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Abstract The continuously increasing plastic wastes and
diminishing fossil resources have attracted global attention
into research and development of biodegradable packaging
materials. In the present study, organophilic layered dou-
ble hydroxides (OLDH) intercalated with aliphatic long-
chain molecules as reinforcing agents were incorporated
into biodegradable poly(vinyl alcohol) (PVA) matrix by a
solution casting method. FTIR, XRD and SEM were per-
formed to analyze the structure of PVA/OLDH films. The
OLDH nanosheets were well-dispersed in PVA matrix and
formed strong interfacial interactions with the PVA chains,
leading to remarkable improvements of optical property,
mechanical performance, water vapor barrier property and
thermal stability. At a loading of only 2% OLDH in PVA,
we observed ~67% decrease in haze and ~66% increment in
tensile strength in the composite film compared with pure
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PVA film. Furthermore, a 24.22% decrease in water vapor
permeability (enhancement in water vapor barrier property)
due to the addition of 0.5 wt% OLDH and enhanced ther-
mal stability could be observed. These results revealed that
the overall performance could be improved by introducing
OLDH at very low loadings and that the PVA nanocompos-
ite films have potential for future application in packaging
films. Therefore, the use of high-performance PVA/OLDH
nanocomposite films can evidently promote the application
of biodegradable PVA materials in packaging industry.

Keywords Packaging application - Biodegradable
nanocomposite films - Poly(vinyl alcohol) - Organophilic
layered double hydroxides - Enhanced properties

Introduction

Over the past few decades, due to increased awareness on the
continuously increasing plastic wastes and decreasing fossil
resources, the potential application of eco-friendly polymers
as biodegradable packaging materials has attracted stead-
ily ever-increasing attentions worldwide [1-3]. Recently,
poly(butylene adipate-co-terephthalate), poly(propylene
carbonate), polylactide, poly(vinyl alcohol) and their bio-
degradable derivatives have been widely investigated to
replace the non-biodegradable petrochemical-based coun-
terparts [4—6]. Among the well-recognized biodegradable
polymers, poly(vinyl alcohol) (PVA) is a completely bio-
degradable polymer, which can be eventually degraded
into carbon dioxide and water with selective bacteria in
soil. Moreover, PVA as a non-toxic and non-carcinogenic
polymer with extraordinary film formation characteristic,
good chemical resistance and anti-electrostatic properties
is considered as one of the most promising biodegradable
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packaging film materials [7-9]. However, the poor mechani-
cal, optical and water vapor barrier properties of PVA have
restricted its wide application in packaging materials. To
solve these problems, one of the most effective ways is to
blend PVA with other materials (e.g., nanoparticles) in low
volume to fabricate nanocomposite films with enhanced
properties, while its biodegradability characteristics remain
unchanged [10, 11]. Recently, some works have been made
to improve the individual properties of PVA films, such as
optical properties, mechanical performances and water bar-
rier properties, respectively [12—14]. Nevertheless, there are
rare reports on the effects of reinforcements on the overall
performance of PVA nanocomposites, which are exactly
selected in their applications as textile, pesticide, and elec-
tronic product packaging materials.

Layered double hydroxides (LDHs) are a class of inor-
ganic layered clays which can be given a specific function
by changing the chemical composition of positively charged
metal layer and the anion in the interlayer space [15-17].
To achieve a homogeneous dispersion of LDH particles
into a biodegradable polymer matrix, research efforts were
focused on obtaining organophilic layered double hydrox-
ides (OLDHs) by introducing diverse organic anion [18-20].
LDH and OLDH have been widely used as reinforcement
agents in polymer matrices for enhanced mechanical and
water barrier properties [21-23]. Zhou et al. introduced
LDH nanoplates into PVA matrix as reinforcing agents to
improve the fire resistance and mechanical properties of
PVA film [24]. Marangoni et al. prepared a composite of
PVA and OLDH (intercalated with orange dyes) by solution
casting process, which improved the Young’s modulus dis-
tinctly [25]. In our previous work, OLDH was synthesized
by facile introduction of aliphatic long-chain molecules into
the interlayers, and we found the organo-modified LDH
nanosheets could overcome the hydrogen bond attraction
between the lamellae and easily exfoliate and disperse well
in the biopolymer matrix. Meanwhile, as far as we know, the
layered double hydroxides, with refractive indices similar to
those of most polymers, provide a distinct advantage as fill-
ers in the transparent polymer packaging films. All the above
aspects have inspired us to fabricate the biodegradable PVA/
OLDH nanocomposite films to achieve optical, mechanical
and water vapor barrier properties to expand the application
of PVA material in the packaging field.

In this work, PVA/OLDH nanocomposite films with low
OLDH content were successfully fabricated by solution
casting method. The OLDH was prepared by introducing
an aliphatic long-chain molecule into the interlayer of LDH
to impart better compatibility with PVA matrix [26]. The
effects of OLDH content on the morphologies and properties
(e.g., optical, mechanical, water vapor barrier properties and
thermal stability) of PVA-based nanocomposite films were
also studied.

gslppl @ Springer

Experimental
Materials

Al (NO3)5-9H,0 (99%), Zn(NO3),-6H,0 (99%), NaOH
(99%), HNO; (65.0-68.0%) and potassium dodecyl phos-
phate (PDP) (97%) were purchased from Aladdin Reagent
Co., Ltd. (Shanghai, China). Poly(vinyl alcohol) (PVA) with
average degree of polymerization of 1750 + 50 was supplied
by BASF Chemical Co., Ltd. (Tianjin, China). Deionized
water was distilled before use to remove the carbon dioxide
dissolved in water. All reagents were analytical grade and
used as received.

Preparation of OLDH

The OLDH powder was prepared by anion-exchange
method. First, the LDH precursor was synthesized by a
method involving separated nucleation and aging steps
[27]. Then, 5.0 g of LDH precursor and 30 mL of PDP were
added into a three-necked, round-bottomed flask. The pH of
mixture was adjusted to 4.5 by dropwise addition of HNO;.
After ultrasonic concussion for 30 min, the white slurry
was aged with vigorous stirring at 100 °C under nitrogen
atmosphere for 48 h. The precipitate was filtered and washed
three times with deionized water. Finally, the white OLDH
product was obtained after being dried at 70 °C for 24 h.

Fabrication of PVA/OLDH films

The PVA/OLDH films were fabricated by solution casting
method. First, an adequate amount of OLDH powder and
30 mL of deionized water were added into a 100 mL three-
necked, round-bottomed flask. After ultrasonic concussion
for 20 min, a given amount of PVA powder was subse-
quently dispersed into the obtained OLDH slurry. Then, the
mixture was stirred vigorously at reflux temperature under
nitrogen atmosphere for 3 h to obtain a homogeneous aque-
ous solution. Finally, the PVA/OLDH solution was poured
onto a surface of glass plate (15 cm X 15 cm X 3 cm). After
being placed under air atmosphere for 12 h, the obtained
PVA/OLDH films were treated at 50 °C for another 12 h to
remove the residual moisture. The thickness of the PVA/
OLDH films was 75 + 5 pm. The mass ratios of PVA and
OLDH were 100/0, 99.5/0.5, 99/1, 98/2, 97/3 and 96/4,
respectively, designated as OLDH-0, OLDH-0.5, OLDH-1,
OLDH-2, OLDH-3 and LDH-4 accordingly. The fabrica-
tion process steps of PVA/OLDH films are shown in Fig. 1,
respectively.
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Fig. 1 Schematic diagram for
fabrication process of PVA/
OLDH films

Structural analysis

The FTIR spectra were recorded using KBr pellet on
a Nicolet 380 Fourier transform infrared spectrometer
(Thermo, America) with a resolution of 4 cm™' from 4000 to
400 cm™'. The XRD patterns were collected by an X-ray sin-
gle crystal diffractometer (D8 Quest, Bruker, Germany) in
the range of 20 = 1.5°-50° with a voltage of 40 kV and tube
current of 40 mA using CuKa radiation (4 = 1.54056 A) at
room temperature. The morphologies of the fracture surface
of PVA/OLDH films were studied by a scanning electron
microscope (Jeol 6400F, Japan Electron Optics Ltd., Japan)
at 20 kV after being coated with gold.

Performance studies

The visible light transmittance and haze were obtained with
a light transmittance/haze tester (WGT-2S, Yidian Physi-
cal Optical Instrument Co., Ltd., China) in accordance with
national standard GB 2410-2008. Each specimen was meas-
ured three times to obtain the average value. The nominal
tensile strain-at-break and tensile strength were measured
by an electronic universal testing machine (UTM2502, Suns
Technology Stock Co., Ltd., China) using dumbbell-shaped
specimens according to GB/T1040.3-2006 standard with a
speed of 200 mm min~'. Each sample was measured five
times to obtain the average value. The water vapor perme-
ability (WVP) was measured by an automatic water vapor
transmission tester (PERME W3/030, Instrument Technol-
ogy Co., Ltd., China) using round specimens (diameter:
0.074 m; area: 3.3 x 1073 m2) according to GB1037-88
standard. The WVP values were calculated according to
Eq. (1) as follows:

WVP(g X cm/cm? X s X Pa) = (Am X d)/ (A X t X AP),
(H

where, Am (g) is the mass loss of water vapor passing
through the specimen; d (cm) is the thickness of the speci-
men; A (cm?) is the area of the specimen; ¢ (s) is the meas-
ured time interval; AP (Pa) is the water vapor pressure dif-
ference on both sides of the specimen.

The thermogravimetric analysis (TGA) and deriva-
tive thermogravimetry (DTG) curves were recorded using
an automatic thermal analysis instrument (DTG-60 A,
Shimadzu, Japan) from 30 to 600 °C at a heating rate of
10 °C min~! under nitrogen atmosphere with 5-10 mg sam-
ple mass.

Results and discussion
Structural characterization

The FTIR absorption spectra of OLDH powder, OLDH-0
and OLDH-4 are shown in Fig. 2. For OLDH powder
(Fig. 2a), the absorption bands at 3437 and 1635 cm™!
are related to the —OH stretching and bending vibrations
between the OLDH layers, respectively, while the absorp-
tion peak at 587 cm™! is assigned to the bending vibration
of the metal-oxygen bonds in the OLDH layers [28, 29]. It
is worth mentioning that, the C—H stretching and scissor-
ing vibrations at 2928, 2847 and 1466 cm~! [30], and the
stretching vibration of P-O groups at 1089 cm™! are related
to PDP molecules, revealing the successful formation of
OLDH phase.

For PVA films (Fig. 2b, c), the absorption peaks at 3437
and 1635 cm™! can be attributed to the —OH groups of water
in the films, while the C—H scissoring vibration of PVA mol-
ecule is observed at 1409 cm™!. The differences in the FTIR
spectra of OLDH-0 and OLDH-4 are noticeable. The newly
emerging characteristic peaks of C-H stretching and P-O
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Fig. 2 FTIR spectra of a OLDH powder; b OLDH-0; and ¢ OLDH-4

stretching vibrations observed at 2928, 2847 and 1089 cm™!
demonstrate the successful incorporation of OLDH nanopar-
ticles into the PVA matrix.

The XRD patterns of the OLDH powder, OLDH-0,
OLDH-1, OLDH-2 and OLDH-4 samples are displayed in
Fig. 3. For OLDH powder in Fig. 3A(a), the Bragg reflec-
tions (003) and (006) at 260 = 2.10° and 4.06° reveal the well-
developed layer structure of OLDH [31]. There are apparent
differences between the PVA films shown in Fig. 3A (b-e).
In the lower concentration range (1%), there is no evidence
of crystalline phases from the OLDH used as filler. However,
at 2%, such diffraction peaks start to be observed, and at 4%
filler concentration, a broad peak can be clearly observed. A
small increase of 0.1 A in the basal distance of the original
intercalated materials is observed for OLDH-2 and OLDH-4
samples, respectively, which most likely indicates partial
co-intercalation of PVA. This effect certainly contributes to
the homogeneity of the obtained films [25]. Furthermore,
as Fig. 3B(b—d) shows, there are no changes in the reflec-
tion peaks of the OLDH-0, OLDH-1, OLDH-2 and OLDH-4
samples at 20 = 11.41°,22.83°, 34.55° and 48.25°, revealing
that the incorporation of nanosized OLDH has no significant
influence on the crystalline structure of PVA matrix [26].

Morphology of fracture surfaces

The microstructures of the fractured surfaces of neat PVA
and PVA/OLDH films were studied using SEM. The images
of sample films (OLDH-0, OLDH-0.5, OLDH-1, OLDH-
2, OLDH-3 and OLDH-4) at two resolutions are shown
in Fig. 4. As can be seen in Fig. 4a, A, the morphology
of neat PVA film is quite smooth. In contrast, the rough-
ness of fracture surface of PVA/OLDH films increases with
increasing OLDH loading (0.5, 1, 2 and 3%) as, respectively,
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Fig.3 A XRD patterns of a OLDH powder; » OLDH-0; ¢ OLDH-1;
d OLDH-2; and e OLDH-4 in the angle of 20 = 1.5°-10°, B XRD
patterns of @ OLDH-0; b OLDH-1; ¢ OLDH-2; and d OLDH-4 in the
range of 26 = 10°-50°

shown in Fig. 4b—e, suggesting a well dispersion of OLDH
in the matrix and the formation of strong interfacial inter-
actions. However, as it is evident in Fig. 4f, F, the partial
surface morphology again reveals a rather smooth surface
with further increase in OLDH content up to 4%, which can
be attributed to the presence of aggregated OLDH parti-
cles probably due to insufficient dispersion of the OLDH
nanosheets at high concentration. In other words, only the
well-exfoliated OLDH nanosheets can form the hydrogen
bonding networks with the PVA chains effectively, and can
improve the dispersibility of OLDH in the PVA matrix. The
good dispersion and strong interfacial interactions contrib-
uted by low OLDH loading are predictable for improved
properties discussed in later sections.
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Fig. 4 SEM micrographs

of fracture surfaces of a, A
OLDH-0, b, BOLDH-0.5, ¢, C
OLDH-1,d, D OLDH-2, ¢, E
OLDH-3, and f, F OLDH-4. a—f
and A-F images were magnified
%2000 and x4000, respectively

Optical properties

The visible light transmittance and haze curves of OLDH-
0, OLDH-0.5, OLDH-1, OLDH-2, OLDH-3 and OLDH-4
are displayed in Fig. 5. As seen, the optical properties of
PVA/OLDH films are closely related to the OLDH loading.
The visible light transmittance increases at first and then
decreases with the increase in OLDH loading, indicating
the aggregation of smaller OLDH particles into larger size
particles at high loading.

The reduced haze is attributed to the similar refrac-
tion coefficients of OLDH powder (1.50) and PVA matrix
(1.49-1.53). The optimal optical performance was found to
be that of the film of OLDH-2 with a 66.97% decrease in
haze value (17.18%) and a 5.92% enhancement in visible
light transmittance value (92.78%). The significant improve-
ment in optical properties could be attributed to the effect of
heterogeneous nucleation induced by the nanosized OLDH
particles in the PVA matrix, which was similarly observed
in previous published works [4, 32]. Heterogeneous nuclea-
tion is a crystallization process in which the PVA chains can
be adsorbed on the interfaces of nanosized OLDH particles
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Fig. 5 Visible light transmittance and haze variations as functions of
OLDH loading

to form tiny crystals with homogeneous size distribution,
which, in turn, can reduce the light refraction between the
PVA matrix and external environment to improve the optical
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properties of PVA/OLDH films compared with a neat PVA
film. Furthermore, a uniform and fine nanosized distribution
of OLDH particles can also be confirmed by SEM images
shown in Fig. 4. In fact the enhanced transparency will be
obtained if the size of individual nanoparticles is smaller
than the visible light wavelength [33].

Mechanical performance

The influence of OLDH loading on mechanical perfor-
mance (nominal tensile strain-at-break and tensile strength)
of PVA/OLDH films is shown in Fig. 6. The mechanical
performance of neat PVA film is also given in this figure.
The nominal tensile strain-at-break and tensile strength show
rising trends at low OLDH content range and decreasing
trends at high loading range. In comparison with pure PVA
film, the values of nominal tensile strain-at-break and tensile
strength with 35.15 and 65.97% improvements were found
to be 952.05% and 47.02 MPa, respectively. The significant
improvements can be attributed in good exfoliation and uni-
form dispersion of nanosized OLDH particles, resulting in
vast nanometric junctions to enhance the combination of
nanoparticles with that of PVA matrix. In addition, the long-
chain plasticizer in OLDH interlayers promotes the interfa-
cial bonds between the OLDH and PVA matrix [4, 34].

The tensile strength value and the change in the perfor-
mance with increasing the OLDH content obtained for PVA/
OLDH film were the same as those reported in Ref. [35].
However, different results were obtained with the nominal
tensile strain-at-break values, which could be attributed
to a significant difference between the average molecular
weights. Furthermore, the PVA/OLDH (2%) film revealed
the optimal mechanical performance both in our work and
the previous results reported earlier [35].

50
. 950+ &
QQ/ \
X
§ 900+ \$ 5
© =
£ 850- %-40 £
s B
@ o
2 800 I |35 @
I7) [}
C =
2 2
= [}
g 750 30 F
g / —o— Nominal tensile strain-at-break
=z % —o- Tensile strength
700 25
0 1 2 3 4

OLDH loading (%)

Fig. 6 Nominal tensile strain-at-break and tensile strength variations
as functions of OLDH loading
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Water vapor barrier properties

The water vapor barrier property (W VP) measurements car-
ried out on pure PVA film (OLDH-0) and PVA/OLDH films
(OLDH-0.5, OLDH-1, OLDH-2, OLDH-3 and OLDH-4)
are shown in Fig. 7. As seen, the WVP of the PVA films is
improved by adding the nanosized OLDH particles at low
content. The OLDH-0.5 shows the best WVP value cor-
responding to 24.22% improvement, while the OLDH-2
reveals a 10.56% increase. These good results are attributed
to homogeneously dispersed filler, as clearly seen from the
results given in previous sections. In particular, the well-
dispersed fillers have created the tortuous paths, which have
influenced the kinetics of water vapor diffusion, thereby
resulting in decreased polymer permeability. Considering
the excellent optical property of composite films, the results
of this study have shown that there is a good potential in
reducing film permeability using very low loading nanosized
OLDH, which, in turn, maintains and even enhances film
transparency.

Thermal stability

To explore the influence of OLDH on thermal properties of
PVA films, the TGA and DTG curves of the OLDH powder,
pure PVA film (OLDH-0) and PVA/OLDH films (OLDH-
1, OLDH-2 and OLDH-4) are represented in Fig. 8. The
mass loss of OLDH at three temperature ranges of 30—144,
144-234 and 234-600 °C are attributed, to the loss of
surface-adsorbed water and interlayer water in OLDH, the
decomposition of intercalated PDP and the collapse of the
layered structure of OLDH phase, and the decomposition of
residual carbon, as in the order given [36].

VWVP (10-'2g.cm/cm?.s.Pa)

OLDH loading (%)

Fig. 7 Water vapor permeability variation as a function of OLDH
loading
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samples

The pure PVA and PVA/OLDH films show a three-stage
degradation process based on DTG profiles corresponding
to the release of absorbed water, degradation of PVA chains
and the heat-rearrangement of the polyalkene structure to
a polyaromatic form, and dehydration of the PVA chains
[24]. The final residual amount of pure PVA was measured
and found to be 16.94 wt%. It is observed that by the addi-
tion of nanosized OLDH the thermal stability is markedly
enhanced. The decomposition rates of PVA/OLDH films are
slower than those of pure PVA film in the first and third
steps, while the second-step decomposition rate is more
rapid in composite films. The reduced decomposition rate
of the first step might be attributed to the strong interactions
between the OLDH nanosheets and PVA matrix, and the
physical barrier effect of the LDH nanosheets [37]. With
temperature increase, the decomposition of the intercalated
PDP occurs and the decomposition rate increases faster with

OLDH (PDP) loading, as seen in Fig. 8b. It should be noted
that, the decomposition rate at the third step is much slower
in pure PVA film, therefore, the higher residual char contents
are observed for composite films (OLDH-1: 20.85%, OLDH-
2:21.56%, OLDH-4: 24.20%).

As it is known, phosphorus is a flame retardant which
can delay the decomposition process in solid state through
formation of polymetaphosphate. The results indicate that
the PDP-modified LDH sheets dispersed in a PVA matrix
could provide a protective shield of mass and heat transfer,
which could slow down the heat release rate and the effusion
of decomposed small molecules through the polymer matrix.
Comparing with the previous results associated with weaker
thermal performance [38], the nanosized OLDH, presented
in this work, seems to be capable of improving the thermal
stability of PVA films. We considered the PVA/OLDH (2%)
film as the optimal film composition with optimum optical
property, mechanical performance, water vapor barrier prop-
erty and thermal stability for use in packaging applications.

Conclusion

In this work, a series of biodegradable nanocomposite films
based on PVA and OLDH with enhanced optical, mechani-
cal, water vapor barrier and thermal stability properties were
fabricated by solution casting method. Compared with a pure
PVA film, the PVA/OLDH (2%) film showed an optimal
optical property with improvement in haziness by 67% and
the best mechanical performance by 66% enhancement in
tensile strength. Furthermore, an improvement by 10.56%
in water vapor barrier property was observed along with
an enhanced thermal stability. The enhancement of overall
performance could be attributed to an effective dispersion of
PDP-intercalated OLDH in polymer matrix, and strong inter-
actions between the nanosized OLDH nanosheets and PVA.
Therefore, high performance of PVA/OLDH nanocomposite
films makes them suitable in promoting their applications as
biodegradable PVA films in packaging industry.
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