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Abstract   Poly(vinyl alcohol) (PVA) is a biodegradable and environmentally friendly material known for its gas barrier characteristics and solvent

resistance. However, its flammability and water sensitivity limit its application in specialized fields. In this study, phytic acid (PA) was introduced as

a halogen-free flame retardant and biochar (BC) was introduced as a reinforcement to achieve both flame resistance and mechanical robustness.

We  thoroughly  investigated  the  effects  of  BC  particle  sizes  (100−3000  mesh)  and  addition  amounts  (0  wt%−10  wt%),  as  well  as  PA  addition

amounts (0 wt%−15 wt%), on the properties of PVA composite films. Notably, the PA10/1000BC5 composite containing 10 wt% PA and 5 wt%

1000 mesh BC exhibited optimal properties. The limiting oxygen index increased to 39.2%, and the UL-94 test achieved a V-0 rating. Additionally,

the PA10/1000BC5 composite film demonstrated significantly enhanced water resistance, with a swelling ratio reaching 800% without dissolving,

unlike that of the control PVA. The water contact angle was 70°, indicating that hydrophilic properties remained essentially unaffected. Most im-

portantly, the tensile modulus and elongation at break were 213 MPa and 281.7%, respectively, nearly double those of the PVA/PA composite

film. This study presents an efficient and straightforward method for preparing PVA composite films that are flame-retardant, tough, and water-

resistant, expanding their potential applications in various fields.
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INTRODUCTION

With the acceleration of industrialization, plastics have become
ubiquitous in various sectors, owing to their ease of processing,
cost-effectiveness, chemical stability, and corrosion resistance.[1]

Poly(vinyl  alcohol)  (PVA)  is  a  biodegradable  polymer  known
for  its  eco-friendliness,  gas-barrier  characteristics,  and  solvent
resistance, making it highly useful in composite films and pack-
aging.[2] However,  like  most  polymer  materials,  PVA  is  highly
flammable  owing  to  its  composition  and  chemical  structure.
This flammability not only leads to rapid decomposition or com-
bustion but also produces significant quantities of toxic volatile
compounds and dripping molten liquids,  potentially triggering
secondary fires.[3−7] Consequently, the use of PVA in critical sec-
tors  such  as  construction,  transportation,  and  electrical  and
electronic equipment is restricted.[8] This fact has spurred signif-
icant research on the flame-retardant modification of PVA.

The  primary  methods  for  flame-retardant  modification  of
PVA include the addition of flame retardants and the incorpo-

ration of flame-retardant groups or elements into the materi-
al  structure.  The  former  is  preferred  because  of  its  simplicity
and effectiveness.[9,10] However, traditional halogen flame re-
tardants produce large amounts of smoke and release hydro-
gen halide gases during combustion, causing serious environ-
mental  pollution  and  health  threats.[11,12] In  response,  halo-
gen-free  flame  retardants  such  as  phytic  acid  (PA),  chitosan,
and tannic acid have gained attention.[13−16] PA is increasing-
ly being used in the synthesis of new flame retardants owing
to  its  biocompatibility  and  degradability.  However,  the  syn-
thetic process often involves chemical reagents, which can be
cumbersome and may result in some degree of pollution, lim-
iting  its  suitability  for  practical  applications.  In  contrast,  the
six phosphate groups in PA make it  an excellent flame retar-
dant. Direct utilization of PA can simplify the preparation pro-
cess  and  reduce  the  use  of  chemical  reagents,  while  also  re-
ducing costs.

Despite these advances, the limited ductility of PVA makes
it  prone  to  cracking  during  processing,  and  its  relatively  low
elongation  rate  poses  a  challenge  in  film  production.  Addi-
tionally,  the  high  hydroxyl  content  of  PVA  contributes  to  its
water  sensitivity,  resulting  in  swelling  and  dissolution  in  wa-
ter,  limiting  its  suitability  for  use  in  moist  environments.[17]

Previous  research  has  shown  that  adding  reinforcing  fillers,
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such as graphene oxide, montmorillonite, carbon nanotubes,
biochar, and cellulose[18−22] can significantly improve the me-
chanical  strength,  thermal  stability,  and  moisture  resistance
of PVA. Among these materials, biochar (BC) is particularly no-
table for its porous structure, large surface area, and low den-
sity. Mozrall et al.[23] reported that different amounts and par-
ticle sizes of BC exhibited varying degrees of enhancement in
the strength and toughness of composite materials. Barbalini
et  al.[24] reported  that  immersing  cotton  fabrics  in  a  mixed
aqueous  solution of  BC and PA significantly  enhanced flame
retardancy. Under limited oxygen conditions, the treated fab-
ric underwent thermal chemical conversion to form a carbon-
rich  protective  layer.  However,  the  flame-retardant  effect  di-
minished  after  washing,  suggesting  that  PA  and  BC  were
physically  adsorbed onto the cotton fabric  rather  than form-
ing  durable  bonds.  In  contrast,  PA  and  BC  establish  a  stable
chemical  network  with  PVA  through  hydrogen  bonding,  en-
suring persistent flame-retardant properties. The particle size
of BC plays a crucial role in its dispersion within the compos-
ite  material,  which influences the overall  performance of  the
composite.  Therefore,  investigating the effects  of  BC particle
size is essential for optimizing the material properties and im-
proving the performance of PVA composite films.

This  study  aimed  to  explore  a  method  for  modifying  PVA
by  combining  halogen-free  flame  retardants  (PA)  with  rein-
forcing  fillers  (BC)  to  enhance  its  flame  retardancy  and  miti-
gate the decline in mechanical properties. This study presents
the  first  report  on  the  preparation  of  PVA  composite  films
with flame retardant and high toughness properties using PA
and BC. By elucidating the synergistic effects of PA and BC on
mechanical  reinforcement  and  flame  retardancy,  this  work
significantly enhances the mechanical properties, flame resis-
tance, and water durability of films, offering valuable insights
for the rational design of multifunctional composite materials
with broad application potential. We examined the effects of

different concentrations of PA, BC particle sizes, and levels of
addition  on  the  flame  retardancy,  mechanical  properties,
thermal  stability,  and  water  sensitivity  of  PVA  to  determine
the optimal modification formulation. This research is poised
to create a novel flame-retardant composite material system,
offering  new  perspectives  and  methods  for  the  flame-retar-
dant  modification  of  PVA  polymers  with  significant  research
implications.

EXPERIMENTAL

Materials
Poly(vinyl alcohol) (PVA, 1799), with a polymerization degree of
1700  and  an  alcoholysis  degree  of  99%,  was  purchased  from
Hongshang  Chemical  Technology  Co.,  Ltd.  (Shanghai,  China).
Phytic  acid  aqueous  solution  (70  wt%)  was  purchased  from
Maclin  Biochemical  Co.,  Ltd.  (Shanghai,  China).  Biochar  (100M,
1000M,  2000M,  3000M)  was  supplied  by  Wanglin  Biotechnolo-
gy  Co.  Ltd.  (Zhejiang,  China).  The  biochar  was  derived  from
bamboo (Phyllostachys edulis) particles, which were pyrolyzed in
an oxygen-deficient environment at 500 °C for 4 h in a mechani-
cal  kiln,  followed  by  washing  with  water  and  drying.  All  other
reagents were obtained from conventional commercial sources
without further purification.

Preparation of PVA/PA/BC Composite Films
Fig. 1 shows the preparation process of the PVA/PA/BC compos-
ite film. Specifically, PVA (5.4 g) was initially dissolved thorough-
ly  in  30  mL  of  deionized  water,  and  then  different  amounts  of
the  PA/BC  mixed  solution  were  added.  Henceforth,  the  film-
forming blends were then homogenized using a magnetic stir-
rer  for  2  h  at  95  °C.  The  resulting  suspensions  of  PVA/PA/BC
were cast into circular Petri dishes, allowed to air-dry for 30 min
at room temperature, and dried in an oven for 20 h at 65 °C to
obtain the PVA/PA/BC composite films.
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Fig. 1    Schematic diagram of the preparation process of PVA/PA/BC composite films.
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The compositions and abbreviations of the composite films
are shown in Table 1. The analysis of the impact of BC particle
size  was  based  on  samples  PA10/100BC5,  PA10/1000BC5,
PA10/2000BC5,  and  PA10/3000BC5.  The  analysis  of  the  im-
pact  of  PA  addition  was  based  on  samples  PA5/1000BC5,
PA10/1000BC5,  and  PA15/1000BC5.  The  analysis  of  the  im-
pact  of  BC  addition  was  based  on  samples  PA10/1000BC2,
PA10/1000BC5,  PA10/1000BC8,  and  PA10/1000BC10.  PVA,
PVA/BC and PVA/PA were used as references for basic perfor-
mance.

Fourier Transform Infrared Spectroscopy (FTIR)
The FTIR analysis of the composite films was performed using a
Nicolet  6700  spectrometer  (Thermo  Fisher,  USA).  The  spectra
were  obtained  over  a  wavenumber  range  of  4000−500  cm−1,
utilizing the KBr pellet method.[25] Each spectrum was collected
over 64 scans with a resolution of 1 cm−1.

Mechanical Tests
The  mechanical  properties  were  evaluated  by  subjecting  the
composite  films  to  tensile  tests  at  room  temperature  using  a
universal  testing  machine  (CMT4503,  MTS,  Inc.,  Jinan,  China).
The  tensile  testing  adhered  to  ASTM  D638  standards  with  a
crosshead speed of 20 mm/min and a gauge length of 20 mm.
Each sample was cut into dumbbell-shaped specimens measur-
ing  50  mm  ×  4  mm  ×  0.2  mm.  To  ensure  reliable  results,  five
specimens from each composite-film group were tested.[26]

Scanning Electron Microscope (SEM) and Energy-
dispersive X-ray Spectroscopy (EDS) Analysis
SEM  analysis  was  used  to  examine  the  fracture  surfaces  after
tensile testing and the cross-sections after combustion. The Hi-
tachi S-8010 SEM (Japan) was operated at an acceleration volt-
age of  5  kV.  Prior  to  imaging,  a  thin  layer  of  gold  was  sputter-
coated onto the film surfaces to enhance conductivity. EDS was
performed using an electron beam with an energy of  10 kV to
analyze  the  elemental  composition.  The  analysis  was  conduct-
ed with a working distance of 7 mm using an energy spectrom-
eter (Oxford Instruments X-MaxN) attached to the SEM.

Thermogravimetric Analysis (TGA)
TGA was conducted using an STA 2500 analyzer (Netzsch, Ger-
many) under nitrogen gas. Samples weighing 5.0−7.0 mg were
placed in a standard alumina crucible, with an empty crucible as
a reference. The samples were heated from 30 °C to 600 °C at a

rate of 10 °C/min with a nitrogen flow rate of 50 mL/min.

Combustion Behavior
The  combustion  performance  was  evaluated  using  a  vertical
burning test,  limiting oxygen index (LOI),  and cone calorimetry
test (CCT). The LOI was measured using an oxygen index tester
(BJY-JF-3,  Zhejiang,  China)  according  to  the  GB/T2406  stan-
dards.  The  samples  for  this  test  were  150  mm  ×  50  mm  ×  0.2
mm. Vertical burning tests followed the ISO 9773 guidelines, us-
ing a vertical flame tester (ZRS-TC, Jiangsu, China), with samples
sized 150 mm × 50 mm × 0.2 mm. The CCT was performed us-
ing a cone calorimeter tester (Vouch6810, Hunan, China) under
a heat flux of 50 kW/m2, and the samples measuring 100 mm ×
100  mm  ×  0.3  mm  were  tested  according  to  the  ISO  5660-1
standard.

Swelling Properties
The swelling properties of the PVA composite films were evalu-
ated by submerging the film samples, each cut to dimensions of
20 mm × 10 mm, in deionized water at 20 °C for 1 h.  After im-
mersion,  excess  water  was  gently  blotted away using filter  pa-
per.[27] The  initial  mass  (M0)  and  mass  after  swelling  (Mt)  were
measured, and the swelling ratio (SWR) was computed based on
Eq. (1).

SWR (%) = Mt −M0

M0
× 100% (1)

Wettability Analysis
The  surface  wettability  of  the  samples  was  evaluated  using  an
Easy-Drop  Standard  goniometer  (DSA  100,  Krüss  GmbH,  Ham-
burg, Germany) with specialized software employed to capture
images and analyze data. Each drop of distilled water had a vol-
ume  of  5  µL,  and  measurements  were  taken  from  at  least  five
separate samples, which were then averaged.

Statistical Analysis Methods
The data presented represent the average values from five indi-
vidual  measurements.  A one-way analysis  of  variance (ANOVA)
was employed to analyze differences between the groups, with
statistical significance considered at p < 0.05.[28]

RESULTS AND DISCUSSION

Characterization of BC
The surface functional groups of BC are shown in Fig. 2(a). Char-

 

Table 1    Sample compositions.
 

Sample Mesh Size
of BC

Component

PVA (wt%) PA (wt%) BC (wt%)

PVA – 100 – –
PVA/BC 1000 100 – 5
PVA/PA – 100 10 –

PA10/100BC5 100 100 10 5
PA10/1000BC2 1000 100 10 2
PA10/1000BC5 1000 100 10 5
PA10/1000BC8 1000 100 10 8

PA10/1000BC10 1000 100 10 10
PA5/1000BC5 1000 100 5 5

PA15/1000BC5 1000 100 15 5
PA10/2000BC5 2000 100 10 5
PA10/3000BC5 3000 100 10 5

Note: The amounts of PA and BC are based on the weight of PVA. The name of PVA/PA/BC composite film is set as PAx/yBCz, where x represents the amount
of PA added, y represents the mesh size of BC, and z represents the amount of BC added.
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acteristic  peaks  can  be  observed  at  3435,  2926,  2364,  1618,
1384,  1118,  and  777  cm–¹.  These  peaks  correspond  to  the
stretching vibrations of hydroxyl groups, C―H bonds, O＝C＝O
bonds,  C＝O bonds,  C―O―C bonds,  and deformations of the
C―H bonds, respectively. This differs from other carbon materi-
als  such  as  graphene  and  carbon  nanotubes,  and  the  abun-
dance of surface functional groups on BC enhances its potential
for  performance  modification,  particularly  owing  to  the  pres-
ence of carboxyl and carbonyl groups, which improve the com-
patibility  between polymer substrates.[29,30] The SEM images of
BC with different particle sizes are shown in Figs. 2(b)−2(e). The
particle  sizes  for  various  mesh  sizes  of  biochar  (100M,  1000M,
2000M,  3000M)  were  in  the  range  of  approximately  2  μm  to
12 μm.

Tensile Properties of PVA/PA/BC Composite Films
Fig.  3(A)  shows the stress-strain curves of  the PVA/PA/BC com-
posite  films,  while  the  tensile  strength,  tensile  modulus,  and
elongation  at  break  are  presented  in Figs.  3(B)−3(D).  The  PVA
film, as shown in Fig. 3(A), exhibits high brittleness and strength,
but  limited  ductility.  Meanwhile,  the  stress-strain  curve  for  the
PVA  film  reveals  two  yield  points,  suggesting  that  stress  yield-
ing  occurs  due  to  the  tangles  between  PVA  molecule  chains,
which increases resistance during stretching.

The impact of  BC on the reinforcing properties of  the PVA
composite films is shown in Fig. 3(B). The neat PVA film exhib-
ites high tensile strength (81.8 MPa) and tensile modulus (2.5
GPa),  but  a  relatively  low  elongation  at  break  (86.5%).  When
PA was added at 10 wt% content, the tensile strength, tensile
modulus  and  elongation  at  break  of  the  PVA/PA  composite
film change to 36.5  MPa,  101 MPa,  and 141.4%,  respectively.
Compared  to  the  counterparts  of  neat  PVA,  the  tensile
strength  and  tensile  modulus  of  the  PVA/PA  composite  film
decrease by 55.4% and 96.0%, respectively.  Incorporating BC
into  the  PVA/PA  composite  films  enhances  these  properties.
As the BC content  increases from 2 wt% to 10 wt%,  the ten-
sile modulus, tensile modulus, and elongation at break of the
PVA/PA/BC  composite  films  initially  increase  and  then  de-
crease,  with  the  tensile  strength  peaking  at  2  wt%  and  the
tensile  modulus  and  elongation  at  break  peaking  at  5  wt%.
Specifically, the PA10/1000BC5 composite film exhibits a ten-
sile  modulus  of  213 MPa and elongation at  break of  281.7%,
nearly doubling the values of the PVA/PA composite film. Ad-

ditionally,  the  tensile  strength  is  increased  by  11.8%  com-
pared to the PVA/PA composite film, rising from 36.5 MPa to
40.8 MPa. This may be due to the hydroxyl groups on the sur-
face of BC enhancing the hydrogen bonding network formed
by PVA and PA, and at the same time BC could disperse even-
ly  as  PA,  which  reduces  the  stress  concentration  and  im-
proved the tensile strength of the composite films. However,
higher BC content leads to uneven dispersion and agglomer-
ation  of  BC  particles  in  the  PVA  matrix,  and  the  hydroxyl
groups  on  the  BC  surface  cannot  effectively  form  hydrogen
bonds  between  PVA  and  PA,  resulting  in  a  weak  hydrogen
bonding network near the agglomerated BC region. This fac-
tor may explain the reduction in the elongation at break ob-
served when the BC content increases from 5 wt% to 8 wt%.
This finding is consistent with that of the study by Fu et al.[31],
who identified 5 wt% BC as an effective toughening agent.

Fig. 3(C) illustrates the effect of BC particle size on the rein-
forcing properties of the PVA composite films. As the particle
size  of  BC  decreases  from  100M  to  3000M,  both  tensile
strength and elongation at break of the PVA/PA/BC compos-
ite films initially  increase but then decrease.  The peak values
for  elongation  at  break  (281.7%)  and  tensile  strength  (52.9
MPa) are observed for particle sizes of 1000M and 2000M, re-
spectively.  The  tensile  modulus  steadily  increases  from  101
MPa to 529 MPa. The increased surface area of the smaller BC
particles  improves  the  stress  transfer  and  enhances  the
strength and toughness of the composite films. However, ex-
cessively small particles tend to agglomerate, which explains
the  observed  decrease  in  performance  at  very  small  particle
sizes.[32] Fig. 3(D) shows the impact of PA addition on the ten-
sile  properties  of  the  PVA  composite  films.  When  1000M  BC
was  added  at  5  wt%,  the  tensile  strength,  tensile  modulus,
and elongation at break of the PVA/BC composite film change
to 87.2 MPa, 2660 MPa, and 40.5%, respectively. Compared to
the counterparts of neat PVA, the tensile strength and tensile
modulus of the PVA/BC composite film increase by 6.6% and
6.1%,  respectively.  This  proves  that  the  addition  of  BC  has  a
reinforcing  effect.[33] Increasing  the  PA  content  significantly
enhanced  the  elongation  at  break  of  PVA/PA/BC  composite
films.  The elongation at break of PVA/PA/BC composite films
initially increased and then decreased with increasing PA con-
tent,  reaching  a  peak  of  281.7%  at  10  wt%  of  PA,  which  is  a
600% increase compared to PVA/BC composite films. Howev-
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Fig. 2    (a) FTIR spectrum of 1000M BC, and SEM images of BC with different mesh sizes: (b) 100M, (c) 1000M, (d) 2000M, (e) 3000M.
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er, this improvement in flexibility comes at the cost of reduc-
ing  mechanical  strength.  As  the  PA  content  increased,  the
tensile  strength  of  the  composite  film  decreases  from  87.2
MPa (without PA addition) to 40.9 MPa (15 wt% PA addition),
while the tensile modulus decreases from 2660 MPa (without
PA  addition)  to  51  MPa  (15  wt%  PA  addition).  This  tremen-
dous reduction occurs  because PA acts  as  a  "plasticizer"  that
decreases  the  intermolecular  cohesion  between  PVA  chains,
facilitating  polymer  chain  movement  and  making  the  com-
posite films more flexible during stretching.[34] Meanwhile, ex-
cessive  plasticization  disrupts  the  cohesive  interactions  be-
tween  PVA  molecules,  resulting  in  reduced  material  rigidity
and a  significant  decline in  both tensile  strength and modu-
lus.  Ning et al.[35] developed a novel flame-retardant additive
for PVA composites by incorporating N-(2-hydroxy)-propyl-3-
trimethylammonium  chitosan  chloride  and  phytic  acid.  This
additive significantly enhanced the elongation at break of the
PVA  composite  film,  increasing  it  from  36.35%  to  179.35%.
However,  it  also  led  to  a  reduction  in  tensile  strength,  from
70.71  MPa  to  28.62  MPa.  As  a  result,  controlling  the  PA  con-
tent  can  balance  the  strength  and  toughness  of  the
PVA/PA/BC composite films.

Micromorphological Feature of PVA/PA/BC
Composite Film
Figs.  4(a)−4(f)  display  the  SEM  images  of  both  the  surface  and

fractural surface of the PVA/PA/BC composite films. As shown in
Figs. 4(a) and 4(b), the pure PVA film features a smooth surface
and a relatively flat fracture, indicating low toughness. With the
addition of PA, irregular bumps and defects appears on the sur-
face of the material in Figs. 4(c) and 4(d), which may be the rea-
son  for  the  plasticization  and  decrease  in  the  strength  of  the
composite film. Meanwhile, the appearance of filamentous frac-
ture surface is a typical ductile fracture phenomenon. Uniformly
dispersed BC particles appear on the surface of the PVA/PA/BC
composite  film  after  adding  BC (Figs.  4e  and  4f).  At  the  same
time,  rough  and  irregular  surface  morphology  as  well  as  fila-
mentous  structure  appear  on  the  fractural  surface,  indicating
that  PVA/PA/BC  composite  films  have  excellent  ductility  and
toughness.[36] To  investigate  the  distribution  of  PA  within  the
PVA  matrix,  EDS  mapping  is  conducted  on  the  surface  of  the
PA10/1000BC5 composite  film,  as  shown in Fig.  4(e).  The char-
acteristic element of P from PA is  evenly distributed across the
surface,  indicating that the PA is  well-dispersed within the ma-
trix.

Based on the analysis of the above results and relevant lit-
erature,  a  reasonable  explanation of  the toughening mecha-
nism is shown in Fig. 4(g). Pure PVA films exhibit a certain ten-
sile  strength  owing  to  the  entanglement  of  PVA  segments,
but lack toughness. With the introduction of PA, these entan-
glement  segments  are  released  and  their  flowability  is  im-
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Fig. 3    Tensile properties of PVA composite films: (A) stress-strain curves, (B) BC contents of 2 wt%, 5 wt%, 8 wt% and 10 wt%; (C) BC meshes of
100M, 1000M, 2000M and 3000M; (D) PA contents of 5 wt%, 10 wt% and 15 wt%.
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proved, thus increasing toughness but reducing strength. BC,
as a rigid particle, is uniformly dispersed in the PVA matrix, re-
sisting molecular movement and transmitting stress, thereby
achieving particle reinforcement.[37] Simultaneously,  the SEM
image  of  the  PA10/1000BC5  composite  film  reveals  that  BC
penetrates the PVA matrix, with its porous structure allowing
PVA to penetrate, enhancing compatibility, and ultimately im-
proving both toughness and strength. The FTIR spectra show

that  the  stretching  vibrations  of  the  hydroxyl  groups  of
PVA/PA/BC  underwent  a  red  shift  compared  to  that  of  PVA,
shifting left from 3436 cm–1 to 3441 cm–1, which suggests the
formation  of  hydrogen  bonds  between  the  components.
Meanwhile, the characteristic peak at 1087 cm–1, correspond-
ing to P―O―C bonds, primarily originates from the function-
al groups in PA. This may also have resulted from the esterifi-
cation reaction between PVA and PA,  as illustrated in the re-
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Fig.  4    SEM  images  of  PVA  film  and  PVA/PA/BC  composite  films:  (a)  PVA  surface,  (b)  PVA  fractural  surface,  (c)  PVA/PA  composite  surface,  (d)
PVA/PA  composite  fractural  surface,  (e)  PA10/1000BC5  composite  surface  and  EDS  mapping  of  phosphorus  element,  (f)  PA10/1000BC5
composite fractural surface. (g) Schematic diagram of toughening mechanism and FTIR spectra of PVA/PA/BC composite films.
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action diagram in Fig.  4(g).  The addition of  PA increased the
toughness but decreased the strength of the PVA composite
film,  whereas  the  addition  of  BC  increased  the  strength  but
decreased the toughness of the PVA composite film. Howev-
er,  the  synergistic  effect  of  PA  and  BC  enhanced  the  hydro-
gen bonding network between PA,  BC,  and PVA,  resulting in
composite films with high toughness while maintaining suffi-
cient strength. These facts are crucial for advancing the appli-
cation of flame-retardant PVA materials in specialized fields.

Thermal Analysis of PVA/PA/BC Composite Films
Fig. 5 presents the TGA and DTG curves of PVA composite films
with different PA and BC additions. The thermal degradation da-
ta  are  shown in Table  2,  including the  initial  degradation tem-
perature (T10%), the temperatures of maximum degradation rate
(Tmax1 and Tmax2),  and  mass  residue  at  600  °C.  The  weight  loss
observed between 80 °C and 120 °C for all the films was due to
the evaporation of bound and free water. Pure PVA film exhibits
two  main  degradation  stages  at  324.5  and  407.9  °C.  For  the
PVA/BC  composite  film,  these  stages  occur  at  322.2  and  397.9
°C. PVA/PA and PVA/PA/BC composite films containing 10 wt%
PA  also  exhibited  two  degradation  processes.  However,  these
processes occur at approximately 230 and 430 °C. The addition
of PA lowered the T10% from 272.2 °C to 180 °C and shifted the
Tmax1 from 324.5 °C to 230 °C.  This  reduction was attributed to
the  catalytic  decomposition  effect  of  the  phosphorus  groups
present  in  PA.  The  early  decomposition  creates  a  carbon  layer

that protects the remaining material during combustion.[38] The
Tmax2 of  the PVA/PA/BC composite film increases from 407.9 °C
to 430 °C, likely due to the formation of a protective carbon lay-
er  resulting from the PA's  catalytic  action,  which enhances  the
thermal stability and protects the remaining PVA.[39]

Simultaneously, as the amount of BC added increased from
2 wt% to 10 wt%, the mass residue at 600 °C increased. At the
same  time,  the  T10% initially  decreased  and  then  increased,
whereas  the Tmax1 and  the Tmax2 initially  increased  and  then
decreased, all reaching their maximum values at a BC dosage
of  5  wt%.  The  addition  of  5  wt%  BC  facilitated  the  early  de-
composition  of  PA10/1000BC5  composite,  which  promoted
the formation of a dense carbon layer. This carbon layer, sta-
bilized in a nitrogen atmosphere, acted as a protective barrier
for the PVA matrix, thereby enhancing the thermal stability of
the composite film.[40]

As the particle size of BC ranges from 100M to 3000M, the
thermal  properties  of  the  PVA  composite  films  are  initially
strengthened  and  then  weakened.  The  optimal  thermal  sta-
bility performance was found when the BC mesh number was
1000M,  with  the Tmax1 and  residual  carbon  rate  of  234.2  °C
and 21.90%, respectively. This may be due to the difficulty of
achieving uniform dispersion when the BC particle size is too
large (100M),  and agglomeration occurred when the particle
size  was  too small  (3000M),  which was  not  conducive  to  the
formation of a uniform and dense carbon layer.
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Fig. 5    Thermal stability of PVA/PA/BC composite films: (a) TGA and (b) DTG curves.

 

Table 2    Thermal performance parameters of composite films of PVA/PA/BC composite films.
 

Sample T10% (°C) Tmax1 (°C) Tmax2 (°C) Mass residue at
600 °C (%)

PVA 272.2 324.5 407.9 4.56
PVA/BC 270.0 322.2 397.9 10.72
PVA/PA 173.2 230.9 429.9 17.18

PA10/100BC5 180.7 230.1 433.2 24.91
PA10/1000BC2 182.1 234.2 430.7 21.90
PA10/1000BC5 181.5 234.4 432.5 22.56
PA10/1000BC8 184.8 231.3 430.6 27.73

PA10/1000BC10 184.7 231.9 431.2 32.38
PA5/1000BC5 183.8 259.6 437.7 14.75

PA15/1000BC5 182.9 215.3 440.3 32.66
PA10/2000BC5 178.1 232.6 433.4 21.78
PA10/3000BC5 176.3 232.5 428.8 8.80
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Furthermore, with the addition of 5 wt% 1000 mesh BC and
an increase in PA content by 5 wt%, 10 wt%, and 15 wt%, the
Tmax1 of the composite films decreased (i.e. 259.6, 234.2, 215.3
°C). The residual char yields (14.75%, 21.90%, 32.66%) steadily
increased,  exhibiting  relative  increases  of  323%,  480%,  and
716% compared to the 4.56% of pure PVA. The substantial in-
crease  of  PA  amount  introduced  a  significant  number  of
phosphorus-containing  groups,  making  the  catalytic  degra-
dation effect more pronounced.[41] The carbon layers formed
from PA decomposition can protect the PVA matrix from ther-
mal  degradation,  thereby  enhancing  its  flame  retardancy.
This effect will be confirmed during combustion analysis.

Flame Retardancy and Its Mechanism of PVA/PA/BC
Composite Films
The  specific  detailed  results  of  the  LOI  tests  are  presented  in
Table 3, and screenshots of the vertical burning test videos are
shown  in Fig.  6 The  vertical  combustion  process  of  PVA  com-
posite  films  are  shown in  Movies  S1−S4 (in  the  electronic  sup-
plementary information, ESI). As shown in Fig. 6(a), the pure PVA

film  exhibited  molten  droplets  during  the  combustion  process
at  22  s,  and  these  molten  droplets,  accompanied  by  flames,
quickly ignited the absorbent cotton. Meanwhile, the LOI of the
pure PVA film was only 18.4%, and it could not achieve any rat-
ing  in  the  UL-94  test,  indicating  that  PVA  is  flammable.  Mean-
while,  the  LOI  of  the  PVA/BC  composite  film  increased  slightly
from 18.4% to 20.1% compared to that of the pure PVA film (Fig.
6b), but still failed to attain a rating in the UL-94 test. The rapid
ignition of the dripping molten droplets after ignition quickly ig-
nites  the  cotton,  which  can  lead  to  the  spread  of  fire  in  actual
fire incidents, resulting in devastating disasters. However, com-
paring  the  PVA/PA/BC  composite  films  with  different  amounts
of added PA (5 wt%, 10 wt%, and 15 wt%), the LOI values were
31.5%,  39.2%,  and  42.1%,  respectively.  Notably,  in  the  UL-94
test,  no  molten  droplets  were  observed,  and  the  composite
films  achieved  the  V-0  rating.  Compared  to  the  PVA/BC  com-
posite film, the LOI of the PA5/1000BC10 composite film with 5
wt%  PA  exhibited  a  significant  increase  from  20.1%  to  31.5%.
Furthermore, the composite film achieved the V-0 rating. In ad-
dition, the PVA composite films with PA exhibited excellent self-

 

Table 3    Key data of PVA/PA/BC composite films from vertical burning text and LOI test.
 

Samples LOI (%)

Vertical burning test

t1/t2
Dripping/Ignition

of cotton Rating

PVA 18.4 ± 0.2 >30 Yes/Yes NR
PVA/BC 20.1 ± 0 2 >30 Yes/Yes NR
PVA/PA 36.0 ± 0.1 1.5/1.6 No/No V-0

PA5/1000BC5 31.5 ± 0.3 1.7/2.1 No/No V-0
PA10/1000BC5 39.2 ± 0.1 1.5/1.6 No/No V-0
PA15/1000BC5 42.1 ± 0.2 1.2/1.4 No/No V-0

Note: t1 represents the burning duration of the first ignition, and t2 represents the burning duration of the second ignition.
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Fig.  6    Video  screenshots  from  UL-94  tests  of  (a)  PVA  film,  (b)  PVA/BC  composite  film,  (c)  PVA/PA  composite  film,  and  (d)  PA10/1000BC5
composite film.
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extinguishing  capabilities,  as  presented  in Table  3.  When  the
samples were removed from the flame, they extinguished in less
than  2  s.  This  indicates  that  the  addition  of  PA  improves  the
flame-retardant  performance  of  PVA  composite  films,  and  the
effect  becomes  more  pronounced  with  increasing  amounts  of
added PA. Furthermore, comparing the PVA/PA composite films
with the PA10/1000BC5, it is evident that the addition of BC re-
sults in an increase in the LOI of the composite film from 31.5%
to 36.0%. This indicates that the addition of BC may synergisti-
cally enhance the flame-retardant modification provided by PA
in PVA composite films.

The combustion behavior  of  the PVA composites  was also
evaluated using cone calorimetry. Figs. 7(a) and 7(b) show the
heat  release  rate  (HRR)  and  total  heat  release  (THR)  curves.
Additionally,  key data from the CCT,  such as  time to ignition
(TTI),  peak  heat  release  rate  (pHRR),  THR,  residual  mass,  and
total  smoke  release  (TSR)  are  provided  in Table  4.  The  pure

PVA  film  exhibited  high  flammability  with  pHRR  and  THR  of
186  kW/m2 and  3.33  MJ/m2,  respectively,  whereas  the  pHRR
and THR of the PVA/BC composite film with the addition of 5
wt% 1000 mesh BC remains unchanged in comparison to the
pure PVA.  After  adding PA,  the TTI  of  the PVA/PA composite
film  decreased  from  12  s  to  9  s.  The  introduction  of  PA  pro-
moted the early decomposition of the PVA/PA/BC composite
film,  while  pHRR  and  THR  decreased  to  83  kW/m2 and  1.52
MJ/m2. Notably, the residual mass of the PA10/1000BC5 com-
posite film reached 30.6% and the TTI was 2 s faster than that
of the PVA/PA composite film.

The  TSR  data  were  used  to  assess  the  smoke  suppression
effect  of  the  developed  flame  retardant  on  PVA  films.  The
pure PVA exhibited a TSR value of 46.2.  After the addition of
PA, the TSR of the PVA/PA composite film significantly to 89.1.
This  is  because  PA  can  promote  the  carbonization  of  PVA,
which  leads  to  the  incomplete  combustion  of  PVA,  generat-
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Fig.  7    (a)  HRR  and  (b)  THR  curves  of  PVA,  PVA/BC,  PVA/PA  and  PA10/1000BC5;  (c)  FTIR  spectrum  of  residual  carbon  from  PA10/1000BC5
composite film after combustion; (d1−f2) Digital photographs of composite films before CCT (d1, PVA/BC composite film; e1, PVA/PA composite
film; f1, PA10/1000BC5 composite film) and after CCT (d2, PVA/BC composite film; e2, PVA/PA composite film; f2, PA10/1000BC5 composite film).
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ing more smoke.[42] Conversely, incorporating BC reduces the
TSR, the comparison between PVA and PVA/BC (46.2 to 37.1),
as well as between PVA/PA and PA10/1000BC5 (89.1 to 78.1).
The  reason  may  be  that  the  combination  of  PA  and  BC  in-
creases  the  density  and  continuity  of  the  generated  carbon
layer  denser  and  more  continuous,  which  protects  the  PVA
substrate from flame erosion and inhibits smoke release. The
porous  structure  of  BC  has  a  certain  adsorption  effect  on
smoke.

From  the  FTIR  spectra  of  the  residual  carbon  of  the
PA10/1000BC5 composite film after combustion in Fig. 7(c), it
can  be  seen  that  the  P―O―C  asymmetrical  stretching  oc-
curs at 1084 cm–1,  and the stretching vibrations of P―O and
P＝O  exist  in  the  range  of  1200  cm–1 to  950  cm–1.  This  indi-
cates  the  successful  introduction  of  PA  into  the  PVA/PA/BC
composite  films,  while  the  phosphate  groups  in  PA  were  in-
volved  in  the  formation  of  the  carbon  layer.  Digital  pho-
tographs of the composite films after CCT are shown in Figs.
7(d2)−7(f2),  it  can  be  seen  that  the  residual  carbon  of  the
PVA/BC composite film is mainly in the form of dispersed car-
bon  powder,  while  the  residual  carbon  of  the  PVA/PA  and
PA10/1000BC5  composite  films  formed  a  continuous  carbon
layer.

The  surface  features  of  the  PA10/1000BC5  composite  film
before and after combustion are shown in Figs. 8(a) and 8(b).
The  surface  transitioned  from  smooth  to  rough  and  uneven.
In addition, irregular and thick carbon layers appeared on the
surface after combustion. Based on the above detailed analy-
sis and relevant literatures,[43] a reasonable speculation on the

flame-retardant mechanism is presented in Fig.  8(c).  First,  PA
undergoes  thermal  decomposition  to  produce  free  radicals,
including PO· and HPO·,  which can trap H· and HO· free radi-
cals in the combustion gas phase[44] and the polyphosphoric
acid  generated  by  PA  decomposition  promotes  the  carbon
layer. Additionally, inert gases, such as CO2 and H2O, are gen-
erated, which block the transfer of heat and oxygen.[45] Simul-
taneously, BC acts as a high-quality carbon source that syner-
gistically  enhances  the  formation  of  the  carbon  layer  during
the process  facilitated by PA.[23] This  results  in  the formation
of a thick carbon layer,  effectively impeding the exchange of
heat between the flame and the substrate.[46] The synergistic
effect of PA and BC allowed the PVA/PA/BC composite film to
form  a  more  continuous  and  thicker  carbon  layer  to  protect
the  PVA  substrate  during  combustion,  with  PA  acting  as  the
main flame retardant and BC acting as the carbon source. Ulti-
mately,  these  facts  contribute  to  the  improvement  of  the
flame-retardant performance of PVA composites.

Hydrophilicity
Figs.  9(a)  and  9(b)  show  the  hydrophilicity  of  pure  PVA  and
PVA/PA/BC  composite  films.  The  water  contact  angle  and
swelling ratio of PVA/PA/BC composite films are related to their
water  sensitivity,  both  immediate  and  sustained.[47] The  pure
PVA  film,  PVA/PA  composite  film,  and  PVA/BC  composite  film
dissolve  in  water  within  6  h,  and thus  no swelling ratio  data  is
available.  On  the  contrary,  the  PVA/PA/BC  composite  films
maintain their integrity without dissolving, which shows that PA
and BC improve the water resistance of PVA. Similar results were
reported by Zhang et al.[48]and Xia et al.[49].  They attributed the

 

Table 4    Key data of PVA/PA/BC composite films from CCT.
 

Sample TTI (s) pHRR (kW/m2) THR (MJ/m2) Residual mass (wt%) TSR (m2/m2)

PVA 12 ± 1 186 ± 4 3.3 ± 0.1 0 ± 0.1 46.2 ± 0.2
PVA/BC 14 ± 1 179 ± 2 3.4 ± 0.1 12.5 ± 2.0 37.1 ± 0.6
PVA/PA 9 ± 1 83 ± 3 1.5 ± 0.3 17.8 ± 0.5 89.1 ± 1.3

PA10/1000BC5 7 ± 1 97 ± 1 2.2 ± 0.2 30.6 ± 1.0 78.1 ± 0.5
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Fig. 8    SEM image of PA10/1000BC5 composite film surface before (a) and after (b) combustion, and the schematic diagram of flame
retardancy mechanism of PVA/PA/BC composite films (c).
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formation  of  strong  hydrogen  bonds  between  the  matrix  and
the filler. Therefore, the synergistic effect of PA and BC not only
enhanced  the  hydrogen  bonding  network  within  the
PVA/PA/BC composite films but also conferred a certain degree
of rigidity to the hydrogen bonding network, which resulted in
improved  resistance  to  swelling.  The  water  contact  angle  data
showed that all the composite films had good hydrophilic prop-
erties.  Notably,  the  PVA/BC  composite  film  with  5  wt%  1000M
BC  had  the  lowest  contact  angle  at  51.4°,  a  decrease  of  12.9°
compared to the 64.3° of pure PVA. This may be due to the addi-
tion of BC, which disrupts the uniformity of the PVA film surface,
leading to an increase in the contact angle. Additionally, adding
PA to the PVA film increased the contact angle to 77.5°, which is
a  13.2°  increase  compared  to  that  of  pure  PVA.  As  mentioned
earlier, PA and PVA may form ester bonds, which can lead to an
increase  in  the  contact  angle.  However,  the  composite  films
maintained their hydrophilic nature.

As  the  BC  content  increased  from  2  wt%  to  10  wt%,  the
swelling ratio of the PVA/PA/BC composite films (with 10 wt%
PA  addition)  decreased,  while  the  water  contact  angle  in-
creased. This may be attributed to the hydroxyl groups on the
BC surface promoting the formation of a hydrogen bond net-
work  between  PVA  and  PA,  which  enhances  the  water  resis-
tance inside the film and reduces the exposure of the hydrox-
yl  groups  on  the  surface,  thereby  increasing  the  contact  an-
gle.[50] The swelling ratio of PVA/PA/BC composite films (with
10  wt%  PA  added)  initially  increased  and  then  decreased  as
the BC mesh size increases from 100M to 3000M,  peaking at
791.8% with the 1000M mesh size. This effect may be attribut-
ed  to  the  more  effective  dispersion  of  the  1000M  biochar,
which facilitates the formation of additional hydrogen bonds
between PA and PVA. Consequently, the composite could ad-
sorb a greater amount of water. Furthermore, the contact an-
gles of the PVA/PA/BC composite films were all approximate-
ly  73°,  except  for  the  PA10/3000BC5  composite  film,  indicat-
ing  that  the  strength  of  the  hydrogen-bonding  network  is
largely  affected  by  the  size  of  the  BC  particles.  The
PA10/3000BC5 composite film may have increased the water
contact  angle  to  76.8°  owing  to  the  aggregation  of  the  BC
particles.[32] Because the hydrogen bond network near the ag-
glomerated  BC  regions  is  weaker,  leading  to  lower  hy-
drophilicity.

The addition of PA primarily influenced the strength of the
hydrogen-bonding network within the composite film, there-
by  affecting  its  water  resistance.[51] As  the  PA  content  in-
creased to 15 wt%, the swelling decreased to 187.2%. Howev-
er,  when  the  PA  content  was  only  5  wt%,  the  PA5/1000BC5
composite  film  dissolved  because  of  the  insufficient  hydro-
gen bond strength. Consequently, the combination of PA and
BC  enhanced  the  hydrogen-bonding  network  within  the
PVA/PA/BC composite film, resulting in improved swelling re-
sistance.  Therefore,  controlling  the  amount  of  PA  and  BC  is
crucial for producing PVA/PA/BC composite films that strike a
balance between hydrophilicity and water sensitivity, which is
essential for the long-term performance of PVA in humid en-
vironments.

CONCLUSIONS

In  this  study,  a  novel  green flame-retardant system incorporat-
ing  PA  and  BC  into  PVA  was  developed,  endowing  the  PVA
composite films with outstanding flame retardancy, good flexi-
bility, thermal stability, and water stability. The synergistic effect
of  PA  and  BC  imparts  flame  retardant  properties  to  PVA  com-
posite  films,  concurrently  raising  the  LOI  to  above  30%  and
achieving a V-0 rating in the UL-94 test. This result meets inter-
national  standards for  flame retardant  plastics.  In  terms of  me-
chanical properties, the addition of PA enhanced the toughness
of the composite film but led to a reduction in strength. Howev-
er, the uniform dispersion of biochar particles countered this ef-
fect, providing reinforcement that improved the flexibility of the
PVA  composite  films  while  preserving  adequate  strength.  No-
tably,  the  PA10/1000BC5  composite  film  containing  5  wt%
1000M BC and 10 wt% PA demonstrated a remarkable 281.7%
increase in elongation at break. Additionally,  the tensile modu-
lus increased to 52.1 MPa, and the tensile strength reached 40.9
MPa. The hydrogen bonding network between PA, BC, and PVA
helps  maintain  the  hydrophilic  properties  of  the  PVA/PA/BC
composite films while enhancing their water resistance. The sig-
nificance  of  this  research  lies  not  only  in  providing  a  new  ap-
proach to enhance the flame retardancy of PVA, but also in lay-
ing the groundwork for the development of more environmen-
tally friendly and sustainable flame-retardant materials.
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Fig.  9    (a)  Swelling ratio after  immersion and (b)  water  contact  angle of  PVA composite films.  Note:  Some swelling ratio values were
missing because the composite films were dissolved in deionized water and could not be measured.
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