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Abstract   Polynaphthalimide (PNI) with six-membered imide ring (6-PI) has better chemical resistance than five-membered imide ring (5-PI), but

is difficult to be processed into nanofibers due to the poor processability. In this work, we proposed a template strategy to fabricate nanofiber 6-PI

membranes  and  their  composite  membranes.  Neat 6-PI  and 6-PI  composite  fibrous  membranes  were  prepared  using  high-molecular-weight

polymers 5-PAA and PVP as templates by electrospinning. FTIR, DMA, TGA and tensile tests were used to characterize their chemical structures,

thermal stability and mechanical properties. Further eye-observation, micro-morphology investigation and tensile tests were applied to evaluate

the  chemical  resistance  of  nanofibrous  membranes  in  strong  acid,  strong  alkaline,  and  concentrated  salt.  The  results  demonstrated  that 6-PI

nanofibrous membranes possessed the best thermal stability, best acid, alkaline, and salt resistance with the highest mechanical retention. This

study will provide basic information for high-performance electrospun 6-PI nanofiber membranes and provide opportunities for applications of

PIs in different chemically harsh environments.
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INTRODUCTION

Electrospun nanofibrous membranes possess many advantages
of small fiber diameter, high porosity, large specific surface area,
high  surface  energy,  large  aspect  ratio,  and  easy-tailed
functions.[1−5] Therefore,  electrospun  nanofibrous  membranes
have  been  extensively  applied  in  many  fields.[6−21] However,
their  further  applications  in  harsh  environments  are  greatly
limited  due  to  the  types  of  polymers.  Therefore,  it  is  highly
required  to  develop  high-performance  electrospun  fibrous
membranes  with  excellent  mechanical  properties,  thermal
stability,  and  chemical  resistance  for  harsh  environment
applications.[22] Among  different  polymers,  polyimides  (PIs)
possess  superior  mechanical  properties  and  thermal  stabilities
because  of  their  special  molecular  structures.[23−26] In  general,
PI  nanofibrous  membranes  could  be  easily  fabricated  by
electrospinning  from  their  precursor,  poly(amic  acid)  (PAA),
followed  by  thermal  imidization.  Electrospun  PI  nanofibrous

membranes  possess  both  the  advantages  of  nanofibrous
membranes  and  PIs,  and  have  been  broadly  applied  in  fiber
reinforced  composites,[23,24] battery  separators,[27,28] thermal
insulation,[29,30] proton  exchange  membranes,[31] liquid  filtra-
tion,[32] high-temperature filtration,[33] protective clothes,[34] etc.

Although  electrospun  PI  nanofibrous  membranes  possess
various  remarkable  advantages  and  show  widespread  app-
lications,  their  poor  hydrolysis  resistance  especially  alkaline
hydrolysis  resistance  seriously  limits  their  broader  applica-
tions.[35,36] It is well known that there are two five-membered
imide  rings  in  the  main  chain  of  PI  molecules.  Such  imide
groups are sensitive to humid acidic or alkaline environment.
Especially the PI molecular chains would be degraded rapidly
in  alkaline  due  to  the  OH– induced  hydrolysis.[37−39] To  im-
prove the acidic and alkaline hydrolysis resistance of PI mate-
rials,  researchers  have  reported  some  valuable  studies.  Tao
et  al. prepared  soluble  fluorinated  polybenzimidazopyrro-
lones  from  monomers  of  fluorine-containing  tetramine  and
dianhydride.[40] The  prepared  polybenzimidazopyrrolones
membranes  showed  excellent  alkaline  hydrolysis  resistance.
However, on the one hand, this sort of polypyrrole did not be-
long to the PI materials;  on the other hand, the fluorine-con-
taining  monomer  is  too  expensive,  which  limits  its  practical
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applications.  The easy  hydrolysis  of  normal  PI  (5-PI)  could  be
attributed  to  the  planar  five-membered  imide  ring,  which
possesses high bond angle tension and low structural  stabil-
ity.  Therefore,  use  a  special  dianhydride  monomer,  such  as
naphthalenetetracarboxylic  dianhydride,  to  react  with  diam-
ine  to  form  a  PI  with  a  six-membered  imide  ring  structure
(6-PI),  which  could  improve  the  acid  and  alkali  resistance  of
the PI materials, and makes this polynaphthalimide (PNI) with
better  stability  to  hydrolysis.[41−43] Although  there  are  still
countable  reports  regarding  the  investigation  of  PNI  resist-
ance  to  acid  or  alkaline,  PNI  proton  exchange  membrane
from  naphthalene  tetraformic  acid  dianhydride  and  diamine
containing  sulfonic  acid  group  have  been  reported,[44] sug-
gesting the good resistance of PNI to chemicals. However, be-
cause  of  the  weaker  reaction  activity  of  six-membered  dian-
hydride than that of five-membered dianhydride, it is difficult
to obtain high molecular weight precursor polymers of PNI in
aprotic  polar  solvent  at  room  temperature.[45,46] Generally,
low  molecular  weight  six-membered  PI  (6-PI)  could  be  syn-
thesized  directly  by  one-pot  high  temperature  reaction  with
m-cresol  as  solvent,  benzoic  acid  as  catalyst,[47] and
isoquinoline as dehydrating agent.[48,49] On the one hand, m-
cresol  solvent  possesses  high toxicity  and volatility  at  a  high
temperature,  which  is  not  beneficial  for  industrialization  de-
velopment  and  application;  on  the  other  hand,  the  low  mo-
lecular  weight  also  limits  their  application  of 6-PI  as  fibrous
membranes because of their weak mechanical properties.

To  address  the  weak  mechanical  properties  of 6-PI  fibers
because of the low molecular weight of their precursor, poly-
(naphthalenamic  acid)  (6-PAA),  in  this  work,  a  template
strategy (sacrifice template method and composite template
method)  combined  with  electrospinning  technique  is  adop-
ted  to  produce  a  series  of 5-PI  and 6-PI  nanofibrous  mem-
branes  for  resistance  evaluation  to  chemically  harsh  condi-
tions,  such  as  strong  acid,  strong  alkaline,  and  concentrated
salt.  In  detail,  during the polycondensation process,  a  strong
nucleophilic  acylation  catalyst,  4-(N,N-dimethylamino)  pyrid-
ine (DMAP), is added to give rise to the 6-PAA oligomers with
molecular weight as high as possible. After that, the 6-PAA oli-
gomers are blended with poly(vinyl pyrrolidone) (PVP) or high
molecular  weight  (five-membered  ring)  PAA  (5-PAA)  to  pre-
pare 6-PAA/PVP or 6-PAA/5-PAA composite nanofibrous mem-
branes by electrospinning. After imidization at different tem-
peratures, 6-PI/PVP,  neat 6-PI  and 6-PI/5-PI  nanofibrous  com-
posite membranes are obtained for chemical resistance tests.
The  corresponding  chemical  resistances  are  evaluated  by
the  eye-observation,  micro-morphology  investigation  and
tensile tests.

EXPERIMENTAL

Materials
4,4ʹ-Oxydianiline  (ODA,  analytically  pure,  Changzhou  Sunlight
Pharmaceutical  Co.,  Ltd.,  China)  and  3,3ʹ,4,4ʹ-biphenyltet-
racarboxylic  dianhydride  (BPDA,  analytically  pure,  Changzhou
Sunlight  Pharmaceutical  Co.,  Ltd.,  China)  are  purified  by
sublimation  before  use.  1,4,5,8-Naphthalenetetracarboxylic
dianhydride  (NTDA,  analytically  pure,  Zhengzhou  alpha
Chemical  Co.,  Ltd.,  China)  is  dried  under  vacuum  at  200  °C
for  6  h.  4-Dimethylaminopyridine  (DMAP,  Shanghai  Aladdin

Biochemical  Technology  Co.,  Ltd.,  China)  and  poly(vinyl
pyrrolidone) (PVP, Yingbike New Materials Technology Co., Ltd.,
Shanghai,  China, Mw:  1.76×106)  were  used  as  received. N,N-
dimethylacetamide  (DMAc,  analytically  pure,  Nanjing  Teling
Tianamine  Fine  Chemical  Co.,  Ltd.,  China)  and  dimethyl
sulfoxide  (DMSO,  analytically  pure,  Nanjing  Teling  Tianamine
Fine  Chemical  Co.,  Ltd.,  China)  were  purified  by  A4  molecular
sieve.

Preparation of 6-PI, 6-PI/PVP and 6-PI/5-PI Nanofibrous
Membranes
ODA  (4.0048  g,  0.0200  mol),  NTDA  (5.3636  g,  0.0200  mol)  and
DMAP  (0.1220  g,  0.0010  mol)  reacted  in  28.1052  g  of  DMSO
for  4  h  with  nitrogen  protection  at  60  °C  to  give  rise  to 6-PAA
solution  with  a  viscosity  of 0.4  dL/g.  The  template  viscous
20 wt% PAA solution (5-PAA, 3.0 dL/g) was prepared according
to  previous  report  by  reaction  of  equal  molar  ODA  and  BPDA
at  0  °C  for  12 h  in  DMAc.[50] PVP solution (10 wt%)  was  prepa-
red  by  dissolving  PVP  in  DMAc.  After  that,  the  blend  PAA
solutions  were  prepared  by  mixing  the  above  two  solutions
with 6-PAA/5-PAA  weight  ratio  of  90/10,  85/15,  80/20,  and  70/
30,  respectively.  The 6-PAA/PVP blend solutions were prepared
by  mixing 6-PAA  solution  and  PVP  solution  with  weight  ratios
of  90/10  and  80/20,  respectively.  The  final  concentration
of 6-PAA/5-PAA and 6-PAA/PVP solutions were diluted to 18 wt%
and 16 wt% by DMAc for  electrospinning.  The electrospinning
was  performed  by  applying  a  voltage  of  15  kV,  a  collecting
distance of  25  cm,  a  flow rate  of  1.20 mL/h,  and a  humidity  of
23%−30%.  The  obtained  electrospun  nanofibrous  membranes
were then dried in a vacuum oven at 80 °C for 6 h to remove the
residual solvents. After that, all the samples were treated under
vacuum  with  the  following  protocol:  (1)  heating  up  to  250  °C
at 5 °C/min and annealing for 30 min; (2) heating up to 370 °C at
1  °C/min  and  annealing  for  30  min;  (3)  cooling  down  to  room
temperature.  According  to  the  weight  ratio  of 6-PAA, 5-PAA
and  PVP,  the  resultant  fibrous  composite  membranes  were
marked  as 6-PI/5-PI-10, 6-PI/5-PI-15, 6-PI/5-PI-20, 6-PI/5-PI-30,

6-PI/PVP-10,  and 6-PI/PVP-20,  respectively.  In  addition,  to  com-
pletely  remove  PVP,  the 6-PAA/PVP  fibrous  membrane  were
heat treated at a final temperature of 450 °C, and the resultant
sample  was  marked  as 6-PI-450.  To  have  a  better  comparison,
neat 5-PI  nanofibrous  membranes  were  also  fabricated  by
electrospinning 5-PAA solution followed by thermal imidization.
The  whole  procedure  for  the  preparation  of  electrospun
nanofibrous membranes is shown in Fig. 1.

Hydrolysis Resistance
The  chemical  hydrolysis  resistance  (sulfuric  acid,  potassium
hydroxide,  and  sodium  chloride)  was  conducted  by  soaking
nanofibrous  membranes  in  6  mol/L  potassium  hydroxide,
6 mol/L sulfuric acid and saturated sodium chloride at 80 °C for
6,  18,  and  24  h  respectively.  Afterward,  the  samples  were
washed  by  deionized  water  to  neutral  or  remove  the  salt,  and
then  dried  in  a  vacuum  oven  at  100  °C  for  1  h.  Then  all  these
samples  were  characterized  by  morphology  analysis  and  ten-
sile tests.

Characterizations
The  chemical  structures  were  determined  by  FTIR  spectra
(Bruker  Tensor  27).  The  morphologies  were  measured  on  a
scanning  electron  microscopy  (SEM,  FEI  Quanta  200).  Dynamic
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mechanical  analysis  (DMA)  was  performed  in  a  PerkinElmer
Diamond Analyzer  which operates in  the tension mode,  under
the temperature range from 30 °C to 500 °C at a heating rate of
3  °C/min.  The  mechanical  properties  were  characterized  by  a
universal electronic experiment machine (SANS, CMT1802) at a
tensile speed of 5 mm/min. The thermal stability was measured
by  a  thermal  gravimetric  analyzer  (TGA,  TGA55,  TA)  under
nitrogen gas at a heating rate of 10 °C/min.

RESULTS AND DISCUSSION

Preparation of 6-PI Electrospun Fibrous Membranes
In this work, 6-PI electrospun fibrous membranes were prepared
by  a  template-assisted  method.  At  the  beginning,  the 6-PI
precursor, 6-PAA dark brown solution, was synthesized without
addition of  catalyst,  4-dimethylaminopyridine  (DMAP),  and the
resultant 6-PAA only shows a low intrinsic viscosity of 0.25 dL/g.
In comparison, after adding DMAP into the reaction, the intrin-
sic  viscosity  of 6-PAA  solution  was  significantly  increased  to
0.40 dL/g, suggesting a relatively higher molecular weight than
that  without  catalyst.  According  to  the  intrinsic  viscosity  of
poly(amic acid) in DMSO, the weight average molecular weight
can  be  calculated  from  the  Mark-Houwink  equation  of  PAA.[51]

The molecular weight of the 6-PAA solution synthesized without
DMAP catalyst  was  4570 g/mol.  In  contrast,  the 6-PAA solution
synthesized  with  DMAP  catalyst  was  8414g/mol,  which  was
1.84  times  of  the  6-PAA  solution  synthesized  without  DMAP.
However,  such 6-PAA  solution  with  higher  intrinsic  viscosity
was  still  not  high  enough  for  electrospinning  to  form
electrospun  nanofibers.  Therefore,  one  of  the  electrospinnable

solutions, 5-PAA light yellow solution was prepared from BPDA
and  ODA.  It  possessed  a  much  higher  intrinsic  viscosity  of
3.2 dL/g, suggesting the high molecular weight and suitable for
electrospinning  after  diluting.  In  addition,  PVP  with  high
molecular  weight  of  1.76×106 was  chosen  as  another  electro-
spinnable  polymer  because  of  the  good  electrospinnability
and  low  decomposition  temperature  of  PVP.  Therefore,  as
shown  in Fig.  1,  these  two  electrospinnable  solutions  were
mixed with 6-PAA solution to prepare electrospinning solutions.
After  electrospinning, 6-PAA/5-PAA  and 6-PAA/PVP  composite
fibrous  membranes  were  obtained. Via further  thermal
treatment at different temperatures, 6-PI/5-PI, 6-PI/PVP, and neat

6-PI  electrospun  fibrous  membranes  were  prepared.  Herein,
the  addition  of  high  molecular  weight  polymer  solutions  as
electrospinning-assistance  solution  can  guarantee  the  high
quality nanofibrous membranes with smooth fiber surface and
uniform fiber diameters.

FTIR Analysis
FTIR is an efficient technique to analyze the chemical structures.
Fig.  2 presented  the  FTIR  spectra  of 6-PI-450, 6-PI/5-PI  and

6-PI/PVP  fiber  membranes. 6-PI-450  was  derived  from  the
thermal  treatment  of 6-PI/PVP-10  at  450  °C.  After  the  thermal
treatment,  the  PVP  component  was  decomposed  completely,
only remaining very few residual char.[51] Therefore, it is difficult
to  observe  the  infrared  signal  from  sample 6-PI-450  and  the
infrared spectrum of 6-PI-450 sample can be considered as  the
infrared absorption signal of neat 6-PI. Both 6-PI and 5-PI exhibit
the  same  vibration  absorption  band  of  aromatic  ring  at
1500  cm−1.  The  symmetric  stretching  vibration  band  of  C＝O
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in  six-membered  imide  ring  appears  at  1715  cm−1,  while
asymmetric  stretching  vibration  band  appears  at  1675  cm−1.
As  comparison,  the  corresponding  absorption  bands  of  C＝O
in 5-PI  five-membered  imide  ring  appear  at  1775  and
1710  cm−1,  respectively  (Fig.  2, 5-PI-370).  Similarly,  the  stretc-
hing  vibration  bands  of  C―N  in 6-PI-450  and 5-PI-370  are also
different,  where  1346  and  1368  cm−1 are  observed  respecti-
vely.  The  above  different  locations  for  the  same  group  in 6-PI
and 5-PI  could  be  due  to  the  smaller  tension  of  six-membered
ring  and  smaller  polarity  of  carbonyl  imide  and  carbon-nitro-
gen  bond  in 6-PI  than  that  in 5-PI.  In  addition,  because  of  the
larger conjugation group, 6-PI shows a stretching absorption at
1246  cm−1,  larger  than 5-PI  (1236  cm−1).  Because  of  the  low
content  of  PVP  and 5-PI, 6-PI-450, 6-PI/5-PI-10  and 6-PI/PVP-10
exhibited  nearly  the  same  spectra.  The  absorptions  at  2955
and  2920  cm−1 of 6-PI/PVP-10  could  be  attributed  to  the
vibration of  C―H in aliphatic  chain of  PVP,  because the PVP is
thermally stable even at the 370 °C imidization temperature.

Thermal Properties
Thermal  resistance  is  one  of  the  most  outstanding  charac-
teristics  of  PI  materials.  The  PIs  with  six-membered  imide  ring
possess  much  more  stable  structure,  therefore,  exhibiting  bet-
ter thermal resistance. Fig. 3 shows the TGA and DMA curves of

6-PI,  6-PI/5-PI  and 6-PI/PVP  nanofibrous  membranes  and  the
corresponding  thermal  properties  are  summarized  in Table  1.
Neat 6-PI  nanofibrous  membranes  (6-PI-450)  possess  the  high-
est thermal decomposition temperature with T5% of 564 °C and
T10% of  579  °C.  The T5% and T10% of 6-PI/5-PI-30  (including  30%

5-PI) were 528 and 545 °C, 36 and 34 °C lower than those of 6-PI-
450.  The  poorest  thermal  resistance  was  observed  from 6-
PI/PVP-20  fiber  membranes,  because  of  the low  thermal
resistance  component  of  PVP  (20  wt%).  DMA curves  (Fig.  3b)
showed that the glass transition temperature (Tg) of composite
nanofibrous membranes decreased with the increase of 5-PI  or
PVP content. In addition, all composite membranes exhibit only
one  glass  transition  peak  between  280  and  311  °C,  indicating
the excellent thermal resistant of PIs and the good compatibility
between 6-PI, 5-PI and PVP. However, Tg of 6-PI was only 306 °C,
lower  than expected,  which could be due to  the small  ratio  of
loss  modulus  to  storage  modulus  (tanδ)  as  well  as  the  wide
and  flat  peak.  Therefore,  it  is  difficult  to  determine  the  real Tg

of 6-PI from DMA.

Mechanical Properties
The  obtained  fibers  of 6-PI, 6-PI/5-PI,  and 6-PI/PVP  nanofibrous
membranes  presented  smooth  surface  without  obvious  def-
ects. All the fibers show the fiber diameters in the range of 0.8−
1.2  μm  (Fig.  4).  However,  these  fiber  membranes  presented
quite  different  mechanical  properties.  As  shown  in Fig.  5,

6-PI/5-PI  demonstrates  higher  tensile  strength  and  elongation
at  break  than  those  of 6-PI  and 6-PI/PVP,  while  the  mechanical
property  of 6-PI/5-PI  is  enhanced  with  the  increase  of 5-PI
content. 5-PI,  as  a  conventional  PI,  possessed  superior  mec-
hanical  performance  due  to  their  relatively  high  molecular
weight.[52] Similar  results  were  also  observed  in 6-PI/PVP
composite  nanofibrous  membranes  because of  the super  high
molecular weight of PVP.

The  detailed  mechanical  properties  of 6-PI, 6-PI/5-PI  and

6-PI/PVP  are  summarized  in Table  2,  which  clearly  revealed

Table 1    Thermal performance data of the fibrous membrane.

Sample T5% (°C) T10% (°C) tanδ Tg (°C)

6-PI/5-PI-30 528 545 0.2349 280

6-PI/5-PI-20 531 553 0.1705 300

6-PI/5-PI-15 536 558 0.1543 304

6-PI/5-PI-10 539 566 0.3368 311

6-PI/PVP-20 500 530 0.1523 292

6-PI/PVP-10 507 546 0.1719 294

6-PI -450 564 579 0.0544 306
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Fig.  2    FTIR  spectra  of 6-PI-450°C, 6-PI/5-PI  and 6-PI/PVP  fiber
membranes.
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Fig. 3    TGA (a) and DMA (b) curves of 6-PI, 6-PI/5-PI and 6-PI/PVP.
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mechanical  differences  among  these  membranes.  As  sh-
own  in Table  2,  all  the  membrane  samples  possess  tensile
strength,  modulus,  elongation  at  break  in  the  range  of
60−151 MPa, 0.91−2.00 GPa, and 9.5%−26.5%, respectively. In
detail, 6-PI/PVP-10 fiber membrane with 10 wt% PVP showed
tensile  strength  of  65  MPa,  modulus  of  1.1  GPa  and  elonga-

tion  at  break  of  16.2%.  Accordingly, 6-PI/5-PI-10  fiber  mem-
brane  with  10  wt% 5-PAA  possessed  tensile  strength  of  88
MPa, modulus of 1.23 GPa and elongation at break of 21.7%.
In general, 5-PI fiber membrane should have better mechanic-
al properties than 6-PI fiber membrane because of the higher
molecular  weight  of 5-PI.  But  neat 6-PI  membrane  can  be
achieved  by  removing  PVP  at  a  high  temperature  above
420  °C.[53] Therefore,  the  neat 6-PI  nanofibrous  membranes,

6-PI-450,  by  450 °C  annealing presented much poorer  mech-
anical performance with tensile strength of 60 MPa, modulus
of 0.92 GPa and elongation at break of 9.5% than 6-PI/PVP-10
fiber  membrane,  which  could  be  attributed  to  the  low  mo-
lecular weight of 6-PI.

Acid, Alkali and Salt Resistance

Alkali resistance
Although  PI  possess  high  thermal  resistance  and  excellent
mechanical properties, many imide rings exist in their molecular
chains,  where  the  carbonyl  groups  are  sensible  to  water  and
easily  hydrolyzed  to  shorter  molecular  chains,  especially  in
alkaline conditions. For instance, the commercial PI membrane,
Kapton,  are  facile  to  be  decomposed  in  a  boiling  alkaline
hydrazine  condition  to  generate  monomers.[54] In  this  work,
because  of  the  high  specific  surface  areas  and  the  porous
structures,  electrospun 6-PI, 5-PI, 6-PI/5-PI-10,  and 6-PI/PVP-10
nanofibrous  membranes  are  more  prone  to  hydrolysis  and
degradation.  To  observe  the  results  apparently,  the  fiber
membrane  samples  were  stored  in  hot  concentrated  alkali
solution  (80  °C,  6  mol/L)  for  different  time.  After  that,  all  the
samples  were  observed  by  naked  eyes  and  SEM  images,  and
also characterized by tensile tests. Fig. 6(a) illustrates the photos
of 6-PI  samples  after  hydrolyzing  at  80  °C  for  6,  8  and 24  h,
respectively. The appearance of samples hardly changed except
a slight yellow color of alkaline solution. After immersing 6-PI/5-
PI-10  and 6-PI/PVP-10  fiber  membranes  in  alkaline  at  80  °C  for

Table 2    Mechanical  properties  of 6-PI/5-PI, 6-PI/PVP and 6-PI-450 fiber
membranes.

Sample Strength (MPa) Elongation at break (%) Modulus (GPa)

6-PI/5-PI-30 151±20 20.9±2.3 2.00±0.31

6-PI/5-PI-20 149±9 24.9±1.1 1.74±0.24

6-PI/5-PI-15 116±11 26.5±1.9 1.36±0.32

6-PI/5-PI-10 88±7 21.7±0.5 1.23±0.17

6-PI/PVP-20 75±9 16.1±1.1 1.21±0.24

6-PI/PVP-10 65±8 16.2±1.4 1.10±0.18

6-PI -450°C 60±6 9.5±1.2 0.91±0.10
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Fig.  4    SEM  images  of  electrospun  fiber  membranes:  (a) 6-PI/5-PI-30;  (b) 6-PI/5-PI-20;  (c) 6-PI/5-PI-10;  (d) 6-PI/PVP-20;  (e) 6-PI/PVP-10;  (f) 6-PI-
450; (g) 5-PI; (h) fiber diameters of above samples.
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Fig.  5    Typical  stress-strain curves of 6-PI/5-PI, 6-PI/PVP and 6-PI-450
fiber membranes.
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6−24  h,  the  color  of  solution  was  darker  while  nanofibrous
membranes were still unbroken but seem to be softer (Figs. 6b
and 6c).  On  the  contrast,  the  color  of  traditional 5-PI  fiber
membranes  transformed  from  golden  yellow  to  light  yellow
after 5 min in alkaline solution at 80 °C. Then it changed to white
after  15  min  and  broke  into  fragments  after  30  min  (Fig.  6d).
These  observations  demonstrated  the  poor  alkaline  hydrolysis
resistance of electrospun 5-PI fiber porous membranes because
the  five-membered  imide  groups  could  be  easily  attacked  by
OH−, leading to the breakage of molecular chains. In contrast, in
spite of small fiber diameters with large specific surface area and
high  contact  area  to  alkali,  electrospun 6-PI  fiber  membranes
exhibited  excellent  hydrolysis  resistance  to  alkaline  conditions.
This  excellent  alkaline  hydrolysis  resistance  of 6-PI  membrane
could  be  attributed  to  the  more  stable  six-membered  ring
structure  of 6-PI  molecules,  avoiding  the  attack  from  OH− of
great nucleophilicity.

Further SEM characterization was used to observe the cor-
rosion of fiber surfaces after treatment by hot alkaline for dif-

ferent time. As shown in Figs. 7(a) and 7(b), the fibers of both

6-PI-450 (24 h)  and 6-PI/PVP-10 (6 h)  are smooth without any
corrosion  evidence  on  the  surfaces.  However,  corrosion  and
adhesion  of  fibers  can  be  observed  on  sample 6-PI/5-PI-10
fiber  membranes  after  alkaline  treatment  for  6  h  and  8  h
(Figs.  7c and 7d),  which  could  be  because  of  the  hydrolysis
and degradation of 5-PI in the composite fibers. As expected,
the  worst  alkaline  resistance  can  be  observed  from  sample

5-PI  fiber  membrane.  Only  5  min  treatment  in  alkaline,  the
fibers  exhibit  serious  adhesion  (Fig.  7e)  while  after  30  min
treatment,  all  the  fibers  were  hardly  observed  the  fibrous
morphology (Fig. 7f). All the SEM observations suggested that
the  alkaline  resistant  of  PI  fiber  membranes  with  five-
membered  imide  ring  were  much  worse  than  that  of  the  PI
fiber membranes with six-membered imide ring.

Further mechanical properties were characterized to evalu-
ate the alkaline resistance of the 6-PI/5-PI-10, 6-PI/PVP-10, 6-PI-
450 and 5-PI electrospun fiber membranes before and after al-
kaline  treatment  for  different  time.  The  typical  stress-strain
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d
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Fig.  6    Photos  of  different  fiber  membranes  after  alkaline  treatment  at  80  °C  for  different
time. (a) 6-PI-450; (b) 6-PI/5-PI-10; (c) 6-PI/PVP-10; and (d) 5-PI.
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curves are presented in Fig. 8 and the corresponding detailed
mechanical properties are summarized in Table 3. In general,
all the membranes showed a decrease of tensile strength and
a  trend  of  increase  and  decrease  for  elongation  at  break  as
the alkaline treatment time increased. The decrease of tensile
strength could be due to the molecular  degradation with al-
kaline treatment. The trend of elongation could be because of
the slipping between the fibers from the decrease of fiber ad-
hesion.  In  addition,  the reduction rate of  tensile  strength ac-
celerated  with  the  increasing  amount  of 5-PI  or  PVP.  Among
all  the  membrane  samples, 6-PI/5-PI-30-0h  membrane  pos-
sessed the best tensile strength up to 150 MPa because of the
high amount of the 5-PI component (~30 wt%) with high mo-
lecular weight. 6-PI/5-PI-30-1h membrane showed the highest
elongation at break of 59.2%, 1.5 times of that of 6-PI/5-PI-30-
0h.  Such  high  elongation  at  break  could  be  due  to  the  re-
move of 5-PI component, leading to the decrease of adhesive
force,  and  therefore  the  fibers  became  loose  and  slipped.
However,  because  of  the  same  reason,  the  tensile  strength
decreased dramatically to 82.2 MPa with a reduction of 45.5%.
As expected, neat 6-PI fiber membrane, 6-PI-450, exhibited the
best  alkaline  resistance  with  the  smallest  loss  of  tensile
strength of 14.3%, 20.6%, 41.3% for alkaline treatment time of
6 h, 18 h, 24 h, respectively. While the elongation at break of

6-PI-450  membrane  after  alkaline  treatment  was  more  than

twice  of  the  original 6-PI-450  membrane,  and  also  much  lar-
ger  than  other  membrane  samples  after  24  h  alkaline  treat-
ment.  These  results  further  demonstrated  that 6-PI  mem-

Table  3    Mechanical  properties  of 6-PI/5-PI, 6-PI/PVP, 6-PI-450  and 5-PI
after alkaline treatment for different time.

Polymer Time Elongation at
break (%)

Strength
(MPa)

Loss of
strength (%)

6-PI/5-PI-10 0 h 26.4±0.8 75.8±5.2 0
6 h 58.1±2.0 63.0±6.5 16.9

18 h 48.2±5.7 52.3±5.2 30.9
24 h 42.1±1.3 41.1±4.7 45.7

6-PI/PVP-10 0 h 16.2±4.9 65.4±8.4 0
6 h 35.9±2.6 56.8±6.5 13.1

18 h 26.1±2.2 44.4±5.7 32.2
24 h 7.8±3.7 28.6±3.8 56.2

6-PI/5-PI-30 0 h 20.8±2.3 150.7±20.3 0
1 h 59.2±3.4 82.2±9.2 45.5
3 h 38.5±4.1 62.2±13.6 58.7
6 h 22.2±1.6 33.2±11.7 78.0

6-PI-450 0 h 9.5±3.4 60.1±6.3 0
6 h 14.9±1.7 51.5±7.9 14.3

18 h 21.7±2.1 47.8±6.1 20.6
24 h 20.9±3.2 35.3±4.4 41.3

5-PI 0 h 13.9±3.5 144.0±10.2 0
5 min 16.1±5.8 84.0±14.2 41.7

15 min 31.1±4.2 7.1±5.1 95.1
30 min − − −

a 2 µm

d 2 µm

b 2 µm

e 2 µm

c 2 µm

f 2 µm 
Fig.  7    SEM  images  of  fiber  membrane  surface  after  alkaline
treatment.  (a) 6-PI-24h;  (b) 6-PI/PVP-10-6h;  (c) 6-PI/5-PI-10-6h;  (d) 6-PI/

5-PI-10-18h; (e) 5-PI-5 min; (f) 5-PI-30min.
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Fig. 8    Typical stress-strain curves of (a) 6-PI/5-PI, and (b) 6-PI/PVP and

6-PI-450 after alkaline treatment for different time.
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Fig. 9    SEM images of fiber membrane samples by acid (a-c) and salt (d-f) treatment. (a) 6-PI/5-PI-10-24h; (b) 6-PI/PVP-10-24h; (c)

5-PI-24h; (d) 6-PI/5-PI-10-24h; (e) 6-PI/PVP-10-24h and (f) 5-PI-24h.
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Fig. 10    Typical stress-strain curves of fiber membrane samples with acid (a, b) and salt solution (c, d) for different time.
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branes are the best PI materials to the alkaline resistance.

Acid and salt resistance
To  evaluate  the  acid  and  salt  resistance,  similar  treatments  on
the 6-PI/5-PI, 6-PI/PVP,  and 5-PI  fiber  membranes  for  different
time  were  performed  by  6  mol/L  sulfuric  acid  and  saturated
sodium  chloride  solutions.  As  shown  in Fig.  9,  after  the
treatment  even  for  24  h,  no  obvious  surface  changes  of
damages were observed for all the fibers, suggesting the much
better resistance to acid and salt than to alkali.

Further  mechanical  performance  of  the  fiber  membranes
after  the  acid  and  salt  treatment  was  evaluated  by  tensile
tests  as  shown  in Fig.  10 and  the  corresponding  properties
are  summarized  in Table  4.  With  the  increasing  treatment
time in acid and salt, the mechanical performances, including
tensile strength and elongation at break of all the fiber mem-
branes became poor.  However,  the reduction rate was smal-
ler in acid or salt than that in alkaline solutions while the smal-

lest reduction rate could be obtained in salt  solutions.  In de-
tail,  after treatment in acid for 24 h, 6-PI/5-PI-10 and 5-PI fiber
membranes  still  exhibited  a  strength  retention  of  75%/64%,
and elongation retention of 66%/64%, respectively. This sug-
gested  that  PI  membranes  have  a  much  better  resistance  to
acid than to alkali,  especially the 6-PI  membrane. In addition,
all  the  PI  membranes  have  a  relatively  excellent  salt  resist-
ance. After salt treatment for 24 h, the 6-PI/5-PI-10 membrane
still possessed a high tensile retention of >93%, even the neat

5-PI  membrane still  remained 81% of original strength of the
untreated 5-PI  sample.  Notably,  all  the  fiber  membranes
showed  a  significant  decrease  on  elongation  with  no  more
than  65%  retention  after  acid,  alkali  and  salt  treatment  at
80 °C for 24 h, which could be due to the shortened molecu-
lar chains from the breakage of the PI molecules.

CONCLUSIONS

In  summary,  electrospun  polynaphthalimide  (PNI)  with  six-
membered imide rings (6-PI) nanofibrous membranes has been
successfully  prepared via a  template  strategy  using 5-PI  and
PVP  as  template.  The  resultant  neat  fibrous  membranes  and
composite  membranes  possessed  remarkable  thermal  stability
with T5%>500 °C, especially the neat 6-PI nanofibrous membrane
with T5%>560  °C.  The  addition  of  template  polymers  can
significantly  improve  the  mechanical  properties  of  composite
nanofibrous membranes, 6-PI/5-PI and 6-PI/PVP. Because the six-
membered  imide  ring  structure  possesses  smaller  bond  angle
tension  and  higher  structural  stability  than  that  with  five-
membered  imide  ring,  the  PNI  electrospun  nanofibrous
membranes  (6-PI-450)  have  the  best  chemical  resistance  to
strong  acid,  strong  alkali  and  concentrated  salt.  After  being
treated  in  these  chemical  solutions  at  80  °C  for  24  h,  the 6-PI
nanofibrous  membranes  can  still  possess  the  smooth  fiber
morphology,  and  maintain  over  50%  mechanical  performa-
nce  of  the  sample  without  chemical  treatment.  Such  high
performance 6-PI electrospun nanofibrous membranes could be
good  candidates  for  applications  in  different  chemically  harsh
environments.
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