1). The crystallinity obtained
from DSC curves (Xpsc) also confirmed the lower Xpsc for CN—C/
PHBV (Table S1). Meanwhile, all the nanocomposites showed the
smaller Dygp than that of PHBV, implying the confined crystalline
PHBV chains with CNPs. It should be noted that 10% CN—F/PHBV
displayed the higher X. value than those of other nanocomposites
due to relatively weak hydrogen bonding interactions, which was
consistent with FT-IR results (Fig. 2c and Table 1).

Fig. 4a shows the tensile strength, Young's modulus and elon-
gation to break for neat PHBV and nanocomposites reinforced with
different CNPs. The addition of CNPs efficiently improved the ten-
sile strength and Young's modulus of PHBV owing to the higher
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Fig. 3. DSC curves (a), crystallization temperature (Tc) and Tc (onset)-Tc (b), WAXD patterns (c), crystallinity and Dg (d) for neat PHBV, different nanocrystals (CN, CN—F and CN—C)

and the nanocomposites.

modulus of nanocrystals [1,4,15]. Compared to neat PHBV, the
tensile strengths of 10%CN—F/PHBV, 10%CN/PHBV and 10%CN—C/
PHBV were improved by 146%, 166% and 187%, respectively. Similar
enhancements in Young's modulus were also found. Moreover, 10%
CN—C/PHBV showed the higher tensile strength and modulus than
others, but lower elongation to break. This greater enhancement
was an indication of stronger interfacial bonding/adhesion be-
tween CN—Cs and PHBV matrix, which lead to better stress transfer
from the soft matrix to the stiff CN—Cs. Since well-dispersed CNPs
with similar aspect ratio were introduced to PHBV matrix,
hydrogen bonding interactions between two phases were pre-
dominant in the nanocomposites. The hydrogen bonding in-
teractions or networks could facilitate efficient load transfer
between polymer chains and the percolating network of nano-
crystals, endowing additional strength to the nanocomposites
[1,11,27]. This explanation was also applied to the change trends of

Tensile strength and Young's modulus for nanocomposites con-
taining lower CNP contents (5 wt% CNPs as a model example,
Fig. S1). Additionally, the reduction in elongation to break was due
to decreased segmental mobility of PHBV chains induced by in-
teractions with CNPs.

Fig. 4b—d shows TGA curves, initial decomposition temperature
(Tp), maximum decomposition temperature (Tpax) and the plot of
In[In(Wo/Wr)] vs. 6 for main thermal degradation stage for neat
PHBV and the nanocomposites, and main thermal parameters are
summarized in Table 2. The Tax of CN—C was about 347.4 °C, which
was lower than those of CN (363.9 °C) and CN—F (359.4 °C). This
result was due to that more thermally unstable carboxyl groups of
CN—C would significantly depress the degradation temperature.
Generally, the more carboxyl groups were prone to dehydration
reaction, so the weight loss in degradation curve of CN—C began at
200 °C (Fig. 4b). Surprisingly, TGA curve of 10% CN—C/PHBV shifted

Table 2

Hydrogen bond fractions (Fy—co), crystallinities and thermal analysis parameters for neat PHBV and the nanocomposites reinforced with different CNPs.
Sample Xc DZOO Tc Tc(onset)'Tc TO Tmax TO'Tm3 Ea

%) (nm)’ (Cp (°cy’ (°C) () Q) (kJ/mol)®

PHBV 55.6 30.9 / 243 2294 245.8 99.4 204.0
CN 85.6 6.0 / / 3225 363.9 / 186.3
CN—F 86.3 6.0 / / 338.2 359.4 / 245.6
CN-C 86.5 6.0 / / 3253 3474 / 124.8
10%CN/PHBV 55.3 10.8 100.4 10.7 284.6 2933 116.0 339.1
10%CN—F/PHBV 57.8 9.7 54.1 16.3 2549 2703 113.9 255.6
10%CN—C/PHBV 54.6 10.5 78.0 141 286.9 293.9 126.5 482.7

2 X and Dygp were calculated from WAXD patterns and Scherrer equation, respectively.

The values of Ty and Ty,2x were obtained from TGA curves.
To-Tms3 stood for the melt—processing window.

b
c
d
€ E, was calculated by Horowitz and Metzger method.

Thermal parameters of non—isothermal crystallization was recorded by DSC curves.
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Fig. 4. Tensile strength, Young's modulus, and elongation to break (a), TGA curves (b), To and Tpax (c), and the plot of In [In(Wo/W+)] vs. 6 for main thermal degradation stage (d),
water uptake and water vapor permeability (e), overall migration data in ethanol 10% (v/v) and isooctane (f) for neat PHBV and the nanocomposites reinforced with different CNPs.

to higher temperature than those of PHBV and other nano-
composites. The Ty and Ty« increased by 57.5 and 48.1 °C, 2.3 and
0.6 °C, 32.0 and 23.6 °C, as compared to neat PHBV, 10% CN/PHBV
and 10% CN—F/PHBV (Fig. 4c and Table 2). It indicates that 10%
CN—C/PHBV showed the best thermal stability among all the
nanocomposites, the reinforcing efficiency of CN—C with the same
loading levels on the thermal stability was stronger than CN and
CN—F. The reinforcing efficiency was mainly dependent on
amounts of intermolecular hydrogen bonds between two

components when well-dispersed nanofillers with similar size
were employed in the nanocomposite preparation. Larger amounts
of hydrogen bonds can restrict the formation of six—membered
ring ester during the PHBV degradation process [6—9,28], as a
result, the higher thermal stability of PHBV nanocomposites can be
achieved by incorporating CN—C.

The results of average apparent activation energy (E,) calculated
from slopes of the fitted lines are given in Fig. 4d and Table 2.
Generally, the higher E, is, the faster degradation rate is [20,28].

*

Fig. 5. Fluorescence microscopy images of neat PHBV (a), 10% CN/PHBV (b), 10% CN—F/PHBV (c) and 10% CN—C/PHBV (d).
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Table 2 illustrates that E, value of CN—C was larger than those of CN
and CN—F, but 10%CN—C/PHBV had largest E, value than other
nanocomposites, implying that the degradation rate of 10%CN—C/
PHBV was quicker than other samples. From above, incorporation
of CNPs can influence the degradation behavior of PHBV in two
opposite ways. On the one hand, during degradation of PHBV, the
addition of CNPs enhanced its thermal stability so that thermal
degradation of PHBV begun at a higher temperature, and this
higher temperature was a factor to result in an increasing degra-
dation rate of PHBV. On the other hand, the more O—H groups of
CNPs would form stronger intermolecular hydrogen bonding in-
teractions with ester C=0 groups (10%CN—C/PHBV), which can
increase degradation temperature of PHBV matrix.

It is well known that improved interfacial interaction, crystalline
structure and crystallinity of the nanocomposites can result in
higher tortuosity of transport path and prevent water (vapor)
molecules permeating into nanocomposite films [1,9,16,26,29]. The
effect of hydrogen bonding interactions on barrier and migration
properties of PHBV was investigated. In Fig. 4e and 10%CN—C/PHBV
showed the greatest reduction in water uptake and WVP than those
of neat PHBV and other nanocomposites, which was ascribed to
strong interfacial interaction (hydrogen bonds) between two
components. The interactions can slash the number of sorption
sites available for moisture sorption in polymer matrix, and reduce
the equilibrium moisture content [30]. Compared with neat PHBV,
the water uptake and WVP values were reduced by 84% and 64% for
10%CN—C/PHBV, 71% and 67% for 10%CN—F/PHBV, 50% and 37% for
10%CN/PHBV, respectively. It indicates that the nanocomposites
exhibited the improved barrier properties against water and water
vapor. Similar reduced moisture absorption capability was reported
for biopolymer based nanocomposites reinforced with CNPs
[22,24]. Moreover, 10%CN—F/PHBV exhibited the larger reduction in
water uptake and WVP than that of 10%CN/PHBV, which was due to
its relatively higher crystallinity (Table 2).

Results of overall migration levels in Fig. 4f also illustrated that
10% CN—C/PHBV showed lowest migration levels than those of
other nanocomposites, which were well below the migration limits
(60 mg/kg of simulant) for food contact materials according to
Commission Directive, 2002/72/EC [9,19,29]. It indicates that the
incorporation of CN—C had the more positive effect on the migra-
tion properties of PHBV due to stronger interfacial adhesion or
hydrogen bonding network in the nanocompsites. Further, fluo-
rescence microscopy images (Fig. 5) demonstrated that numerous
human MG-63 cells (stained green) on the nanocomposite films
were observed compared to neat PHBV, indicating that introduc-
tion of the CNPs improved biocompatibility and cellular uptake of
the nanocomposites. It is found that CNPs with different surface
charge/groups can improve efficiently cell-matrix interactions and
thus cellular uptake to human embryonic kidney 293 and Spo-
doptera frugiperda cells [6,31]. It hints that these nanocomposites
will be further applied for food contact biopackagings and other
biomedical materials.

4. Conclusions

CNPs with different surface groups (CN—F, CN and CN—C) were
successfully prepared and used as reinforcement materials for
PHBV nanocomposites. It confirms that at good dispersion state of
nanofillers, CN—C with more O—H groups could form more inter-
molecular hydrogen bonds with PHBV matrix. As a result, at the
same loading level, greater improvements in the mechanical and
thermal properties were found compared to other nanocomposites.
Compared with neat PHBV, tensile strengths and Ty, of 10% CN—C/
PHBV were improved by 187% and 48.1 °C, respectively. The
nanocomposites showed a 64% reduction in water vapour

permeability (WVP) indicating stronger reinforcing capability on
PHBV matrix than CN and CN—F. This could be due to stronger in-
teractions (more hydrogen bonds or hydrogen bond network) and
their good nanoparticle dispersion. Moreover, overall migration
levels of 10%CN—C/PHBV were well below the migration limits for
food contact materials and showed excellent biocompatibility to
human MG-63 cells. This study provides a method to modulate
hydrogen bonding interaction and properties of PHBV nano-
composites, meanwhile the obtained nanocomposites have
charming application in food biopackaging materials.
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