
Abstract: Biopolymer-based nanocomposites are a new type of material that exhibits significantly improved
properties,  such  as  barrier,  mechanical,  and  thermal  characteristics.  They  are  considered  non-toxic  and
alternative food packaging materials. Therefore, the production of biopolymer-based active films has been
initiated to reduce the environmental problems caused by non-biodegradable plastic waste and eliminate
their  negative  effects  on  human health.   In  this  study  active  food  packaging  films  based  on  poly(vinyl
alcohol)/boric  acid/montmorillonite  (PVA/BA/MMT)  nanocomposite  incorporated  with  ferulic  acid  (FA)  were
synthesized  using  solution  casting  method.  The  structural,  thermal,  transmittance,  antimicrobial,  and
antifungal properties of nanocomposite films have been investigated. The fourier transforms infrared (FTIR)
spectroscopy used to demonstrate the chemical structure of films and interaction between boric acid (BA) and
PVA.  X-Ray  diffraction  analysis  (XRD)  was  performed to  determine  the  dispersion and  exfoliated  of  the
montmorillonite  in  the  PVA  matrix.  Thermal  stability  of  PVA/BA/MMT  films  incorporated  with  FA  were
evaluated  by  using  TG/DTA  analyzer.  Optical  properties  of  films  and  PVA  determined  using  by  UV/VIS
spectrophotometer  in  the  range  of  400-700  nm  wavelength  at  scanning  percent  transmittance.  The
transmittance of PVA exhibited UV light 89.2% of T700 and 86.7% of T400, indicating the high transparency of
PVA.  The  antimicrobial  activity  of  PVA  membranes  samples  was  carried  out  test  method  AATCC  100.
According to the antimicrobial activity test, more than 300 colonies were detected for all microorganisms in
the  samples  belonging  to  the  PVA  group.  But  the  antimicrobial  and  antifungal  activity  of  the  films
incorporated with FA could inhibit bacterial  growth. It has been determined that the nanocomposite films
have antibacterial properties against Escherichia coli (E.coli, ATCC 25922), Staphylococcus aereus (S. aereus,
ATCC6538), and antifungal properties against Candida albicans.
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1. INTRODUCTION
Plastic  is  one of  the most widely  used materials
due  to  its  excellent  mechanical  and  barrier
properties.  However,  many  plastic  materials  are
petroleum-based, biologically non-degradable, and
cause  significant  environmental  problems.
Therefore, in recent years, research has increased
on  alternative  biodegradable  plastics  that  will
reduce  waste  disposal  problems,  while  also  not

posing  a  threat  to  consumer  health  (1-3).
Biopolymer-based  food  packaging  films,  which
exhibit  significantly  improved  properties  such  as
barrier,  mechanical,  thermal,  and  antimicrobial
characteristics, are considered as alternative food
packaging films.

As  a  type  of  synthetic  linear  polymer  material,
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poly(vinyl alcohol) (PVA) have several advantages
such  as  film-forming  ability,  high  oxygen
resistance,  biodegradability,  and  water  solubility
(4).  These  advantageous  properties  have  led  to
applications in a wide range of resins, and coatings
in various fields such as papermaking,  medicine,
and food packaging. However, due to the hydroxyl
groups present in the polyvinyl alcohol molecular
chain,  it  is  moisture-sensitive,  which  limits  its
applications  in  various  fields.  Therefore,
improvement in their hydrophilic property of PVA is
great of importance to investigate its applications
(5-9).

Several  studies  have  explored  to  advance  the
hydrophilic  properties  of  synthetic  PVA by  many
physical  methods  such  as  ultraviolet  radiation,
electron beam irridation and heat treatment. Many
studies  have  used  boric  acid  as  a  chemical
crosslinking agent (10-12).  Specifically,  extensive
research  has  been  conducted  on  cross-linking
polyvinyl  alcohol  (PVA)  with  boric  acid  (BA),
resulting  in  enhanced  water  resistance,  barrier
properties,  thermal  stability,  and  mechanical
properties.  These advancements  have led to the
development  of  various  water-soluble  food
packaging materials. (13-14).

On  the  other  hand,  using  clay  to  improve  the
thermal and mechanical properties of PVA is a very
interesting  method.  Montmorillonite  (MMT)  is  a
type of clay nanofiller that is commonly used due
to its low cost and ability to good dispersed in a
polymer  matrix.  Many studies  have showed that
incorporating  an  appropriate  amount  of  MMT  or
modified MMT into PVA can result in the formation
of  intercalated  or  exfoliated  composite  materials
(30-36).  These  composites  exhibit  improved
mechanical strength, water resistance, gas barrier
properties,  and thermal  stability  when compared
to pure PVA. (15-16). 

Active food packaging  can be categorized  based
on  the  specific  additive  it  incorporates,  with  a
primary  focus  on those  that  possess  antioxidant
properties  and antimicrobial  activity.  Particularly,
antimicrobial  additives  inhibit  the  growth  and
activity of microorganisms responsible for product
contamination and deterioration (active 3-4-5). In
recent  years,  polyphenols,  which are compounds
in which multiple phenol groups are present in a
single  molecule,  have  been  utilized  for  their
antimicrobial  activity  (1-3).  Ferulic  acid (FA)  is a
natural  phenolic  compound  that  belongs  to  the
hydroxycinnamic acid family and is known for its
various beneficial properties. Ferulic acid has been
found  to  have  antimicrobial  properties,  which
means  it  can  help  to  inhibit  the  growth  of
microorganisms  such  as  bacteria  and  fungi.  The
incorporation of ferulic acid into active packaging
films  has  demonstrated  to  improve  their  tensile
strength,  swelling  performance,  and  antifungal
activity which can make them more durable and
effective in various applications (17-20).

In  this  study,  polyvinyl  alcohol  based  PVA/Boric
Acid/Montmorillonite  (PVA/BA/MMT)  active  food
packaging  film  incorporated  with  FA  were
synthesized using solution casting method. Then,
ferulic acid polyphenol compound at certain weight
ratios  (0,1,2,3)  was  added  to  PVA/BA/MMT
nanocomposites to improve their antimicrobial and
antifungal properties.

2. EXPERIMENTAL SECTION
2.1. Materials
PVA with a degree of hydrolysis: 99% was obtained
from  Sigma  Aldrich.  Montmorillonite  clay  was
provided by Acros Organics,  surface area = 240
m2/g.  Glycerol  and  BA  were  purchased  Merck.
Ferulic  acid  (FA,  C10H10O4)  was  purchased  was
purchased  Wuhan  ChemFaces  Biochemical  Co.,
Ltd.

2.2. Active Packaging Films Preparation
The  PVA/BA/MMT  active  packaging  films  were
prepared  using  the  solution-casting  method  (1).
PVA  polymer  (5  g),  MMT (0.1  g)  (2% w/w),  and
boric  acid  (0.25  g)  were  added  to  100  mL  of
distilled water. The PVA mixture was heated to 90
°C  and  stirred  continuously  until  the  PVA/BA
mixture  was  homogeneous.  1  g  of  glycerol  was
used  as  a  plasticizer  and added  to  the  mixture,
which was stirred continuously for 2 hours. Various
amounts  of  FA  (0%,  1%,  2%,  3%,  w/w)  were
dissolved  in  5  mL  of  distilled  water  at  room
temperature. The FA solutions were added to the
PVA  solution  FA  solutions  were  added  to  PVA
solutions and then stirred for 2 hours at 40 °C on a
magnetic  stirrer.  The  prepared  nanocomposite
mixtures were then placed in a glass petri dish and
dried at 45 °C for 1 day. The nanocomposite films
containing 0%, 1%, 2%, and 3% FA were marked
as PVA0, PVA1, PVA2, and PVA3 respectively.

2.3. Characterization
2.3.1 X-ray Diffraction (XRD) Analysis
The  structural  analysis  of  all  samples  was
performed  using  a  PANalytical/Empyrean  X-ray
diffractometer with a scanning rate of 0.4/minute,
40  kV,  and  40  mA,  using  Cu  K  radiation  at  a
wavelength  of  0.1546  nm.  The  d-spacing  value
(d001)  of  the  samples  was  made  a  calculated
using the (20), Bragg’s equation as following: 

d=
ʎ

2SinƟ

Where  d  is  the  interplanar  distance,  λ  is  the
wavelength of X-ray beam and θ is the diffraction
angle.

2.3.2  Fourier  transform  infrared  (FTIR)
spectroscopic analysis
FTIR  measurements  were  characterized  the
crosslinked PVA and the chemical structure of the
PVA/BA/MMT  films  and  by  using  a  Varian/660-IR
spectrometer in the range of 4000 cm-1 to 400 cm-1

(FTIR).

2.3.4 Transmittance
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Optical  property of the films, was determined by
scanning  the  percent  transmittance  in  whole
visible light region (400-700 nm) using UV-VIS-NIR
Spectrophotometer Shimadzu/UV 3600 Plusat at  a
scanning rate of 60 nm/min (32)..

2.3.5 Thermogravimetric Analysis (TGA)
The  thermal  stability  of  the  pure  PVA  and
nanocomposite  films  was  determined  using  a
Netzsch/STA 449 F3 Jupiter thermal analyzer. The
mass of the active food packaging films used was
in the range of 6-8 mg in aluminum oxide crucible.
The film samples  were cut  and thermal  analysis
was performed by heating them up to 600 °C at a
heating  rate  of  10  °C/minute  under  a  nitrogen
atmosphere with a purge flow of 20 mL/min (33).

2.3.6 Antimicrobial and antifungal activities
The  antimicrobial  activity  of  PVA  membrane
samples  was  carried  out  according  to  the  test
method (34) AATCC 100 with some modifications.
For  this  purpose,  samples  sterilized  by  25  kG  γ
irradiation were used and inoculum concentrations
of  1x105 cfu/mL  of  Escherichia  coli (E.coli, ATCC
25922),  Staphylococcus  aereus (S.  aereus,
ATCC6538),  and  Candida  albicans (C.  albicans)
were used. Samples with a surface area of 2 cm2

were  inoculated  with  86.8  μL of  E.  coli or  C.
albicans inoculum of 1x105 cfu/mL and incubated
at 37 °C  for  E. coli and  S. aereus, and 25 °C for
Candida  albicans for  24  hours.  After  incubation,
the samples were washed by vortexing with 8.68
mL of phosphate buffer for 1 minute,  which was
100 times the volume of the inoculum, and 100 µL
of the solution obtained after washing was spread
on  agar  petri  dishes.  Colonies  were  counted  24
hours  after  incubation.  As  experimental  control
groups,  the  inoculum  concentration  of  each
microorganism was diluted 100-fold and spread on
agar petri dishes. 

3. RESULTS AND DISCUSSION
3.1 XRD Analysis
The X-ray diffraction analyses were carried out the
morphology of the PVA/BA/MMT incorporated with
FA in the region 2θ=5-50⁰, as shown in Figure  1.
The  pattern  of  pure  PVA  exhibits three
characteristic  diffraction  peak  at  2θ  =  19,87⁰,
22,73⁰,  and  40,99⁰,  corresponding  peaks  of  PVA
(xrd pva). The peak intensity at 2θ = 19,87⁰ in the
based on PVA films decreased and a new at peak
2θ =20,61⁰. 

The XRD pattern of naturel MMT appeared a strong
diffraction  peak  at  around  2θ  =  8.920⁰,
corresponding  to  the  d-spacing  of  9.91  Å.  No
diffraction  peaks  of  PVA0,  PVA1,  PVA2
nanocomposite  films  were  found  ranging  2θ=5-

50⁰. This could be primarily attributed to the MMT
silicate layers being in an exfoliated state, where
the layers are considerably spaced apart (>5 nm),
and the parallel stacking is disrupted (2). But PVA3
nanocomposite  film  showed  that  characteristic
diffraction peak of clay MMT at 2θ =9,02⁰. These
results demonstrate that MMT is exfoliated in the
PVA0,  PVA1,  and PVA2 nanocomposite  films,  but
not in the PVA3 nanocomposite film. The finding
suggests  that  the  MMT  layers  might  be
predominantly  exfoliated  or  disordered
intercalated  arrangements  in  the  PVA  matrix
(1,xrd)

3.2 FTIR Analysis
The FTIR spectra of  interactions  and crosslinking
reactions  between  PVA  and  BA  are  showed  in
Figure  2.  The  greatest  evidence  of  crosslinking
interaction of boric acid with PVA is the covalent
bonds established two slight indications O-B-O and
B-O-C.  The spectra of O-B-O linkage are observed
at a frequency of 665 cm-1 in the PVA0 film. The
PVA0 film exhibited a new broad peak at 1286 cm-1

corresponding to the B-O-C bond. Looking at the
results, it can be seen in Figure 2 that crosslinking
occurs between BA, which is used as a crosslinking
agent to improve the hydrophobic property of PVA
(37). 

Figure 3  displays the FTIR spectra of PVA/BA/MMT
active  nanocomposite  films with  different  weight
ratios  and  FA  contents.  Pure  PVA  exhibited
characteristic  peaks at 3230 cm-1 was assigned -
OH  stretching,  which  includes  the  groups  that
participate  in  intramolecular  and  intermolecular
hydrojen bonding. The bands at about 2923 cm-1,
1423 cm-1, and 1330 cm-1 were determined to -CH2

asymmetric  strecthing  and  symmetrical  bonding
the bands at about 1145 cm-1 and 1080 cm-1 were
similar  to  C-O  strectching  of  the  crystalline  and
amorphous regions of PVA (10,17). The intensity of
peaks at 1145 cm-1 and 1080 cm−1 decreased due
to  the  interaction  between  boric  acid  and  the
crystalline regions of PVA. The peak at 1648 cm-1

was  assigned  C=O stretching  of  acetate  groups
remaining  in  partly  hydrolized  pure  PVA.  In
addition, the characteristic peaks of PVA are given
in Table 1. The peak at 1020 cm-1 in MMT added
PVA/BA  packaging  films  were  assigned  to  Si-O
stretching vibration (38). This peak is observed in
all films, but with an increased amount of FA, it has
shifted  to  1035  cm-1 in  the  PVA2  film.  The
characteristic peaks at 3423 cm-1, 1683 cm-1, and
1280 cm-1  in the FTIR spectra of FA correspond to
the  stretching  vibrations  of  carboxylic  acid  O-H,
carboxylic  acid C=O, and carboxylic  acid C-O, at
1502  cm-1,  1604  cm-1  for  aromatic  C=C  bonds,
respectively. (Figure 3) (39).
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Figure 1: XRD patterns of the pure PVA and nanocomposite films incorporated with FA.

Figure 2: FTIR spectra of pure PVA, BA, and PVA0 nanocomposite films.

Table 1: The FTIR spectra of pure PVA and its band assignments.

Peaks, cm-1 Assignments

3100-3500 -OH stretching band

2940-2906 -CH2 asymmetric stretching and symmetric bending

1648 Symmetric stretching vibration of C-O-C band

1425 -CH wagging vibration band

1138-1085 C-O stretching of the crystalline
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Figure 3: FTIR spectra of Pure PVA and nanocomposite films.

3.3 Effects of FA on Film Transmittance
Transparency is an important parameter for active
packaging films. Films are generally desired to be
transparent in order to observe changes such as
mold, fungus, and discoloration that may occur in
food materials  (40,24).  The transparent  graph of
the active packaging films measured with UV-Vis in
the range of 400-700 nm wavelength is given in
Figure 4.  The transmittance of  PVA exhibited UV
light 89,2% of T700 and 86,7% of T400, indicating
the high transparency of PVA. With an increasing
amount  of  ferulic  acid,  the  transmittance  values
are  observed  to  decrease.  In  the  case  of  PVA0
nanocomposite film, the T700 transmittance value
is  74.2,  whereas  in  the  PVA3  film,  this  value
decreased  to  62.5.  The results  have shown that
pure  PVA  has  high  transmittance  properties  but
decreased  transmittance  due  to  the  ferulic  acid
added to enhance and improve the properties of
PVA.

3.4 Thermogravimetric Analysis
Thermal  stability  is  important  in  nanocomposite
films  because  high  temperature,  mechanical
stress,  or  other  environmental  factors  can
deteriorate the structural and functional properties
of  the  film.  Therefore,  thermal  stability  is  a
significant factor in maintaining the durability and
long-term  performance  of  the  film.  Additionally,

since high temperature conditions are frequently
used in industrial applications, thermal stability is
a critical feature for the food industrial production
and  use  of  composite  films  (41).  The  thermal
stabilities  of  pure  PVA  and  different
nanocomposite  films  were  investigated  by  TGA
and the results are given in Figure 5. 

According  to  TGA  results,  all  the  nanocomposite
films exhibited one minor and two major thermal
degradation  from room temperature  to  600  °C.
The onset temperature for thermal degradation of
PVA  was  297  °C.  The  first  slight  weight  loss
located  at  around 100-180  °C was  attributed  to
the  evaporation  of  adsorbed  moisture  and/or
water. The second significant weight loss observed
at  200-295  °C and 388-395  °C for  the PVA and
PVA-based active packaging films.  The maximum
degradation  temperature  of  PVA,  Tmax,  is
approximately 460 °C. The Tmax value of PVA0 is
470  °C,  and  it  can  be  observed  from  the
thermogram  that  the  thermal  stability  slightly
increases with the addition of MMT and BA to pure
PVA.  However,  the  Tmax values  of  PVA1,  PVA2,
PVA3 had no significant difference with pure PVA.
In this study, it was observed that the addition of
ferulic  acid  to  PVA/BA/MMT nanocomposite  films
did not lead to a significant  increase in thermal
stability compared to pure PVA.
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Figure 4: Transmittance spectra of pure PVA and nanocomposite films.

Figure 5: Thermogravimetric analysis (TGA) curve of pure PVA and nanocomposite films.

3.5 Antimicrobial and Antifungal Activities
Antimicrobial packaging is a new technology product
that protects packaged food products from spoilage
that  can  occur  through  the  contamination  of
foodborne  pathogens  (bacteria,  parasites,  and
viruses)  and  lead  to  foodborne  illness  (42).  The
antimicrobial  and antifungal  activities  of  pure PVA
and PVA/BA/MMT nanocomposite films incorporated
with different content FA were shown in the Tablo 2.
After  24  hours  of  incubation,  the  average  colony
counts in the control group were found to be 252 for
E. coli, 296 for  S. aureus, and 240 for  C. albicans.

According  to  the  antimicrobial  activity  test,  more
than  300  colonies  were  detected  for  all
microorganisms in the samples belonging to the PVA
group, which was the control group for the samples.
This indicates that the PVA group did not have any
antibacterial  or  antifungal  effect.  When  the  test
results  of  the PVA0 group were  examined,  it  was
determined  that  it  did  not  have  an  antibacterial
effect  against  E.  coli  and  S.  aureus but  had  an
antifungal  effect  against  C.  albicans.  The  PVA1,
PVA2 and PVA5 groups, on the other hand, exhibited
antibacterial  and  antifungal  properties  against  all
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microorganisms tested. The results indicate that the
addition  of  a  polyphenol  compound  called  ferulic

acid  to  PVA-based  nanocomposite  films  creates
antimicrobial activity. 

Table 2. The cfu (colony forming unit) averages (n=3) of the sample groups inoculated with E. coli, S.

aureus, and C. albicans

E. coli (cfu) S. aureus (cfu) C. albicans (cfu)

PVA >300 >300 >300

PVA0 >300 76,67±11,59 0

PVA1 0 0 0

PVA2 0 0 0

PVA3 0 0 0

4. CONCLUSION
Polyvinyl  alcohol-based  and  ferulic  acid  added
active  food  packaging  films  were  successfully
prepared  by  solution  casting  method.  The  MMT
was used as a nanofiller material to improve the
mechanical  and  barrier  properties  of  the
nanocomposite  films,  and it  was observed to  be
exfoliated in the XRD analysis of PVA0, PVA1, and
PVA2  nanocomposites.  It  was  demonstrated  by
FTIR  analysis  that  boric  acid  added  to  the
nanocomposites  improved  of  PVA  hydrophilic
properties  by  forming  a  crosslink  with  PVA.  The
UV-VIS  analysis  revealed  that  the  transmittance
percentage of the nanocomposite films decreased
with the increasing amount of FA. According to the
TGA results  of  the nanocomposite  films,  thermal
stability has not significantly changed. However, it
was observed that the addition of montmorillonite
and boric acid to pure PVA resulted in an increase
in the degradation temperature. It was found that
active  packaging  films  showed  antibacterial
activity  against  E.  coli and  S.  aureus
microorganisms and antifungal activity against  C.
albicans microorganism. 

In summary, the sensitivity of the hydroxyl groups
in the molecular chain of PVA to water molecules
has  been  eliminated  by  crosslinking  with  boric
acid.  Thus, by alleviating the moisture sensitivity
of  PVA,  it  has  become suitable  for  utilization  in
active packaging films. The addition of ferulic acid
to the nanocomposite films synthesized for active
packaging  films  has  resulted  in  gaining
antibacterial and antifungal properties. 
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