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Abstract: ZIF-8 nanoparticle-doped polyvinyl alcohol (PVA)-S-MC films were prepared via casting
method. The effect of different concentrations of ZIF-8 on the physical properties and structural
characterization of the films were investigated. The results indicated that ZIF-8 could increase
the water resistance and mechanical property of the membrane. Through FTIR, scanning electron
microscope (SEM), atomic force microscope (AFM), and TGA analysis, it was found that ZIF-8
changed the phenomenon of macromolecule agglomeration and improved the thermal stability of the
membrane. The breathable behavior of the film was also studied through oxygen permeability and
water vapor permeability analysis. The result illustrated that the breathability of the film improved
significantly by adding ZIF-8. The maximum reached when the weight ratio of ZIF-8 was 0.01 wt %.
The property expands the application of PVA/starch blend film in the postharvest technology of fruits
and vegetables.
Keywords: PVA/starch; composite membrane; metal-organic frameworks

1. Introduction
In the past decades, the excessive use of petroleum based plastics had generated amounts of
non-degradable waste, which could cause severe impact on both marine and continental ecosystem,
as well as the health of human beings and animals [1]. A sustainable, degradable, and economically
viable material is hereby needed. Starch is one of the most promising materials for biodegradable
polymers because of its low cost, abundance in nature, and availability. Some of the disadvantages of
starch polymer, such as poor mechanical properties and water barrier, seriously hinder its applications.
However, the shortcomings of starch films could be improved by blending other synthetic or composite
materials. Among the great diversity of biodegradable materials, polyvinyl alcohol (PVA) is a potential
material which possesses favorable mechanical property, excellent transparency, and thermal stability,
as well as good gas barrier and water vapor permeability. PVA and starch have favorable compatibility
because of the existence of hydroxyl in the molecules. Thus, PVA/starch blends have drawn widespread
interest of researchers because of its nontoxic, membrane-forming, degradable and favorable mechanical
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property in recent years. Kanda prepared cassava starch/PVA membrane with high crystallinity and
hydrophobicity. Luo found the Tm of corn starch/PVA membrane could be improved by gelatinization
of starch [2]. The moisture sensitivity of starch/PVA membrane could be reduced by crosslink with
sodium hexametaphosphate [3]. The PVA/starch membrane also has excellent physical properties
because of the ageing of starch was inhibited [4].
To further improve the functionality of PVA/starch membrane, many modification strategies have
been developed. The nano-materials were reported that could effectively improve the strength, thermal
stability, hydrophilicity, and antibacterial properties of the PVA/starch membranes. Nooshin and some
researchers claimed that the mechanical properties of PVA/starch membrane were enhanced with the
addition of cellulose [5–8]. Hatami improved thermal stability of the PVA membrane by incorporating
nanosilica while Wu introducing graphene oxide [9,10]. Jahan and Wang revealed the moisture uptake
decreased by adding cellulose nanocrystal and clay, respectively [11,12]. Some researchers [10,13,14]
introduced nanotitania and silver nanoparticles into PVA/starch membrane, the results demonstrated
those nanomaterials have positive effects on antibacterial properties.
Mental-organic frameworks (MOFs) possess many preeminent properties such as high specific
surface area, high porosity, antibacterial properties, adjustable pore size, and selective permeability for
gases, as well as outstanding thermal and chemical stability [15–20]. Frederik employed trifluoroacetic
acid and HCl during the synthesis of UIO-66, the crystallinity and pore size were raised with partial
substitution of terephthalates by trifluoroacetate [21]. Jianwei et al. found the particle size increased
with the addition of formic acid while agglomeration reduced [22]. Bingchen achieved their best CO2
separation ability through controlling the size and morphology of ZIF-8 by adjusting the reaction
time [23]. Mohd enhanced both CO2 permeability and CO2 /CH4 selectivity of 6FDA-DAM membrane
by introducing Zr-MOF [24]. Hulya reported that doped different metal ions such as Cu, Co in MOF
could improve gas permeability in different content [25]. However, there were rarely related reports
concern about MOFs PVA/starch film.
Zeolitic imidazolate frameworks (ZIF-8), are subspecies of metal-organic frameworks with zeolites
isomorphs which are widely used in the gas separation. Therefore, the aim of the present study was to
develop a water-soluble and degradable PVA/starch/cellulose blend film doped by ZIF-8 via solution
casting method. PVA and starch were employed as mainly membrane-forming materials, and methyl
cellulose was introduced to reinforce and mitigate the poor mechanical properties. 1,4-butanediol
was used as plasticizer to subvert the structure of high molecules and weaken the mutual interaction
between the raw materials. A certain amount of ZIF-8 nanoparticles were added to improve the
breathability and physical properties of the composite membrane. Besides, microstructure, oxygen
permeability, hydrophilic, mechanical property as well as thermal analyses of the modified membrane
were evaluated.
2. Materials and Methods
2.1. Materials
Polyvinyl alcohol (PVA) (degree of polymerization: 1700, degree of hydrolysis: 87%–89%), were
purchased from Aladdin reagent Shanghai Co., Ltd. (Shanghai, China); corn starch (Sinopharm
Chemical Reagent Co., Ltd. Beijing, China); methyl cellulose-M450 (Tianjin Damao Chemical Reagent
Factory, Tianjin, China); 1,4-butanediol (Tianjin Beilian Fine Chemicals Development Co., Ltd. Tianjin,
China); methanol (Sinopharm Chemical Reagent Co., Ltd. Beijing, China); zinc nitrate hexahydrate
(Tianjin Damao Chemical Reagent Factory, Tianjin, China); 2-methylimidazole (Aladdin reagent
Shanghai Co., Ltd. Shanghai, China). All the chemicals were analytically pure. The deionized water
(Millipore Milli-Q) was used throughout.
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2.2. Preparation of ZIF-8 Nanoparticle and PVA/Starch Blend Film
ZIF-8 nanoparticles were synthesized using the solvothermal method. Total of 0.297 g zinc
nitrate hexahydrate and 0.66 g 2-methylimidazole were each dissolved in 11.3 g methanol solution.
The solutions were sonicated at room temperature until zinc nitrate hexahydrate and 2-methylimidazole
were sufficiently dissolved in methanol before they were mixed up. The ZIF-8 growth was conducted
at 40 ◦ C with stirring for 2 h. The ZIF-8 nanoparticles were dried at 120 ◦ C after triple cleaning and
centrifuged with methanol.
The PVA/starch/methyl cellulose blend films were prepared by the solution casting method.
The constant weight ratio of PVA and starch (7:3) were used throughout the whole experiment. A total
of 7 g PVA and 3 g starch were dissolved in 70 mL 90 ◦ C deionized water with constant stirring for
1 h. 10 g 1, 4-butanediol was utilized as the plasticizer. Different weight ratios of cellulose (1, 3, 5,
7 wt. %, w/w of PVA/starch blend) were added into the homogeneous mixture after it cools down
to 70 ◦ C in order to increase the solubility of starch and cellulose in water. For the preparation of
PVA/starch/MC/ZIF-8 films, the ZIF-8 particles (0.01, 0.05, 0.09, w/w of PVA/starch blend) were added
into the deionized water for 60 min ultrasonic dispersion. The ZIF-8 solution was then mixed with the
blend at 90 ◦ C and stirred vigorously for 12 h until the formation of a homogeneous solution. Finally,
the nanomaterial composite solution was cast onto the PTFE plate. The thickness of the polymer film
was maintained by a micrometer adjustable film applicator (BGD 209/2, Guangzhou Standard Geda
Laboratory Instrument Co., Ltd. Guangzhou, China); the average thickness of each film is listed in
Table 1. The films were preserved in a desiccator with constant temperature and humidity after dried
in the oven at 80 ◦ C for 20 min and 110 ◦ C for 10 min.
Table 1. Average thickness of films.
Film Composite

Thickness (um)

PVA-S
PVA-S-MC 1%
PVA-S-MC 3%
PVA-S-MC 5%
PVA-S-MC 7%
PVA-S-MC5%-ZIF-8 0.01%
PVA-S-MC5%-ZIF-8 0.05%
PVA-S-MC5%-ZIF-8 0.09%

98.3 ± 0.23
97.9 ± 0.12
97.8 ± 0.14
97.5 ± 0.25
98.1 ± 0.14
97.1 ± 0.16
97.4 ± 0.27
97.9 ± 0.19

2.3. Nanostructure Characterization
FT-IR spectra of the ZIF-8 nanoparticles and blend films were recorded at room temperature
using IRAffinity-1 spectrometer (Bruker Corporation Blairica, Massachusetts, USA) attached to the
universal ATR accessory over the wavenumber range from 4000 to 400 cm−1 and 2 cm−1 resolution.
The films were mounted directly in the sample holder while the ZIF-8 nanoparticles were mixed
with KBr powder where the pure KBr baseline was subtracted from the spectra. The XRD pattern of
ZIF-8 nanoparticles were tested by X-ray diffractometer (Shimadzu Corporation, Tokyo, Japan) with a
nickel-filtered Cu Kα radiation beam (40 mA and 40 kV). The analysis was scanned from 2θ = 3◦ to
50◦ with 1◦ /min scanning speed and 0.05◦ scan amplitude at ambient temperature. The Jade 6.0 XRD
pattern processing software was utilized for statistical analysis.
2.4. Morphology Analysis
The morphology of ZIF-8 nanoparticles, surface and cross-section of the film samples were
observed with a JSM-6700F scanning electron microscope (SEM) (JEOL, Japan) operated at a voltage of
5.0 or 10.0 kV. The AFM measurements were examined by MULTIMODE8 (Brook Technology Co., Ltd.
NASDAQ, USA). The membrane samples were placed on optical glass at ambient temperature with a
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silicon probe with a nominal tip radius of 2 nm and a resonant frequency of 70 kHz. The scanning rate
and area were 0.9 Hz and 20 µm × 20 µm respectively.
2.5. Mechanical Properties
The tensile strength (TS) and elongation at break (EB) of the films were measured with A1-7000M
tensile tester (High Speed Rail Technology Co., Ltd. Taiwan, China) according to the ASTM standard
method D882-12. The 4 mm × 75 mm dumbbell-shaped samples were cut from each prepared film and
mounted between the grips of the machine. The initial grip separation was set to 50 mm/min.
2.6. Thermo-Gravimetric Analysis
The thermal properties of the PVA/starch/MC/ZIF-8 blend films were measured using a SDT-Q600
thermal analyzer (TA Instruments, Newcastle, Delaware, USA). The samples of about 10 mg were
conditioned in an alumina crucible and heated from 25 to 800 ◦ C at the rate of 10 ◦ C/min with 50 mL/min
nitrogen flow.
2.7. Contact Angle
The hydrophilic of the film was estimated by optical contact angle method using a Digidrop
DX (GBX, Stuttgart, Germany). About 2 µL Millipore water droplets were put on the film surface
with a Micro syringe. The contact angle between the baseline of the drop and the tangent at the drop
bound-aryvalue were measured by a camera MV-50. At least three measurements were made for each
film sample and the average was calculated.
2.8. Water Vapour Permeability (WVP)
The method carried out by Muhammad Salman Sarwar [14] was simulated to examine the WVP
of the film samples. Total of 10 mL of deionized water was poured into a beaker with a diameter of
29.5 mm which was covered by film samples and tightened with Teflon tape. The weight of the beakers
was measured and then placed in an oven for 24 h at 40 ◦ C. After 24 h, the beakers were withdrawn
from the oven and weighed again. Changes in the weight of the beaker were recorded as a function of
time. Water vapor permeability was calculated by Equation (1)
WVP =


Wi − We 
g/m2 h
A∗T

(1)

where Wi is the initial weight of beaker; We is the weight of beakers at time T; A is the transmission
area of membrane; T is 24 h.
2.9. Water Solubility (WS)
The water solubility was characterized by recording the dissolve time of the film samples in the
deionized water. The film samples were cut into 15 mm × 15 mm and dried in the desiccator containing
calcium chloride until the constant weight reached. A 5-mm cross was marked on the center of each
film sample. The time which the cross disappear as the film sample immersed in deionized water was
defined as water solubility time of the film.
2.10. Oxygen Permeability (OP)
Oxygen permeability was measured by using the constant volume-variable pressure method with
Y310 membrane permeability testing machine (Guangdong Standard Packaging Equipment Co., Ltd.,
Guangzhou, China) at 23 ◦ C and 53% RH [12]. The effective contact area during the measurements
was 50.25 cm2 .
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2.11. UV-Visible Spectroscopy
The optical clarity of the PVA-S-MC film and PVA-S-MC-ZIF-8 nanocomposite films was measured
by the Perkin-Elmer Lambda25 UV/Vis spectrophotometer (PerkinElmer, New castle wilmilton,
Delaware, USA). The samples were cut in rectangular shapes. The scan range was 200–800 nm and
step size was 2 nm.
2.12. Statistical Analysis
Statistical difference in the properties of different samples were analyzed with ANOVA via SPSS
(version 22.0, SPSS Inc., Chicago, IL, USA).
3. Results and Discussion
3.1. Characterization of ZIF-8 Nanoparticles and PVA/Starch/MC/ZIF-8 Blend Films
The FTIR spectrum of the synthesized ZIF-8 nanoparticles and PVA/starch/MC/ZIF-8 blend films
are depicted in Figure 1. In terms of the ZIF-8 nanoparticles, the absorption bands at 3167.24 and
2990.21 cm−1 corresponded to C–H stretching of C=C and –CH3 , respectively. The bands at 1541.31 and
1635.28 cm−1 were attributed to C=N and C=C stretching of imidazole ring while the sharp band at
449.50 cm−1 was assigned to N–Zn stretching. The band at 1333.18 cm−1 was related to the C–H bending
vibration of –CH3 and the band at 925.69 cm−1 was associated to the N–H swing. The peak position
and intensity are well agreed with the previous reports [18,26–29]. Then different concentrations of
ZIF-8 nanoparticles were added into the PVA/starch/MC blend. ZIF-8 nanoparticles have good affinity
and compatibility with the organic matrix because of the presence of the organic imidazole ring in
the molecule. Besides, the existence of nitrogen in ZIF-8 molecule could form a hydrogen bond with
hydrogen in the polymer matrix, which accelerates the film formation. It can be seen that the infrared
absorption peak at the wavelength from 3500 to 3000 cm−1 was the characteristic absorption peak of
hydroxyl stretching vibration caused by the stretching frequency of PVA and water. With the increase
of the ZIF-8 concentration, the O–H stretching vibration band shifted to the high-frequency region
and corresponding bands of the membrane became narrower and stronger. The peaks near 2937 and
2935 cm−1 were related to the C–H stretching of C=C, –CH3 , and –CH2 . The infrared absorption
peak near the wavenumber 1722, 1428, 1264 cm−1 were contributed by the C=O stretching, C–H
bending, and C–C stretching respectively. The peak near the wavenumber 1046 cm−1 attributed to
C–O stretching of PVA/starch/MC5% and C–N stretching of ZIF-8 [10,30,31]. As the concentration of
ZIF-8 increased, the hydrogen bond formed by the reaction between ZIF-8 and films enhanced the
degree of polarization of the chemical bond, making the absorption peak stronger.
The crystalline structure of the synthesized ZIF-8 nanoparticles was investigated by XRD analysis
as demonstrated in Figure 2. It can be found that the characteristic diffraction peaks of ZIF-8 at
2θ = 7.24◦ ,10.30◦ ,12.64◦ ,14.59◦ ,16.36◦ ,17.94◦ , 24.42◦ , and 29.58◦ [18,26,28,29,32–34]. The result indicated
that the ZIF-8 nanoparticle has formed a favorable crystal structure which has great potential to
improve the mechanical support and structural stability of the PVA/starch blend films. The morphology
of ZIF-8 nanoparticles is shown in Figure 3. It can be seen from the SEM pictures that the nanoparticles
are hexagonal in shape and the average diameter is around 100 nm, which is similar to the literature
dates reported by [18,29,32,35].
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3.2. Morphology Analysis of Films
The microstructure, spatial distribution, and dispersion of ZIF-8 in the PVA/starch/MC5% were
observed through a scanning electron microscope (SEM) and an atomic force microscope (AFM).
As shown in Figure 4, the blend film without ZIF-8 has smooth surface (a) and cross-section (b), which
reflected the satisfactory dispersion and compatibility of the high polymer materials. Both of the
surface (c) and cross-section (d) morphologies of films became rougher with the addition of ZIF-8
nanoparticles. The results agreed with the previous reports [18,26,28,36]. Although the roughness of
the films increased with concentration of ZIF-8, the distribution of the nanoparticles in the composite
became better simultaneously. The uniform dispersion of ZIF-8 could be attributed to the intrinsic
positivePolymers
charge
of11,
2-methylimidazole
after protonation. So that the ZIF-8 nanoparticles repelled
each
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The microstructure, spatial distribution, and dispersion of ZIF-8 in the PVA/starch/MC5% were
observed through a scanning electron microscope (SEM) and an atomic force microscope (AFM). As
shown in Figure 4, the blend film without ZIF-8 has smooth surface (a) and cross-section (b), which
reflected the satisfactory dispersion and compatibility of the high polymer materials. Both of the
surface (c) and cross-section (d) morphologies of films became rougher with the addition of ZIF-8

nanoparticles. The results agreed with the previous reports [18,26,28,36]. Although the roughness of
the films increased with concentration of ZIF-8, the distribution of the nanoparticles in the composite
became better simultaneously. The uniform dispersion of ZIF-8 could be attributed to the intrinsic
positive charge of 2-methylimidazole after protonation. So that the ZIF-8 nanoparticles repelled each
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Figure 5. AFM images of PVA/starch/MC blend films with different concentrations of ZIF-8 nanoparticles:
Figure 5. AFM images of PVA/starch/MC blend films with different concentrations of ZIF-8
(a) the film with 0.00 wt. % ZIF-8; (b) the film with 0.01 wt. % ZIF-8; (c) the film with 0.09 wt. % ZIF-8.
nanoparticles: (a) the film with 0.00 wt. % ZIF-8; (b) the film with 0.01 wt. % ZIF-8; (c) the film with
wt. % ZIF-8.
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5 and0.09
7 wt.wt.
%)%)
on of
theZIF-8
tensile
strength
and
elongation
at
break
of
the
PVA/starch
blend
membranes.
nanoparticle for further study.
The result was shown in Table 2. It could be seen that the tensile strength decreased slightly when
the mass fractionTable
of methyl
celluloseproperties
was 1%. of
It PVA/S/MC
was because
such
low concentration
of methyl
2. Mechanical
films
andaPVA/S/MC-ZIF-8
films.
cellulose was deemed as an impurity which destroyed the homogeneity of the film [5]. Then the
Film Composite
Tensile
Strength
(MPa)
Elongation
Break (%)
tensile strength
of the film increased from
4.73 to
7.99 MPa
as the content
of methylat cellulose
c interactive force between the dmethyl
increased from PVA-S
1% to 5%, due to the improvement
the
5.36 ± of
0.21
225 ± 2
d
PVA-S-MC
1%
4.73
±
0.26
291 ± when
2d
cellulose, starch and PVA macromolecule. However, the tensile strength decreased again
the
b
PVA-S-MC
3%
6.42
±
0.15
335
±
2d
addition of the methyl cellulose increased continuously. This was attributed to the slight aggregation
a
PVA-S-MC
± 0.55
505 ±of3 cmethyl
of methyl cellulose
at 5%
such concentration [7,38].7.99
The
effect
of different concentrations
b
PVA-S-MC 7%
6.62 ± 0.27
442 ± 1 d
cellulose on the elongation at break was similar to the tensile
strength [39]. It can be seen from
Table
b
PVA-S-MC5%-ZIF-8 0.01%
554 ± 3 c
6.72 ± 0.16
1 that the maximum 505% was reached when the methyl cellulose
was
5%.
Thus,
it
can
be
concluded
PVA-S-MC5%-ZIF-8 0.05%
8.92 ± 0.23 a
636 ± 2 b
that composite
with addition
of 5 wt. % methyl7.64
cellulose
the best mechanical 747
property
a
PVA-S-MC5%-ZIF-8
0.09%
± 0.19 gives
± 3 a with
maximum tensile strength and a satisfying elongation at break. The PVA-S-MC5% was then modified
Different letters within the same column indicate significant differences (p < 0.05).
by different concentrations (0.01, 0.05, 0.09 wt. %) of ZIF-8 nanoparticle for further study.
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As shown in Table 2, a slight decrease of tensile strength was observed as 0.01 wt % ZIF-8
nanoparticle was added to PVA-S-MC5%. The reason was similar to the explanation of 1 wt % methyl
cellulose was introduced. The tensile strength of the nanocomposite film increased to 8.92 MPa as the
concentration of the ZIF-8 was 0.05%. That was because there are more ZIF-8 nanoparticles distributed
between the macromolecules, which enhanced the intermolecular interaction including hydrogen
bonding and chemical bonding [40]. Moreover, the rigid structure of the ZIF-8 also elevated the chain
strength of the polymer [41]. As the content of ZIF-8 increased continuously, the tensile strength of the
membrane decreased again and even lower than the PVA-S-MC5%. This could be attributed to the
agglomeration and high porosity of ZIF-8 nanoparticles, which largely degrade the homogeneity of
the nanocomposite membrane [32]. Different from the tensile strength, the elongation at break of the
composite membrane increased with the increasing of ZIF-8 content. This could be attributed to the
inherent structure of the amorphous region of the polymer chain was destroyed as ZIF-8 nanoparticles
were introduced to the membranes. The steric hindrance of ZIF-8 disrupted the ordered arrangement
of the polymer chains and enhanced the fluidity of the chain [42].
3.4. Thermal Stability Analysis
TGA analysis was carried out to explore the thermal stability of the nanocomposite membranes
with different concentrations of ZIF-8. As shown in Figure 6, the thermal decomposition process of
four samples mainly contains four stages. The slight weight loss between 100 to 150 ◦ C corresponded
to the unconjugated and chemically combined water in the films. When temperature raised from
150 to 300 ◦ C, the weight losses of the nanocomposite membranes with different concentrations of
ZIF-8 were equivalent. Nevertheless, the PVA-S-MC5% exhibited lower weight loss during this period.
This is due to the decompositions of the branched-chains of the polymer, hydroxyl, and the residual
solvent in the pores of ZIF-8 nanoparticles [35,42]. From 300 to 420 ◦ C, there was a heavyweight loss
because of the thermal decomposition of PVA, starch, and methyl cellulose and the volatilization of
the polymer products [10,31,35,38,43]. The result was opposite in the last stage, the films with ZIF-8
nanoparticles shown a lower weight loss during this period. This could be attributed to the porosity of
ZIF-8, and the interfacial gap between ZIF-8 and membrane decreased the heat transfer properties and
hindered the evaporation of the decomposition products [27,32]. When the temperature is raised above
420 ◦ C, ZIF-8 decomposed and generated ZnO. The film further decomposed into charcoal [27,32,33].
In general, the concentration of ZIF-8 had little effect on the thermal stability of film, but the addition
of ZIF-8 could obviously improve the thermal stability and mechanical properties of the films.
3.5. Moisture Absorption
Figure 7 demonstrated that the PVA-S-MC5% has an extremely hydrophilic surface with a contact
angle of 4.52◦ . The hydroxyls existed in abundance in PVA, starch, methyl cellulose, and plasticizer
accounted for this result [5,44,45]. The high polarity of the hydroxyl group also led to the relatively
high water vapor permeability and short water-soluble time. After different contents of ZIF-8 were
introduced into the film, the hydrophobicity of the membranes enhanced as indicated by the increase of
contact angle [26,35,36,42,46] and water-soluble time as well as the decrease of water vapor permeability.
The results were caused by the super-hydrophobic and relatively rigid structures of ZIF-8 nanoparticles.
The hydrophobicity of ZIF-8 prevented the diffusion of water molecules in the films, and the rigid
structure allowed films possess better resistant to dissolve in water. On the other hand, according to
the SEM photograph, the roughness of membrane increased after the incorporation of ZIF-8. The larger
roughness of the film also caused the increment of the contact angle [18]. Overall, the hydrophilicity
of the nanocomposite membranes were improved after the addition of ZIF-8 nanoparticles, which is
beneficial to its application in the high humidity environment.

homogeneity of the nanocomposite membrane [32]. Different from the tensile strength, the elongation
at break of the composite membrane increased with the increasing of ZIF-8 content. This could be
attributed to the inherent structure of the amorphous region of the polymer chain was destroyed as
ZIF-8 nanoparticles were introduced to the membranes. The steric hindrance of ZIF-8 disrupted the
ordered arrangement of the polymer chains and enhanced the fluidity of the chain [42].
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Figure 7 demonstrated that the PVA-S-MC5% has an extremely hydrophilic surface with a
contact angle of 4.52°. The hydroxyls existed in abundance in PVA, starch, methyl cellulose, and
plasticizer accounted for this result [5,44,45]. The high polarity of the hydroxyl group also led to the
relatively high water vapor permeability and short water-soluble time. After different contents of
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3.6. Barrier Properties
The oxygen permeability of films with different contents of ZIF-8 is shown in Figure 8. In the case
of 0.01% ZIF-8, the oxygen permeability increased by 334.58% compared with the PVA-S-MC5%. PVA
is a good barrier against oxygen and the PVA based membranes usually had low oxygen permeability
as the result in our study. After ZIF-8 was introduced into the blend, the high porosity in nanoparticles
and voids between ZIF-8 and polymer matrix provided channels for gas molecules to migrate through
the film [32,46]. In addition, the destructive action of ZIF-8 on the amorphous region of the polymer
enhances the mobility of the polymer chain and the roughness of the membrane, providing more
effective area of the membrane and the possibility for gas molecules to pass through the chain gap [28,42].
When ZIF-8 content increased to 0.05% and 0.09%, a rapid decline of OP appeared and the value was
close to PVA-S-MC5% which was 0.7 × 10−6 cm3 /(m2 s pa). The possible reason should be that mounts
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3.7. UV–Visible Spectroscopy Analysis of Nanocomposite Films
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3.7. UV–Visible Spectroscopy Analysis of Nanocomposite Films
The digital photos of films and UV-visible spectroscopy were shown in Figure 9. From Figure
9a it can be observed that all the films are transparent and the transparency was not affected after the
addition of ZIF-8. The phenomenon can be attributed to the small size of ZIF-8 and their good
dispersion in polymer [30]. Generally, the consumers prefer the packaging bag with high
transparency which they could observe the food directly. On the other hand, the films with low UV-
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cellulose blend film possess the optimum performance and expand the application of film in
fruits and vegetables.
postharvest of fruits and vegetables.

Polymers 2019, 11, 1986

14 of 16

Author Contributions: S.L. and D.W. conceived and designed the experiments; Y.N. and J.W. carried out the
experiments; C.L. and M.L. provided reagents and analysis tools; J.C. and W.M. analyzed the data; Y.L. wrote
the paper.
Funding: This work was supported by the National Natural Science Foundation of China [No. 51806113].
Conflicts of Interest: The authors declare no conflicts of interest.

References
1.
2.
3.

4.
5.

6.

7.
8.

9.

10.

11.
12.
13.

14.

15.
16.
17.

Chae, Y.; An, Y.J. Current research trends on plastic pollution and ecological impacts on the soil ecosystem:
A review. Environ. Pollut. 2018, 240, 387–395. [CrossRef] [PubMed]
Luo, X.; Li, J.; Lin, X. Effect of gelatinization and additives on morphology and thermal behavior of corn
starch/PVA blend films. Carbohydr. Polym. 2012, 90, 1595–1600. [CrossRef] [PubMed]
Liu, Z.; Dong, Y.; Men, H.; Jiang, M.; Tong, J.; Zhou, J. Post-crosslinking modification of thermoplastic
starch/PVA blend films by using sodium hexametaphosphate. Carbohydr. Polym. 2012, 89, 473–477. [CrossRef]
[PubMed]
Cano, A.I.; Cháfer, M.; Chiralt, A.; González-Martínez, C. Physical and microstructural properties of
biodegradable films based on pea starch and PVA. J. Food Eng. 2015, 167, 59–64. [CrossRef]
Noshirvani, N.; Hong, W.; Ghanbarzadeh, B.; Fasihi, H.; Montazami, R. Study of cellulose nanocrystal doped
starch-polyvinyl alcohol bionanocomposite films. Int. J. Biol. Macromol. 2018, 107, 2065–2074. [CrossRef]
[PubMed]
Cazón, P.; Vázquez, M.; Velazquez, G. Cellulose-glycerol-polyvinyl alcohol composite films for food
packaging: Evaluation of water adsorption, mechanical properties, light-barrier properties and transparency.
Carbohydr. Polym. 2018, 195, 432–443. [CrossRef] [PubMed]
Heidarian, P.; Behzad, T.; Sadeghi, M. Investigation of cross-linked PVA/starch biocomposites reinforced by
cellulose nanofibrils isolated from aspen wood sawdust. Cellulose 2017, 24, 3323–3339. [CrossRef]
Mittal, A.; Kohli, D.; Maiti, M.; Jana, A.K.; Bajpai, S.; Garg, S. Effect of cross linking of PVA/starch and
reinforcement of modified barley husk on the properties of composite films. Carbohydr. Polym. 2016, 151,
926–938. [CrossRef]
Hatami, M.; Ahmadipour, M.; Asghari, S. Heterocyclic Grafting Functionalization of Silica Nanoparticles:
Fabrication, Morphological Investigation and Application for PVA Nanocomposites. J. Inorg. Organomet.
Polym. Mater. 2017, 27, 1072–1083. [CrossRef]
Usman, A.; Hussain, Z.; Riaz, A.; Khan, A.N. Enhanced mechanical, thermal and antimicrobial properties of
poly(vinyl alcohol)/graphene oxide/starch/silver nanocomposites films. Carbohydr. Polym. 2016, 153, 592–599.
[CrossRef]
Jahan, Z.; Niazi, M.B.K.; Gregersen, Ø.W. Mechanical, thermal and swelling properties of cellulose
nanocrystals/PVA nanocomposites membranes. J. Ind. Eng. Chem. 2018, 57, 113–124. [CrossRef]
Wang, W.; Zhang, H.; Jia, R.; Dai, Y.; Dong, H.; Hou, H.; Guo, Q. High performance extrusion blown
starch/polyvinyl alcohol/clay nanocomposite films. Food Hydrocoll. 2018, 79, 534–543. [CrossRef]
Lin, D.; Huang, Y.; Liu, Y.; Luo, T.; Xing, B.; Yang, Y.; Yang, Z.; Wu, Z.; Chen, H.; Zhang, Q.; et al.
Physico-mechanical and structural characteristics of starch/polyvinyl alcohol/nano-titania photocatalytic
antimicrobial composite films. LWT 2018, 96, 704–712. [CrossRef]
Sarwar, M.S.; Niazi, M.B.K.; Jahan, Z.; Ahmad, T.; Hussain, A. Preparation and characterization of
PVA/nanocellulose/Ag nanocomposite films for antimicrobial food packaging. Carbohydr. Polym. 2018, 184,
453–464. [CrossRef] [PubMed]
Gao, Q.; Xu, J.; Bu, X.-H. Recent advances about metal–organic frameworks in the removal of pollutants
from wastewater. Coord. Chem. Rev. 2018, 378, 17–31. [CrossRef]
Liao, Z.; Zhang, J.; Yu, E.; Cui, Y. Recent progress in metal–organic frameworks for precaution and diagnosis
of Alzheimer’s disease. Polyhedron 2018, 151, 554–567. [CrossRef]
Guo, T.; Yang, X.; Li, R.; Liu, X.; Gao, Y.; Dai, Z.; Fang, M.; Liu, H.-K.; Wu, Y. Syntheses, structures and
photoelectrochemical properties of three water-stable, visible light absorbing mental-organic frameworks
based on tetrakis(4-carboxyphenyl)silane and 1,4-bis(pyridyl)benzene mixed ligands. J. Solid State Chem.
2017, 253, 129–138. [CrossRef]

Polymers 2019, 11, 1986

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.
29.
30.
31.
32.
33.

34.

35.

36.

15 of 16

Khan, A.; Ali, M.; Ilyas, A.; Naik, P.; Vankelecom, I.F.J.; Gilani, M.A.; Bilad, M.R.; Sajjad, Z.; Khan, A.L. ZIF-67
filled PDMS mixed matrix membranes for recovery of ethanol via pervaporation. Sep. Purif. Technol. 2018,
206, 50–58. [CrossRef]
Benzaqui, M.; Semino, R.; Carn, F.; Tavares, S.R.; Menguy, N.; Giménez-Marqués, M.; Bellido, E.; Horcajada, P.;
Berthelot, T.; Kuzminova, A.I.; et al. Covalent and Selective Grafting of Polyethylene Glycol Brushes at
the Surface of ZIF-8 for the Processing of Membranes for Pervaporation. ACS Sustain. Chem. Eng. 2019, 7,
6629–6639. [CrossRef]
Deng, Y.H.; Chen, J.T.; Chang, C.H.; Liao, K.S.; Tung, K.L.; Price, W.E.; Yamauchi, Y.; Wu, K.C.W. A Drying-Free,
Water-Based Process for Fabricating Mixed-Matrix Membranes with Outstanding Pervaporation Performance.
Angew. Chem. Int. Ed. 2016, 55, 12793–12796. [CrossRef]
Vermoortele, F.; Bueken, B.; Le Bars, G.; Van De Voorde, B.; Vandichel, M.; Houthoofd, K.; Vimont, A.;
Daturi, M.; Waroquier, M.; Van Speybroeck, V.; et al. Synthesis Modulation as a Tool To Increase the Catalytic
Activity of Metal–Organic Frameworks: The Unique Case of UiO-66(Zr). J. Am. Chem. Soc. 2013, 135,
11465–11468. [CrossRef] [PubMed]
Ren, J.; Langmi, H.W.; North, B.C.; Mathe, M.; Bessarabov, D. Modulated synthesis of zirconium-metal
organic framework (Zr-MOF) for hydrogen storage applications. Int. J. Hydrogen Energy 2014, 39, 890–895.
[CrossRef]
Chen, B.; Wan, C.; Kang, X.; Chen, M.; Zhang, C.; Bai, Y.; Dong, L. Enhanced CO2 separation of mixed matrix
membranes with ZIF-8@GO composites as fillers: Effect of reaction time of ZIF-8@GO. Sep. Purif. Technol.
2019, 223, 113–122. [CrossRef]
Ahmad, M.Z.; Peters, T.A.; Konnertz, N.M.; Visser, T.; Téllez, C.; Coronas, J.; Fila, V.; De Vos, W.M.; Benes, N.E.
High-pressure CO2 /CH4 separation of Zr-MOFs based mixed matrix membranes. Sep. Purif. Technol. 2020,
230, 115858. [CrossRef]
Ozen, H.A.; Ozturk, B. Gas separation characteristic of mixed matrix membrane prepared by MOF-5 including
different metals. Sep. Purif. Technol. 2019, 211, 514–521. [CrossRef]
Kebria, M.R.S.; Rahimpour, A.; Bakeri, G.; Abedini, R. Experimental and theoretical investigation of thin
ZIF-8/chitosan coated layer on air gap membrane distillation performance of PVDF membrane. Desalination
2019, 450, 21–32. [CrossRef]
Shi, G.M.; Yang, T.; Chung, T.S.; Chung, N.T.-S. Polybenzimidazole (PBI)/zeolitic imidazolate frameworks
(ZIF-8) mixed matrix membranes for pervaporation dehydration of alcohols. J. Membr. Sci. 2012, 415, 577–586.
[CrossRef]
Barooah, M.; Mandal, B. Synthesis, characterization and CO2 separation performance of novel PVA/PG/ZIF-8
mixed matrix membrane. J. Membr. Sci. 2019, 572, 198–209. [CrossRef]
Wang, M.; Song, X.; Jiang, J.; Xia, J.; Li, M. Influence of Zeolitic imidazolate framework-8 on the thermal
stabilization of poly(vinyl chloride). Polym. Degrad. Stab. 2018, 149, 112–118. [CrossRef]
Popescu, M.-C.; Dogaru, B.-I.; Goanta, M.; Timpu, D. Structural and morphological evaluation of CNC
reinforced PVA/Starch biodegradable films. Int. J. Boil Macromol. 2018, 116, 385–393. [CrossRef]
Aydın, A.A.; Ilberg, V. Effect of different polyol-based plasticizers on thermal properties of polyvinyl
alcohol:starch blends. Carbohydr. Polym. 2016, 136, 441–448. [CrossRef]
Amirilargani, M.; Sadatnia, B. Poly(vinyl alcohol)/zeolitic imidazolate frameworks (ZIF-8) mixed matrix
membranes for pervaporation dehydration of isopropanol. J. Membr. Sci. 2014, 469, 1–10. [CrossRef]
Lee, T.H.; Oh, J.Y.; Hong, S.P.; Lee, J.M.; Roh, S.M.; Kim, S.H.; Park, H.B. ZIF-8 particle size effects on reverse
osmosis performance of polyamide thin-film nanocomposite membranes: Importance of particle deposition.
J. Membr. Sci. 2019, 570–571, 23–33. [CrossRef]
Zhang, M.; Shang, Q.; Wan, Y.; Cheng, Q.; Liao, G.; Pan, Z. Self-template synthesis of double-shell TiO2@ZIF-8
hollow nanospheres via sonocrystallization with enhanced photocatalytic activities in hydrogen generation.
Appl. Catal. B: Environ. 2019, 241, 149–158. [CrossRef]
Erkartal, M.; Usta, H.; Citir, M.; Sen, U. Proton conducting poly (vinyl alcohol) (PVA)/poly
(2-acrylamido-2-methylpropane sulfonic acid) (PAMPS)/zeolitic imidazolate framework (ZIF) ternary
composite membrane. J. Membrane Sci. 2016, 499, 156–163. [CrossRef]
Si, Z.; Cai, D.; Li, S.; Zhang, C.; Qin, P.; Tan, T. Carbonized ZIF-8 incorporated mixed matrix membrane for
stable ABE recovery from fermentation broth. J. Membr. Sci. 2019, 579, 309–317. [CrossRef]

Polymers 2019, 11, 1986

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

16 of 16

Bajpai, A.K.; Bhatt, R.; Katare, R. Atomic force microscopy enabled roughness analysis of nanostructured
poly (diaminonaphthalene) doped poly (vinyl alcohol) conducting polymer thin films. Micron 2016, 90,
12–17. [CrossRef]
Abral, H.; Hartono, A.; Hafizulhaq, F.; Handayani, D.; Sugiarti, E.; Pradipta, O. Characterization of
PVA/cassava starch biocomposites fabricated with and without sonication using bacterial cellulose fiber
loadings. Carbohyd. Polym. 2019, 206, 593–601. [CrossRef]
Cazón, P.; Vázquez, M.; Velazquez, G. Composite films of regenerate cellulose with chitosan and polyvinyl
alcohol: Evaluation of water adsorption, mechanical and optical properties. Int. J. Boil. Macromol. 2018, 117,
235–246. [CrossRef]
Qian, L.; Lei, D.; Duan, X.; Zhang, S.; Song, W.; Hou, C.; Tang, R. Design and preparation of metal-organic
framework papers with enhanced mechanical properties and good antibacterial capacity. Carbohydr. Polym.
2018, 192, 44–51. [CrossRef]
Zhang, N.; Wu, H.; Li, F.; Dong, S.; Yang, L.; Ren, Y.; Wu, Y.; Wu, X.; Jiang, Z.; Cao, X. Heterostructured filler
in mixed matrix membranes to coordinate physical and chemical selectivities for enhanced CO2 separation.
J. Membr. Sci. 2018, 567, 272–280. [CrossRef]
Cheng, X.; Jiang, Z.; Cheng, X.; Yang, H.; Tang, L.; Liu, G.; Wang, M.; Wu, H.; Pan, F.; Cao, X. Water-selective
permeation in hybrid membrane incorporating multi-functional hollow ZIF-8 nanospheres. J. Membr. Sci.
2018, 555, 146–156. [CrossRef]
Saha, N.R.; Sarkar, G.; Roy, I.; Rana, D.; Bhattacharyya, A.; Adhikari, A.; Mukhopadhyay, A.; Chattopadhyay, D.
Studies on methylcellulose/pectin/montmorillonite nanocomposite films and their application possibilities.
Carbohydr. Polym. 2016, 136, 1218–1227. [CrossRef] [PubMed]
Sabarish, R.; Unnikrishnan, G. Polyvinyl alcohol/carboxymethyl cellulose/ZSM-5 zeolite biocomposite
membranes for dye adsorption applications. Carbohydr. Polym. 2018, 199, 129–140. [CrossRef] [PubMed]
Penkova, A.V.; Dmitrenko, M.E.; Savon, N.A.; Missyul, A.B.; Mazur, A.S.; Kuzminova, A.I.; Zolotarev, A.A.;
Mikhailovskii, V.; Lähderanta, E.; Markelov, D.A.; et al. Novel mixed-matrix membranes based on polyvinyl
alcohol modified by carboxyfullerene for pervaporation dehydration. Sep. Purif. Technol. 2018, 204, 1–12.
[CrossRef]
Xiao, F.; Wang, B.; Hu, X.; Nair, S.; Chen, Y. Thin film nanocomposite membrane containing zeolitic
imidazolate framework-8 via interfacial polymerization for highly permeable nanofiltration. J. Taiwan Inst.
Chem. Eng. 2018, 83, 159–167. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

