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Abstract   Environmental protection and management are crucial to sustainable development. Microcellular polymer foams with open-cell struc-

tures have attracted significant attention for applications in oil-spill remediation and thermal management owing to their low density, large spe-

cific surface area, high adsorption capacity, and superior thermal insulation. Poly(vinylidene fluoride) (PVDF) is a promising candidate material

because of its high durability, hydrophobicity, flame retardancy, and environmental resistance. However, the preparation of high-performance

PVDF foams with open-cell structures is limited by their insufficient melt strength following crystal melting and narrow melting window. In this

study,  a  green and efficient  microcellular  foaming strategy based on molten-crystalline  transient  regulation was  employed to  fabricate  PVDF

foams with high expansion ratios and highly open-cell structures. This strategy enables the precise regulation of the PVDF melt strength across

an extended crystallization temperature range, thereby achieving excellent foamability. The resulting PVDF foams exhibited a high expansion ra-

tio of 33.4, a significantly broadened foaming window of 120–160 °C, and a maximum open-cell content of 94.7%. These foams demonstrate out-

standing comprehensive properties, including a low thermal conductivity of 31.26 mW∙m–1∙K–1, high oil adsorption capacities ranging from 13.7

g∙g–1 to 28.0 g∙g–1, as well as good cyclic adsorption stability and compression performance. This work provides a green and efficient strategy for

constructing high-performance open-cell PVDF foams, demonstrating promising potential for broad applications, such as oil-spill cleanup and

thermal insulation.
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INTRODUCTION

The advancement  of  modern industries  coupled with  growing
environmental  and  climate  concerns  has  intensified  the  de-
mand  for  green  and  sustainable  technologies.[1−3] Significant
challenges  to  energy  conservation  and  environmental  protec-
tion arise from oil  spills,  waste oil  discharge, inefficient thermal
management, etc.[4−6] Oil-water  separation  is  a  key  technology
for  treating oil  spills  and oily  wastewater,  and physical  adsorp-
tion  using  oil-adsorbing  materials  is  an  important  method  for
achieving  efficient  oil-water  separation.  High-performance  oil-
adsorbing materials, such as foams, aerogels, fibers, nonwovens,
membranes,  and  felts,  should  possess  excellent  oleophilicity
and  hydrophobicity,  low  density,  high  porosity,  and  a  highly
open-cell  structure.[7] Among  these,  microcellular  polymer
foams  with  open-cell  structures  exhibit  broad  application

prospects in oil adsorption and thermal management, owing to
their outstanding processability, low density, good corrosion re-
sistance, excellent adsorption capacity, and superior thermal in-
sulation properties.[8,9]

Constructing microcellular polymer foams with high poros-
ity and interconnected open-cell structures can effectively re-
duce  the  thermal  conductivity  and  enhance  the  oil  adsorp-
tion  capacity,  thereby  offering  potential  solutions  to  the
aforementioned  challenges.  Among  the  various  fabrication
methods,  including  phase  separation[10,11],  polymeri-
zation[12,13], chemical foaming[14], and chemical vapor deposi-
tion[15],  the  microcellular  foaming  technique  with  supercriti-
cal  carbon  dioxide  (scCO2)  is  widely  recognized  as  an  effec-
tive and environmentally friendly approach for producing mi-
crocellular polymer foams with open-cell structure[16−18].  Car-
bon  dioxide  has  become  one  of  the  most  commonly  used
green  foaming  media  in  the  field  of  polymer  microcellular
foaming,  owing  to  its  unique  physicochemical  properties.[19]

It  combines  the  high  diffusion  coefficient  of  a  gas  with  the
high solvation power of a liquid, offering advantages such as
non-toxicity,  non-flammability,  recyclability,  and  no  residual
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contamination, meeting the requirements of green manufac-
turing and sustainable development. In the foaming process,
cell  wall  rupture is  considered the main pathway for  the for-
mation of open-cell structures.[20,21] When the local stress ex-
ceeds the limit that the polymer melt can withstand, the cell
wall  ruptures  and  forms  interconnected  channels.  A  lower
melt strength facilitates cell coalescence and open-cell forma-
tion, but an excessively low melt strength can lead to cell col-
lapse.  Therefore,  achieving  a  balance  between  cell  stability
and  open-cell  formation  is  key  to  the  preparation  of  foams
with high open-cell content.[22,23]

Poly(vinylidene  fluoride)  (PVDF),  a  thermoplastic  fluo-
ropolymer, exhibits not only excellent processability, but also
outstanding  comprehensive  properties,  including  chemical
resistance,  high  thermal  stability,  weatherability,  and  inher-
ent  flame  retardancy.[24,25] These  advantages  endow  micro-
cellular  PVDF  foams  with  significant  application  potential  in
insulation,  flame-retardant  components,  and  adsorption  sys-
tems, while also granting them long-term service capabilities
in  harsh  environments.[26,27] However,  PVDF  exhibits  pro-
nounced  crystallization  behavior  characterized  by  high  crys-
tallinity, narrow melting window, rapid crystallization kinetics,
and  poor  melt  strength  after  melting.[28−30] Such  crystalliza-
tion behavior  poses  major  challenges  for  conventional  heat-
ing-mediated  foaming  process,  which  relies  on  temperature
increases to control the PVDF melt strength.

The  traditional  view  holds  that  increased  crystallinity  re-
stricts  chain  mobility  and  reduces  gas  diffusion  capacity,
thereby inhibiting cell  growth,  often leading to non-uniform
cell  structures  or  low  expansion  ratios.[31] However,  an  in-
creasing number of recent studies have shown that a moder-
ate  crystalline  structure  can  significantly  enhance  the  melt
strength,  providing  support  for  stable  cell  growth.[32−34]

Therefore,  crystallization exerts  a  dual  effect  on  foaming be-
havior:  on the one hand,  it  hinders gas diffusion and cell  ex-
pansion;  on  the  other  hand,  it  enhances  melt  stability  and
suppresses  cell  collapse.  To  this  end,  various  strategies  are
employed  to  regulate  the  crystallization  behavior  of  poly-
mers, including temperature control, pressure control, gas-in-
duced  crystallization,  strain-induced  crystallization, etc.
Among them, the utilization of the foaming agent scCO2 pro-
foundly affects the crystallization behavior of semi-crystalline
polymers.[35−37] Hence,  the  utilization  of  CO2 to  regulate  the
coupling  relationship  between  the  polymer  crystalline  struc-
ture  and  foaming  behavior  has  become  an  important  re-
search direction in microcellular foaming.

Compared  with  conventional  heating-mediated  foaming,
the  molten-crystalline  transient  regulation  foaming  strategy
exhibits  significant  advantages  in  controlling  crystallization
behavior  when  fabricating  semi-crystalline  polymer
foams.[38−40] This strategy utilizes the gradual increase in melt
strength during the molten-crystalline transition of  the poly-
mer,  thereby  triggering  foaming  at  a  specific  crystallization
stage and enabling the polymer melt to simultaneously pos-
sess a high gas content and appropriate strength. The plasti-
cizing effect of scCO2 increases the mobility of the molecular
chains  and  raises  the  supercooling  requirement  for  chain
crystallization.  This  lowers  the  crystallization  onset  tempera-
ture,  broadens  the  crystallization  temperature  window,  and
prolongs the molten-crystalline transition process  within the

PVDF  melt.  Consequently,  the  melt  strength,  strongly  influ-
enced by the crystallization behavior, can be effectively tuned
over  a  wider  temperature  range,  enabling  precise  control
over  foaming.  Moreover,  crystallization-induced  stress  con-
centration  is  recognized  as  an  effective  mechanism  for  pro-
moting open-cell formation. During foaming, the incomplete-
ly  crystallized  chains  undergo  further  crystallization  under
strain-induced  hardening.  The  resulting  crystals,  which  pos-
sess  a  modulus  mismatch  with  the  surrounding  amorphous
phase,  create  stress  concentration  points,  promote  cell  wall
rupture,  and  form  a  unique  interconnected  open-cell  struc-
ture.  Collectively,  these  features  render  the  molten-crys-
talline  transient  regulation  strategy  an  efficient  and  promis-
ing  approach  for  fabricating  semi-crystalline  polymer  foams
with light weight and high open-cell content.

In  this  study,  a  green  and  efficient  microcellular  foaming
strategy based on molten-crystalline transient regulation was
employed to fabricate highly open-cell PVDF foams for oil ad-
sorption and thermal insulation applications. The thermal be-
havior and melt strength evolution of PVDF were first investi-
gated  using  rheological  analysis  and  differential  scanning
calorimetry  (DSC).  By  optimizing  the  foaming  conditions,
PVDF foams with an expansion ratio of 33.4 and an open-cell
content  of  94.7%  were  successfully  obtained.  The  resulting
foams exhibit  excellent  comprehensive  performance,  includ-
ing  high  oil  adsorption  capacities  of  13.7–28.0  g∙g–1,  good
cyclic adsorption stability over ten adsorption-desorption cy-
cles,  and  favorable  mechanical  robustness.  Additionally,  the
PVDF foams demonstrate outstanding thermal insulation per-
formance,  with  a  low  thermal  conductivity  of  31.26
mW∙m–1∙K–1. This study provides a simple and environmental-
ly  friendly  strategy  for  constructing high-performance open-
cell  PVDF  foams  and  highlights  their  potential  for  applica-
tions in oil-spill remediation and thermal management.

EXPERIMENTAL

Materials
Commercial poly(vinylidene fluoride) (PVDF), Kynar® 720, with a
density  of  1.78  g∙cm–3 and molecular  weight  of  approximately
150 kDa, was purchased from Arkema Inc., France. Carbon diox-
ide  (CO2)  with  a  purity  of  99.9%,  used  as  foaming  agent,  was
supplied by Deyang Gas Company, China.

Foaming Sample Preparation
Batch  foaming  experiments  were  performed  in  a  self-devel-
oped  high-pressure  autoclave  equipped  with  a  PID  tempera-
ture  control  system  and  a  high-pressure  plunger  pump  (260D,
TELEDYNE  ISCO,  USA).  The  schematic  diagram  of  the  equip-
ment used for the microcellular foaming experiment is shown in
Fig.  1.  When the solid PVDF was heated to 190 °C in the auto-
clave,  a 20-min saturation process was conducted under a cer-
tain  CO2 pressure  to  establish  a  homogeneous  PVDF/CO2 sys-
tem.  Next,  the  autoclave  was  cooled  to  the  desired  foaming
temperature at a rate of 10 °C·min–1,  followed by rapid depres-
surization to  trigger  foaming.  Finally,  the  resulting foams were
immediately  quenched  in  ice  water  to  stabilize  their  cellular
structure.  The  saturation  pressures  in  foaming  experiments
were  13.8,  20.7  and  27.6  MPa,  and  the  foaming  temperatures
were 120, 130, 140, 150 and 160 °C.
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Characterization

Rheological measurements
The  rheological  behavior  of  solid  PVDF  was  evaluated  using  a
rotational  rheometer  (Mars  40,  Thermo  Fisher  Scientific,  USA)
with  a  20  mm  parallel  disk  and  a  1.0  mm  gap.  Temperature
sweep measurements were conducted during cooling from 200
°C to 100 °C at a cooling rate of 3 °C∙min–1,  with a strain ampli-
tude of 1.0% and an angular frequency of 1 rad∙s–1. The crystal-
lization behavior of solid PVDF was characterized using a differ-
ential  scanning  calorimeter  (DSC  400,  NETZSCH,  Germany).  A
sample of approximately 10 mg was sealed in an aluminum cru-
cible and heated to 200 °C at a heating rate of 20 °C∙min–1,  fol-
lowed by an isothermal treatment at 200 °C for 5 min to elimi-
nate thermal history. Then, the sample was cooled to 30 °C at a
cooling rate of 10 °C∙min–1.

Morphology characterization
ϕThe  expansion  ratio  ( )  of  the  PVDF  foams  was  measured  ac-

cording to the water displacement method, using the following
equation:

ϕ =
ρs

ρf
(1)

ρs ρf

N0

where  and  are the densities of  the solid PVDF and PVDF
foam, respectively. The cellular morphology of the PVDF foams
was  examined  by  scanning  electron  microscopy  (SEM,  SEM-30
Plus,  COXEM  Co.,  Ltd.,  Korea).  The  specimens  were  cryo-frac-
tured rapidly after immersion in liquid nitrogen for 20 min. The
fracture  surfaces  were  sputter-coated  using  a  sputter  coater
(ETD-900M,  Elaborate  Technology  Development,  China)  to
avoid electron charging prior  to  the SEM observation.  Cell  size
and  cell  density  were  quantified  using  commercial  software
(Nano Measure) according to the SEM images. At least 200 cells
were  counted  for  each  sample  to  ensure  statistical  reliability.
The cell density ( ) was calculated as follows:

N0 = ϕ(n
A
)3/2

(2)

n Awhere  is the number of cells within the selected area .

Open-cell content measurement
The true volumes of the PVDF foams were measured using a gas
pycnometer  (AccuPyc  II  1340,  Micromeritics,  USA)  with  helium
as the displacement gas. The open-cell content (OC) was calcu-
lated as:

OC (%) = Vopen

Vtotal
× 100 = (1 −

Vtrue

Vtotal
) × 100 (3)

Vtotal Vtrue

Vopen

where  is the apparent bulk volume of the foam,  is the
gas-impenetrable volume measured by helium pycnometry, in-
cluding the polymer matrix and closed-cell volume, and  is
the helium-accessible open-cell volume. For each foaming con-
dition, five specimens were tested and the average values with
the corresponding errors were recorded.

Water contact angle measurement
The  water  contact  angle  was  measured  using  a  contact  angle
goniometer (JC2000D, Powereach, China) with deionized water.
The measurements were performed at three different positions,
and the average values were recorded.

Oil adsorption property

m0

m1

Qe

The oil  adsorption properties of  the PVDF foams were evaluat-
ed using carbon tetrachloride (CCl4), cyclohexane, ethyl acetate,
diesel  fuel,  silicone  oil  and  peanut  oil.  After  removing  the  sur-
face  skin,  a  cubic  PVDF  foam  with  a  length  of  8  mm  was
weighed ( ) and then immersed in the oils. After a predefined
time,  the  sample  was  removed and the  surface  oil  was  rapidly
wiped off. Then, the mass of the oil-laden PVDF foam ( ) was
recorded. The oil adsorption capacity ( ) was calculated as fol-
lows:

Qe =
m1 −m0

m0
(4)

The cyclic oil adsorption property was assessed by the des-
orption of  CCl4 from the foam via evaporation at  room tem-
perature and atmospheric pressure after reaching adsorption
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Fig. 1    The schematic diagram of microcellular foaming strategy based on molten-crystalline transient regulation.
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equilibrium. This process was repeated 10 times, and the cor-
responding capacities were recorded.

Compression performance
The  compression  performance  of  the  PVDF  foam  was  studied
using a universal  testing machine (HDW-2000,  Hengxu,  China).
The  PVDF  foams  were  cut  into  cubes  with  lengths  of  10  mm.
The  maximum  strain  and  strain  loading  rate  were  set  to  60%
and 1.0 mm∙min–1, respectively.

Thermal insulation characterization
The  thermal  conductivities  of  the  solid  PVDF  and  PVDF  foams
were  measured  using  a  thermal  constant  analyzer  (TPS  2500S,
Hot Disk, Sweden) based on the transient plane source method.
Two identical specimens with flat, skin-free surfaces had dimen-
sions  of  10  mm  ×  10  mm  ×  10  mm.  Infrared  thermal  images
were recorded using an IR camera (E86, Flir,  USA). The samples
were placed tightly on a hot plate maintained at 80 °C.  After 5
min,  the  temperature  on the upper  surface  of  the  PVDF speci-
mens  stabilized,  indicating  that  thermal  equilibrium  had  been
reached. Then, the results were recorded. The samples were ar-
ranged with adequate spacing to prevent interactions between
them. The entire test  was conducted at  the room temperature
of 23 °C.

RESULTS AND DISCUSSION

Rheological and Thermal Behaviors during Cooling
The PVDF melt undergoes complex molecular dynamics evolu-
tion accompanied by a melt-crystallization transition during the
cooling process, which is highly temperature-dependent. Rheo-
logical  characterization provides  critical  insights  into  the sensi-
tivity of the melt strength, thereby offering a fundamental basis
for the design of foaming processes. As shown in Figs. 2(a)–2(c),

the  storage  modulus  (G'),  loss  modulus  (G"),  and  complex  vis-
cosity (η*) of the PVDF melt exhibit similar trends with decreas-
ing temperature. Specifically,  these parameters increased grad-
ually  as  the  temperature  decreased  from  200  °C  to  approxi-
mately 148 °C, followed by a sharp increase below about 148 °C.
The  gradual  increase  in  the  viscosity  and  moduli  can  be  at-
tributed  to  the  reduced  thermal  motion  and  decreased  seg-
mental  mobility  of  the  polymer  chains  at  lower  temperatures.
The  subsequent  sharp  increase  is  mainly  associated  with  the
crystallization  behavior  of  PVDF.  As  illustrated  in Fig.  2(d),  the
DSC cooling curve indicates that PVDF completes crystallization
within the temperature range of approximately 130–141 °C dur-
ing cooling, whereas the melting process during heating occurs
between  approximately  163–178  °C.  These  results  are  consis-
tent  with  the  abrupt  changes  observed  in  rheological  proper-
ties. The crystals act as rigid physical crosslinking points and ob-
stacles  to  molecular  motion  in  polymers,  significantly  enhanc-
ing  the  stiffness  while  severely  restricting  chain  slippage  and
flow.[41]

Crystallization behavior  plays  a  crucial  role  in  determining
the  foamability  of  PVDF.  Hence,  precise  regulation  of  the
molten-crystalline transient state is essential for achieving its
optimal foamability. In heating-mediated foaming processes,
PVDF contains a large number of well-developed crystals and
interconnected  crystalline  regions  below  the  onset  melting
temperature,  corresponding  to  high  relative  crystallinity,  as
shown  in Fig.  2(e).  Upon  further  heating,  the  relative  crys-
tallinity rapidly approaches zero. The relative crystallinity fluc-
tuated  too  rapidly  over  short  periods,  making  it  difficult  to
precisely control the melt strength of PVDF to an optimal lev-
el.  This  limitation  hinders  PVDF  from  achieving  its  full  foam-
ing  potential.  In  contrast,  under  the  molten-crystalline  tran-
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Fig.  2    Rheological  and  thermal  characterization  of  PVDF.  (a)  Temperature  dependence  of  the  storage  modulus  (G′)  and  loss  modulus  (G″);  (b)
Temperature  dependence  of  the  complex  viscosity  (η*);  (c)  Temperature  dependence  of  the  loss  tangent  (tanδ);  (d)  DSC  thermograms  obtained
during heating and cooling cycles. Evolution of the relative crystallinity of PVDF as a function of temperature during (e) heating and (f) cooling.
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sient  regulation  strategy,  the  sample  prior  to  foaming  exists
as a homogeneous amorphous melt, as illustrated in Fig. 2(f).
The  melt  strength  gradually  increased  with  decreasing  tem-
perature, and remained controllable before the onset of crys-
tallization. This enabled stable cell growth and fixation within
the  uniform  melt,  making  both  the  expansion  ratio  and  cell
morphology  easier  to  control.  Once  the  temperature  drops
below the onset of crystallization, rapid crystal formation oc-
curs,  which  effectively  restricts  further  cell  growth.  Conse-
quently, in this strategy, the lower bound of the foaming win-
dow  is  determined  by  the  crystallization  onset  temperature,
whereas the upper  bound is  governed by the melt  strength,
resulting in an overall wider processing window. In summary,
owing  to  its  suitable  melt  strength  prior  to  crystallization,
PVDF exhibits a broader foaming window under the molten-
crystalline  transient  regulation  strategy,  enabling  a  more
complete realization of its foaming potential.

Foaming Performance
Fig.  3 presents  the  representative  SEM  images  of  the  PVDF
foams. Within the temperature range of 120–160 °C, the foams
exhibited a relatively uniform cellular structure, which is benefi-
cial for achieving stable mechanical properties and broadening
their  potential  applications.  These  results  demonstrate  the  ex-
cellent  applicability  of  the  molten-crystalline  transient  regula-
tion foaming strategy, effectively widening the processing win-
dow for semi-crystalline polymers.

Fig. 4(a) shows the expansion ratio of the PVDF foams as a
function  of  foaming  temperature.  Compared  with  the  con-
ventional  heating-mediated  process,  the  foaming  tempera-
ture  window  was  significantly  expanded,  underscoring  the
superior  foamability  and  processing  stability  of  the  molten-
crystalline  transient  regulation  strategy.  A  maximum  expan-
sion ratio of 33.4 was achieved at 13.8 MPa and 140 °C. As the
saturation pressure increased from 13.8 MPa to 27.6 MPa, the
maximum  expansion  ratio  at  each  pressure  gradually  de-
creased  to  28.3,  and  the  optimal  foaming  temperature  shift-
ed from 140 °C to 135 °C. The higher CO2 solubility at elevat-
ed  pressures  enhances  the  plasticizing  effect  and  foaming
driving  force.  Consequently,  a  higher  melt  strength  is  re-

quired  to  facilitate  sufficient  cell  growth,  which  explains  the
decrease in the optimal foaming temperature. Polymer foams
with  expansion  ratios  exceeding  5  exhibit  good  characteris-
tics of light weight and well-defined cell morphology. To bet-
ter  quantify  the  foamability  of  PVDF  under  the  molten-crys-
talline  transient  regulation  strategy,  the  foaming  tempera-
ture  window  was  defined  as  the  temperature  range  over
which  the  expansion  ratio  exceeded  5.  The  bell-shaped
curves of temperature versus expansion ratio in Fig. 4(a) indi-
cate  that  the  foaming  temperature  windows  of  PVDF  foams
can be determined as 120–160 °C under three different satu-
ration pressures.

Figs. 4(b) and 4(c) further display the variations in cell den-
sity  and  cell  size  with  foaming  temperature  under  different
saturation  pressures.  Increasing  the  saturation  pressure
markedly  increased  the  cell  density  while  reducing  the  cell
size. In contrast, the influence of foaming temperature on the
cellular  structure  was  less  pronounced.  Generally,  both  cell
density  and  cell  size  initially  increased  and  then  decreased
with  rising  foaming  temperature.  This  trend  can  be  attribut-
ed to the high resistance to cell  growth caused by excessive
melt strength at lower temperatures, and the limited ability of
the polymer matrix to retain dissolved gas due to insufficient
melt strength at higher temperatures.[42]

Notably,  well-defined  open-cell  structures  were  observed
under  appropriate  foaming  conditions,  as  illustrated  in  the
red  box  insets  of Fig.  3.  A  quantitative  analysis  of  the  open-
cell  content  under  different  foaming  conditions  is  shown  in
Fig. 4(d). By adjusting the processing parameters, PVDF foam
with an open-cell content as high as 94.7% was obtained. The
open-cell structure was typically formed at appropriate foam-
ing  temperatures.  Under  these  conditions,  the  PVDF  melt
contained almost no crystals, and its melt strength was suffi-
cient  to  enable  relatively  uniform  stretching  of  the  cell  walls
during  growth,  thereby  ensuring  a  high  expansion  ratio.  As
the cell walls thinned during expansion, their surface tension
increased, and their strength decreased, making them prone
to  rupture  under  biaxial  stress.[43] Simultaneously,  strain-in-
duced  crystallization  occurred  in  the  molecular  chains.  The
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matrix shrinkage caused by the closely packed crystalline re-
gions, coupled with the modulus mismatch between the crys-
talline  and  amorphous  phases  in  the  cell  walls,  led  to  stress
concentration  at  the  weak  points,  thereby  inducing  the  for-
mation  of  open-cell  structures.[7] Consequently,  the  molten-
crystalline  transient  regulation  strategy  facilitated  the  devel-
opment of  highly interconnected open-cell  structures at  ele-
vated temperatures.

In  microcellular  foaming,  the  foamability  of  a  polymer  is
primarily  governed  by  its  melt  strength,  and  the  melt
strength  of  PVDF  is  strongly  influenced  by  its  crystallization
behavior. Numerous studies have demonstrated that in heat-
ing-mediated foaming processes, the remaining lamellae may
maintain  relatively  strong  inter-lamellar  interactions,  which
can impose considerable resistance to cell growth.[44,45] Once
the temperature exceeds the melting point, the crystals melt
rapidly  within an extremely narrow temperature range,  as  il-
lustrated in Fig. 5. This rapid melting is generally triggered by
the combined effects of heat and scCO2, which induces a sud-
den increase in the mobility of flexible molecular chains. Con-
sequently,  the  melt  strength  of  PVDF  undergoes  an  abrupt
transition  from  excessively  high  to  excessively  low,  resulting
in an extremely narrow foaming window of 157–162 °C.  This
significantly  increases  the  difficulty  of  controlling  the  foam-
ing conditions and limits the achievable expansion ratio.

In  the  microcellular  foaming  process  employing  the
molten-crystalline  transient  regulation  strategy,  the  crystals
are  first  completely  melted  at  a  higher  temperature.  During
the  subsequent  cooling  process,  the  plasticization  effect  of
scCO2 enhances the mobility of PVDF molecular chains, allow-
ing  chain  arrangement  and  crystallization  to  proceed  over  a
broader  temperature  range,  approximately  from  190  °C  to
120  °C.  Therefore,  the  presence  of  CO2 is  proposed  to  pro-
mote  the  gradual  formation  of  crystals  within  this  tempera-
ture range, thereby helping to establish a suitable crystalline
network  and  melt  strength  for  cell  growth.  Furthermore,  as
shown in the SEM images in Fig. 3, when the foaming temper-
ature was further decreased to 120 °C,  the cells  exhibited an
unconventional  polygonal  or  hexagonal  morphology.  This
phenomenon  suggests  that,  at  this  lower  foaming  tempera-
ture, the amount of crystals present in the melt may have in-
creased  beyond  a  certain  threshold.  These  crystals  can  re-
strict  the  deformation  and  expansion  of  the  surrounding
polymer  matrix,  thereby  compressing  the  growing  cells  and
affecting the final cell morphology. In conclusion, the molten-
crystalline transient regulation strategy can exploit the foam-
ability  of  PVDF  more  simply  and  effectively.  Benefiting  from
this  mechanism,  the  foaming  temperature  window  of  PVDF
foam  in  this  study  expands  to  120–160  °C,  representing  a
567% increase compared to the heating-mediated process.[45]
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Meanwhile,  the  maximum  expansion  ratio  increases  from
28.8 to 33.4, equivalent to a 16.0% improvement.

Oil Adsorption Performance
Open-cell  microcellular  polymer  foams  are  promising  sorbents
for waste oil treatment. Fig. 6(a) shows a representative SEM im-
age of the PVDF foam, revealing a well-developed open-cell ar-
chitecture with an open-cell content of 94.7%. Such a highly in-
terconnected  structure,  together  with  a  large  specific  surface
area and a high expansion ratio, is expected to facilitate rapid oil
uptake  and  a  high  sorption  capacity.  To  demonstrate  practical
oil–water separation, Fig. 6(b) presents a simulated cleanup pro-
cess using PVDF foam. Both ethyl acetate floating on the water
surface  and  carbon  tetrachloride  (CCl4)  submerged  in  water
were rapidly and completely removed by the foam. The distinct
wetting  behavior  toward  water  and  oil  is  further  illustrated  in
Fig.  6(c),  where the water  droplets  and CCl4 were colored with
methylene  blue  and  Sudan  III,  respectively.  The  water  droplet
maintained  a  nearly  spherical  shape  on  the  foam  surface,  ex-
hibiting a high water contact angle of 127°, whereas CCl4 spread
readily and penetrated into the porous network. These observa-
tions confirm the pronounced hydrophobicity and oleophilicity
of  the PVDF foam and indicate  that  the foam surface provides

uniform  and  effective  oil  uptake,  highlighting  its  potential  for
waste oil recovery and water purification.[46]

Figs.  6(d)  and  6(f)  compare  the  time-dependent  sorption
capacities of the PVDF foam for various oils with different vis-
cosities.  Low-viscosity  oils  (CCl4,  ethyl  acetate,  diesel  and cy-
clohexane) and high-viscosity oils (peanut oil and silicone oil)
were selected to elucidate the viscosity  effect  on uptake be-
havior.  Among  the  low-viscosity  oils,  the  foam  exhibits  the
highest sorption capacity toward CCl4 (about 28.0 g∙g–1),  fol-
lowed  by  ethyl  acetate  (about  16.7  g∙g–1),  diesel  (about  14.8
g∙g–1),  and cyclohexane (about 13.7 g∙g–1).  For high-viscosity
oils,  the  capacity  for  silicone  oil  (about  18.2  g∙g–1)  is  higher
than  that  for  peanut  oil  (about  15.7  g∙g–1).  For  all  oils,  the
sorption  capacity  increases  rapidly  at  the  initial  stage  and
then  approaches  equilibrium.  Notably,  low-viscosity  oils
reach equilibrium within 7 min, whereas high-viscosity oils re-
quire about 45 min, which can be attributed to the larger dif-
fusion resistance and slower transport kinetics in viscous liq-
uids.  The  sorption  kinetics  can  be  described  by  the  pseudo-
second-order model: [7]

t
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= t
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Qt t Qe
k
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t

where  is  the sorption capacity at  time ,  is  the equilibri-
um  sorption  capacity,  and  is  the  rate  constant.  As  shown  in
Figs. 6(e) and 6(g), a good linear relationship between  and
 was obtained, indicating that the model adequately captured

the sorption behavior.  The fitted parameters are listed in Table
1.  The  rate  constants  for  CCl4,  ethyl  acetate,  diesel,  and  cyclo-
hexane  were  2.91×10–3,  9.77×10–3,  7.47×10–3,  and  9.25×10–3

g∙g−1∙s−1,  respectively,  which  were  substantially  higher  than
those  for  silicone  oil  and  peanut  oil  (1.32×10−3 and  0.58×10−3

g∙g−1∙s−1). This further confirms the faster uptake kinetics of low-
viscosity oils and demonstrates the efficient oil-sorption perfor-

mance of the open-cell PVDF foam.
Reusability is critical for practical oil-spill cleanup because it

improves operational efficiency and reduces treatment costs.
Therefore,  the  cyclic  sorption  performance  and  compressive
recovery  of  the  PVDF  foam  were  evaluated. Fig.  6(h)  shows
the sorption capacity of CCl4 over repeated cycles. The capac-
ity  decreased gradually  during the first  five  cycles  and stabi-
lized  thereafter.  After  10  adsorption–desorption  cycles,  the
sorption capacity decreased by 16%, but remained above 23
g∙g–1, indicating good recyclability for repeated oil recovery.

Compression and Thermally Insulation of PVDF
Foams
Compressive  resistance  is  a  key  performance  metric  of  micro-
cellular  polymer foams. Fig.  7(a)  shows the compressive stress-
strain curves of the PVDF foams with a comparable cell size (ap-
proximately 46 μm) but different expansion ratios. All curves ex-
hibit  the  three  characteristic  deformation  regimes  of  cellular
solids:  first,  a  linear  elastic  region,  where  stress  increases  ap-
proximately linearly with strain; second, a plateau region associ-
ated with progressive cell wall and strut buckling and collapse,
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Fig. 6    Characterization of the PVDF open-cell  foam for oil/water separation. (a)  Representative SEM image showing its cellular morphology; (b)
Schematic  of  the  adsorption  process  for  cyclohexane  and  CCl4;  (c)  Contact  angle  measurement  and  comparative  wetting  behavior  of  a  water
droplet versus dyed CCl4 on the foam surface; (d) Adsorption capacity and (e) corresponding kinetic plot (t/Qt) for a low-viscosity oil; (f) Adsorption
capacity  and  (g)  kinetic  plot  (t/Qt)  for  a  high-viscosity  oil;  (h)  Adsorption  capacity  for  CCl4 over  10  consecutive  adsorption–recovery  cycles,
demonstrating reusability.

 

Table  1    Fitting  parameters  of  PVDF  foam  based  on  pseudo-second-
order kinetic model.
 

Qe  (g∙g–1) k (g∙g–1∙s–1) R2

CCl4 28.0 2.91×10–3 0.9998
Ethyl acetate 16.7 9.77×10–3 0.9997

Diesel fuel 14.8 7.47×10–3 0.9998
Cyclohexane 13.7 9.25×10–3 0.9998

Silicone oil 18.2 1.32×10–3 0.9998
Peanut oil 15.7 0.58×10–3 0.9994
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during  which  the  stress  remains  nearly  constant;  and  third,  a
densification region, where stress rises sharply as collapsed cell
walls come into contact and the solid matrix dominates the de-
formation. The compressive modulus was determined from the
slope  of  the  initial  linear  elastic  region,  whereas  the  compres-
sive strength was typically taken as the stress level at the onset
of the plateau (or the stress at a specified strain, depending on
the  adopted  standard).  As  summarized  in Fig.  7(b),  increasing
the expansion ratio from 14.3 to 33.4 leads to a pronounced re-
duction in compressive performance: the compressive strength
decreases  from  0.20  MPa  to  0.02  MPa,  and  the  compressive
modulus  decreases  from  2.34  MPa  to  1.02  MPa.  This  trend  is
consistent with the Gibson-Ashby model for cellular solids:[47]

σpl ≈ σys [0.3( ζφ )3/2

+ 0.4
(1 − ζ)
φ ] (6)

σpl σys

ζ (1 − ζ)where  is  the  compressive  strength  of  the  foam,  is  the
yield strength of solid PVDF,  and  represent the volume
fractions associated with cell struts and cell walls, respectively. A
higher expansion ratio corresponded to a lower relative density.
The  reduced  volume  fraction  of  the  load-bearing  solid  phase
leads to diminished strength and stiffness.

The  thermal  conductivities  of  samples  with  different  ex-
pansion ratios were measured to evaluate the thermal insula-
tion  performance  of  the  open-cell  PVDF  foams.  As  shown  in
Fig.  7(c),  quantitative  measurements  reveal  that  the  thermal
conductivity  decreases  from  41.56  mW∙m–1∙K–1 to  31.26
mW∙m–1∙K–1 as  the  expansion  ratio  increases  from  14.3  to
33.4. In Fig. 7(d), infrared thermography was used to monitor
the surface temperature of PVDF specimens placed on an 80
°C hot stage,  simulating their  effectiveness in practical  appli-
cation  scenarios.  As  the  expansion  ratio  increased  from  16.3
to  33.4,  the  surface  temperature  decreased  from  43.4  °C  to

32.7  °C.  Compared  to  the  surface  temperature  of  solid  PVDF
(51.6 °C), the PVDF foams with higher expansion ratios exhib-
ited improved thermal insulation. This behavior can be ratio-
nalized  using  the  heat-transfer  model  for  microcellular
foams:[48]

λ = (1 − ε) ξλsol + ελgas + λrad (7)

ε ξ
λsol λgas

λrad

where  is  the  gas  volume  fraction,  is  a  tortuosity  factor  re-
flecting the structural complexity of the foam, and ,  and

the contributions from the solid phase, gas phase, and ther-
mal  radiation,  respectively.  Increasing  the  expansion  ratio  re-
duced the fraction of the high-thermal-conductivity solid phase
per unit volume, thereby lowering the overall  thermal conduc-
tivity.  Moreover,  as  schematically  illustrated  in Fig.  7(e),  the
porous  features  on  the  cell  walls  increased  the  effective  heat-
transfer  path  length  and  intensified  phonon  scattering,  which
further  suppressed the heat  transport  and enhanced the ener-
gy  dissipation.[27] Consequently,  open-cell  PVDF  foams  exhibit
excellent thermal insulation performance.

Table  2 presents  representative  parameters  of  the  oil  ad-
sorption  and  thermal  insulation  performance  of  the  PVDF
foam prepared in this work and other open-cell  materials re-
ported  in  the  literature.  It  can  be  seen  that,  compared  with
other  porous  materials,  the  PVDF  foam  prepared  herein  ex-
hibits a considerably large or even larger adsorption capacity
and better thermal insulation performance.  The scCO2 foam-
ing technology employed in this  work offers  the advantages
of being environmentally friendly and efficient, which is more
conducive  to  green  production  than  other  materials  pre-
pared using chemical technology. Therefore, the PVDF open-
cell  foam  fabricated  based  on  the  molten-crystalline  tran-
sient regulation strategy is an ideal material for addressing oil
pollution and improving thermal management efficiency.
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CONCLUSIONS

Highly  expanded  open-cell  PVDF  foams  with  excellent  oil  ad-
sorption  and  thermal-insulation  performance  were  fabricated
via a  molten-crystalline  transient  regulation  strategy  in  micro-
cellular  foaming  with  scCO2.  During  the  foaming  process,  the
plasticizing  effect  of  scCO2 postponed  the  undercooling-in-
duced crystallization of PVDF to a lower temperature, resulting
in  a  more  gradual  evolution  of  the  melt  strength  over  a  wider
temperature  range,  thereby  enabling  easier  regulation  of  the
melt  strength.  By  adjusting  the  foaming  parameters,  PVDF  ex-
hibited  good  foaming  performance  within  a  broad  processing
window of 120–160 °C and 13.8–21.7 MPa, achieving an expan-
sion ratio as high as 33.4. The absence of crystal reinforcement
in the melt during foaming, combined with uniform thinning of
the cell walls under biaxial stretching, along with modulus mis-
match  between  the  strain-induced  crystalline  regions  and  the
amorphous  domains,  leading to  localized stress  concentration,
promoted  cell  wall  rupture  and  thus  enabled  the  construction
of an interconnected structure with an open-cell content up to
94.7%.  Benefiting  from  its  high  open-cell  content  and  expan-
sion ratio, the PVDF foam exhibited pronounced hydrophobici-
ty  and  oleophilicity,  allowing  it  to  efficiently  remove  waste  oil
from  water.  Its  oil  adsorption  capacity  for  various  oils  reached
13.7–28.0  g∙g–1,  with  adsorption  rate  constants  ranging  from
0.58×10–3 g∙g–1∙s–1 to  9.77×10–3 g∙g–1∙s–1,  and  it  demonstrated
good  reusability.  The  foam  also  showed  tunable  compressive
properties:  as  the  expansion  ratio  increased  from  14.3  to  33.4,
the compressive strength decreased from 0.20 MPa to 0.02 MPa,
and the compressive modulus decreased from 2.34 MPa to 1.02
MPa. Furthermore, the open-cell PVDF foam exhibited excellent
thermal insulation performance, with a thermal conductivity as
low  as  31.26  mW∙m–1∙K–1,  which  is  attributed  to  the  microp-
orous  features  of  the  cell  walls  that  hinder  heat  transfer.  Com-
bined with the inherent chemical resistance and weatherability
of  the PVDF matrix,  these highly open-cell  PVDF foams are ex-
pected  to  serve  as  efficient,  safe,  and  sustainable  materials  for
oil purification and thermal insulation for future applications.
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Highly Expanded Open-cell Poly(vinylidene fluoride) Foams Achieved by Microcellular Foaming for
Efficient Oil Adsorption and Thermal Insulation
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The molten-crystalline transient regulation strategy in microcellular  foaming effectively controls  crystallization behavior
for  suitable  melt  structure  and  strength,  producing  highly  expanded  open-cell  poly(vinylidene  fluoride)  (PVDF)  foams
with promising potential for oil adsorption and thermal insulation.
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