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ABSTRACT

An amphiphilic copolymer (PVDF-g-PNIPAAm) with poly (vinylidene fluoride) (PVDF) main
chains and poly (N-isopropylacrylamide) (PNIPAAm) side chains was synthesized by free-
radical polymerization, and flat sheet copolymer membranes were prepared via the phase
inversion method with N,N-dimethylformamide (DMF) as the solvent and DMF/water as the
coagulation bath. The influence of the coagulation bath composition on the structure and
properties of PVDF-g-PNIPAAm membrane was studied. The structure and performance of
membranes were characterized by X-ray photoelectron spectroscopy, scanning electron micro-
scopy, contact angle test, and filtration experiment. The results showed that the coagulation
bath composition could affect the resulting membrane properties including pore structure,
hydrophilicity, permeability, and temperature sensitivity. The PVDF-g-PNIPAAm membrane
prepared in 5 wt% DMF coagulation bath exhibited higher water flux and obvious tempera-
ture sensitivity.

Keywords: PVDF-g-PNIPAAm; Coagulation bath composition; Temperature-sensitive;
Membranes

1. Introduction

Poly (vinylidene fluoride) (PVDF) membrane has
been widely used in separation such as water treatment
and bio-separation due to its outstanding properties,
like chemical resistance, high temperature resistance,
high mechanical strength, thermal stability, and radia-
tion resistance [1–5]. In the last few decades, modifica-
tion of PVDF membranes with functional materials has
drawn much attention. The stimuli-responsive

materials have been greatly focused on, because they
can endow the membrane with stimuli-responsive
property.

Nowadays, many kinds of stimuli-responsive PVDF
membranes have been prepared and their properties
can be triggered by external stimuli such as tempera-
ture [6–9], pH [10,11], ionic strength [12], electric field
[13], or the addition of chemicals. As we all know, the
environmental temperature is easy to manipulate,
thus temperature-sensitive membranes have been
extensively studied. Poly (N-isopropylacrylamide)
(PNIPAAm) is a well-known temperature-sensitive
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polymer and exhibits a lower critical solution tempera-
ture (LCST) at about 32˚C in aqueous solutions [14].
Below the LCST, the PNIPAAm polymer chains have
an extended random coil conformation in water. As the
temperature is elevated over the LCST, the polymer
chains dehydrate to form a compact structure [15,16].
The conformation transformation of PNIPAAm near
the LCST influences the hydrophilicity and pore size of
membrane. As a result, the membrane permeability
changes with temperature. Temperature-sensitive
membrane shows an attractive prospect in drug-con-
trolled release [17], bio-separation [18], anti-pollution
self-cleaning membrane [19], chemical separation [20],
and other fields.

The temperature-sensitive behavior of PNIPAAm-
based membrane is mentioned in our previous work
[21], which can be tailored by not only the grafting
density of PNIPAAm chains but also the initial pore
size of membrane. For membranes with larger pores
and shorter grafting PNIPAAm chains, the effective
pore size decreases and water flux declines due to the
stretched PNIPAAm chains at temperature below
LCST. At temperature above LCST, when temperature
increases, the effective pore size increases and water
flux enhances due to the collapsed PNIPAAm chains.

In contrast, for membranes with smaller pores and
longer PNIPAAm chains which is longer than pore
size, the mouth of the pores is covered by stretched
polymer brushes but the expanded PNIPAAm brush
is highly hydrated leading to high permeability below
the LCST; above the LCST, the collapsed PNIPAAm
chains form an effective hydrophobic compact struc-
ture above the mouth of the pores, thereby including
the low permeability [22]. From the above, the tem-
perature-sensitive permeability could be controlled by
membrane pore structure including the pore size and
the PNIPAAm grafting chains on the pore surface.
The pore structure is closely related to the conditions
of membrane preparation. Especially, the effect of
coagulation bath composition is the most obvious.
Adding solvent into coagulation bath can effectively
change the phase separation behavior and result in
different membrane structures.

In this paper, the amphiphilic copolymer (PVDF-g-
PNIPAAm) was synthesized by alkali treatment
method, and the PVDF-g-PNIPAAm membranes were
prepared by the phase inversion method in different
coagulation baths. The influence of coagulation bath
composition on membrane properties, especially tem-
perature sensitivity, was investigated. In terms of
application, the stimulus responsiveness of membrane
is an important performance parameter and it not only
refers to the response amplitude, but also the response

speed. In previous studies about temperature-sensitive
membranes, the response speed of membrane is rarely
discussed [23,24]. Actually, the slow response speed
would lead to incomplete and inefficient separation.
In this paper, the response speed of PVDF-g-PNI-
PAAm membrane prepared in different coagulation
baths was studied.

2. Experimental

2.1. Materials

PVDF powders were purchased from Solvay Com-
pany of Belgium and used as received; N-isopropy-
lacrylamide (NIPAAm) was obtained from Tokyo
Chemical Industry Co., Ltd of Japan, and purified by
recrystallization from toluene and n-hexane;
2,2´-azobisisobutyronitrile (AIBN, 99%), used as an ini-
tiator, was supplied by Shanghai Shisihewei Chemical
Co., Ltd of China and was recrystallized from ethanol;
N,N-dimethylformamide was of chemically pure
grade, supplied by Tianjin Reagent Co., Ltd of China;
all other reagents were of analytical grade and used
without further purification, supplied by Tianjin
Kemiou Chemical Co., Ltd of China.

2.2. Synthesis of PVDF-g-PNIPAAm temperature-sensitive
copolymer

The PVDF-g-PNIPAAm copolymer was synthe-
sized by the method described in previous publication
[25]. The alkali treatment was manipulated as follows:
PVDF powders were immersed in a 2.5 mol/L KOH
solution containing 0.05 wt% ethanol, and then the sus-
pension was stirred for 10 min at 60˚C. After the sus-
pension cooled, the precipitate was collected by
filtration and washed three times with distilled water
to remove the alkali solution and ethanol. The alkali-
treated PVDF powder was dissolved in N,N-dimethyl-
formamide (DMF) at 60˚C. Subsequently, NIPAAm
and AIBN were added to the reaction system in order
to prompt graft polymerization. The solution was satu-
rated with nitrogen for 30 min. The polymerization
was allowed to proceed at 60˚C for 10 h with continu-
ous stirring. The product was precipitated by methanol
and collected by filtration. To remove the residue of
NIPAAm monomers and PNIPAAm homopolymers,
the raw product was washed with amounts of distilled
water several times. The resulting PVDF-g-PNIPAAm
copolymer was dried fully in a vacuum oven at 40˚C
before further characterization and membrane prepara-
tion. Fig. 1 depicts the reaction equation of the alkali
treatment process and polymerization reaction.
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2.3. Preparation of PVDF-g-PNIPAAm membrane

PVDF-g-PNIPAAm membrane was prepared via
the conventional phase inversion method [26]. In a
representative procedure, a casting solution was pre-
pared by fully dissolving the PVDF-g-PNIPAAm
copolymer in DMF with the concentration of 15 wt%.
The solution was stirred for 2 h at 60˚C and then left
for 6 h to allow complete release of air bubbles. After
cooling to room temperature, the copolymer solution
was cast on a glass plate by a casting knife with the
thickness of 0.2 mm, and then immersed into 0, 5, 10,
and 30 wt% DMF aqueous solution at 25˚C to induce
the formation of membranes. The resulting PVDF-g-
PNIPAAm membranes coagulated in 0, 5, 10, and
30 wt% DMF aqueous solution were assigned as M0,
M5, M10, and M30, respectively. The formed mem-
branes were soaked in distilled water for further
characterizations.

2.4. Characterization of PVDF-g-PNIPAAm copolymer and
membrane

The 1H-NMR spectra of PVDF-g-PNIPAAm
copolymer in DMSO was recorded on a Bruker
Avance 300 spectrometer operating at 300 MHz for
protons. The PVDF-g-PNIPAAm copolymer has been
characterized in our previous work [21,23,25].

The mole fraction of NIPAAm in the PVDF-g-PNI-
PAAm copolymer, abbreviated as Mc, is defined as
follows: Mc = mole number of NIPAAm in PVDF-g-
PNIPAAm/(mole number of NIPAAm in PVDF-g-
PNIPAAm + mole number of CH2-CF2 repeating units
in PVDF-g-PNIPAAm). According to the 1H-NMR
spectra of PVDF-g-PNIPAAm copolymer, the mole
fraction of NIPAAm in the copolymer is 16.7%.

The cross-section and surface morphology of the
membranes were inspected by scanning electron
microscopy (SEM, s-4800, Hitachi, Tokyo, Japan). The
membranes were fractured in liquid nitrogen to obtain
a tidy cross-section, and then sputtered with gold for
3 min before observation.

The surface chemical composition of PVDF-g-PNI-
PAAm membrane was analyzed by GENESIS 60S
(EDAX, USA) X-ray photoelectron spectroscopy (XPS)
on Thermo Fisher Advantage spectrometer with a
monochromatized Al Kα X-ray source (1,486.6 eV pho-
tons) at pass energy of 50 eV. All binding energies
(BE) were referenced to the C1s hydrocarbon peak at
284.8 eV from adventitious carbon.

The surface hydrophilicity of PVDF-g-PNIPAAm
membrane was determined using contact angle (CA,
JYSP-180, JINSHENXIN, Testing Machine Co., Ltd of
China) drop method. As a function of time, the CA of
surface was measured. The membranes were attached
on the glass slide, and then, the values of CA were
determined. All the tests were performed at 25˚C.

The water flux through the membrane was mea-
sured using a homemade filtration apparatus. The
membrane was pressurized with pure water under a
pressure of 0.1 MPa for 2 h before test to get a steady
flux. The water flux was recorded under 0.1 MPa at 20
and 40˚C. Further, to test the response speed of the
membrane, the water flux was recorded at short inter-
vals when a temperature of 40˚C was reached and this
process continued until the flux remained constant.

The flux (J, L/m2 h) was obtained by the following
Eq. (1):

J ¼ V

At
(1)

where J is the flux (L/m2 h), V is the volume of water
flowed through the membrane (L), t is the permeation
time (h), and A is the effective area of membrane
surface (m2).

3. Results and discussions

3.1. Membrane morphology

Fig. 2 shows the cross-section and surface morphol-
ogy of PVDF-g-PNIPAAm membranes prepared in dif-
ferent coagulation baths. Fig. 2((a)–(d)) depicts the

Fig. 1. The reaction equation of the PVDF-g-PNIPAAm copolymer.
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cross-section morphologies of PVDF-g-PNIPAAm
membranes, as observed by SEM. It can be seen that
when prepared in harsh coagulation bath (for M0), the
membrane has an asymmetric structure consisting of a

thin dense skin and a thick porous support which com-
prised mainly finger-like macrovoids extending almost
to the bottom surface. This kind of membrane structure
is derived largely from instantaneous liquid–liquid

Fig. 2. SEM images of PVDF-g-PNIPAAm membranes prepared in different coagulation baths with various DMF concen-
trations: (a) cross-sectional morphology of M0 and (a’) surface morphology of M0; (b) cross-sectional morphology of M5
and (b’) surface morphology of M5; (c) cross-sectional morphology of M10 and (c’) surface morphology of M10; (d) cross-
sectional morphology of M30 and (d’) surface morphology of M30.
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demixing. When the DMF concentration in the coag-
ulation bath is less than 10 wt% (for M5 and M10), the
finger-like macrovoids still dominate the cross-section
of membrane, but the macrovoids are less prevalent,
and the size of the macrovoids is significantly smaller
than that of M0. This indicates that instantaneous liq-
uid–liquid demixing still dominates the precipitation
process though the double diffusion rate between sol-
vent (DMF) and non-solvent (H2O) is reduced in a cer-
tain degree. When DMF concentration in coagulation
bath is 30 wt% (for M30), it can be observed that the
finger-like macrovoids have completely disappeared
and the cross-section of the membrane demonstrated
almost sponge-like structure. This kind of membrane
structure is derived largely from delayed liquid–liquid
demixing. Adding DMF to the coagulation bath
decreases the diffusion rate of solvent and non-solvent,
which makes the membrane formation speed slow
down. When the DMF concentration in the coagulation
bath is raised to 30 wt% (for M30), the membrane
formation speed decreases remarkably, and the demix-
ing type during membrane formation is dominated by
delayed liquid–liquid demixing. Then the membrane
presents a uniform sponge-like structure.

The surface SEM images of M0, M5, M10, and M30
are shown in Fig. 2((a’)–(d’)). It is observed that, in
general, when the coagulation bath consists of pure
water or 5 wt% DMF, the membrane surface structure
is relatively dense. This happens because coagulation
ability is so strong that polymer solidifies quickly. In
this case, the polymer concentration is very high on
the interface between casting solutions and coagula-
tion. Such a high polymer concentration brings rapidly
the polymer-rich region into a vitrification and gener-
ates the stiff and dense skin layer. When DMF concen-
tration in coagulation bath further increases (for M10
and M30), the number of the pores on the membrane
surface increases. In this case, the polymer concentra-
tion on the interface between casting solution and
coagulation is very low and the delay phase separa-
tion is easy to occur. When the membrane solidifies,
the polymer concentration at the interface is low due
to the high solvent content in the coagulation bath,
resulting in the porous surface.

3.2. Surface analysis of the PVDF-g-PNIPAAm membrane
by XPS

The surface compositions of the copolymer mem-
branes prepared in different coagulation baths are
studied by XPS. Fig. 3 shows the wide-scan spectra for
M0, M5, M10, and M30, respectively. BE at 687.3 and
285.7 eV, associated with F1s and C1s signals, are
shown in all samples. Besides, signals from O1s and

N1s occur at BE of about 532.3 and 398.5 eV, which is
from the grafted PNIPAAm.

The XPS results present the element percentage of
N and F on the membrane surface. The surface
NIPAAm mole fraction of PVDF-g-PNIPAAm mem-
brane, which is abbreviated as Ms, is readily
calculated according to the Eq. (2):

Ms ¼ N½ �
N½ � þ 0:5 F½ � � 100% (2)

where [N] and [F] are the percentages of N and F,
respectively; coefficient 0.5 represents that each repeat-
ing unit of the PVDF has two F atoms.

The NIPAAm mole fraction of PVDF-g-PNIPAAm
membrane prepared in various DMF concentration
coagulants are shown in Table 1.

According to previous work [23], we can see the
Mc of PVDF-g-PNIPAAm copolymer is 16.7%. Com-
paring the Ms (determined by XPS) of PVDF-g-PNI-
PAAm membrane with the Mc of the corresponding
PVDF-g-PNIPAAm copolymer, it can be found that
the former is much higher than the latter. This phe-
nomenon is due to the enrichment of the PNIPAAm
polymer at the outermost surface during membrane
formation process in the aqueous medium. The
copolymer possesses an amphiphilic structure with
hydrophobic PVDF chains and hydrophilic PNIPAAm
chains below its LCST. When pure water is used as
the coagulation bath, the stronger affinity between
PVDF-g-PNIPAAm and coagulation bath facilitates the
higher Ms because the driving force for PNIPAAm
moving to the coagulation. Therefore, the PNIPAAm
content on the membrane surface is higher than that
in the bulk copolymer.

Though the NIPAAm content on membrane sur-
face is higher than that in the bulk copolymer, it is
found that initially, the Ms of PVDF-g-PNIPAAm
membrane decreases as DMF concentration in coag-
ulation bath raises, but then increases when the DMF
concentration is 30 wt%. This result can be explained
by considering the affinity between PVDF-g-PNI-
PAAm and coagulation bath and the membrane
solidified time. Nosaka [27] has investigated the swel-
ling degree of PNIPAAm gel in DMF aqueous solu-
tion and found that with the DMF concentration in
water increased, the swelling degree of PNIPAAm
gels declined and the affinity between PNIPAAm and
DMF aqueous solution decreased. In the membrane
formation process of M0, M5, and M10, the affinity
between PVDF-g-PNIPAAm and coagulation bath
decreases in sequence, so the Ms decreases following
the sequence of M10 < M5 < M0. But for M30, though
the affinity between PVDF-g-PNIPAAm and
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coagulation bath is the weakest, the Ms is not the low-
est among the membranes. It has been observed in
our experiments that the membrane formation time of
M30 is much longer than that of other membranes,
and the longer membrane solidified time facilitates
the higher Ms, because there is enough time for PNI-
PAAm chain changing its conformation and moving
to the interface.

3.3. Membrane hydrophilicity analysis

Water contact angle is often used to evaluate the
hydrophilicity of membranes. Generally, low water
contact angle means high surface hydrophilic property
[28]. The hydrophilicity of the PVDF-g-PNIPAAm
membrane evaluated by water contact angle measure-
ment is displayed in Table 2.

Fig. 3. XPS wide-scan spectra of PVDF-g-PNIPAAm membrane prepared in various DMF concentration coagulants.

Table 1
Element percentages and NIPAAm mole fraction for the PVDF-g-PNIPAAm membrane surfaces analyzed by XPS

Membrane ID C1s (%) O1s (%) F1s (%) N1s (%) NIPAAm mole fraction (%)

M0 74.00 13.42 6.62 2.80 45.8
M5 70.06 14.60 8.22 3.25 44.2
M10 71.62 11.76 11.19 2.56 31.3
M30 64.61 18.49 11.22 4.56 44.4
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Among all the membranes, M0 has the lowest con-
tact angle which is 54.2˚. With the increase of solvent
in coagulation bath, the water contact angles for the
PVDF-g-PNIPAAm membranes exhibit an increasing
tendency except for M30 whose contact angle is not
the maximum value.

This phenomenon can be analyzed from the
following perspectives: firstly, compared to PVDF,
PNIPAAm is hydrophilic. So the membrane
hydrophilicity increases with the increase in NIPAAm
content on membrane surface. According to the XPS
results, the NIPAAm content of PVDF-g-PNIPAAm
membrane surface decreased with the increase in sol-
vent in coagulation bath, therefore, the hydrophilicity
of M0, M5, and M10 decreases successively and the
contact angle increases. On the other hand, the contact
angle of M30 is 68.5˚ although the surface NIPAAm
content of M30 is close to that of M5. As known to us,
the contact angle also has a relationship with the mor-
phology of the membrane surface. As the DMF con-
centration in coagulation bath increases, membrane
structure changes from finger-like macrovoids to
sponge-like structure and the porous surface. The por-
ous surface leads to the water drop absorbed rapidly.
So the contact angle of M30 is less than that of M5.

3.4. Permeability of PVDF-g-PNIPAAm membrane

Water flux was measured at 20 and 40˚C to investi-
gate the permeability and temperature-sensitivity of
the PVDF-g-PNIPAAm membrane. The results are
shown in Fig. 4. It can be seen that the permeability of
PVDF-g-PNIPAAm membrane is greatly influenced by
the composition of coagulation bath. The flux of the
PVDF-g-PNIPAAm membranes decreases with the
DMF concentration in coagulation bath. The flux of
M0 is the highest among the four membranes and
could reach to 79 L/m2 h. Compared to M0, the flux
of M30 is the lowest, and the value is 21 L/m2 h. The
permeability of membrane depends on the
hydrophilicity of membrane surface and membrane
pore structure. As is known to all, stronger
hydrophilicity of membrane surfaces and bigger mem-
brane pore structures result in the higher flux. For M0,
the finger-like macrovoids and higher NIPAAm con-
tent on the membrane surface, lead to the high flux

value. However, for M30, the cross-section structure
changes from finger-like macrovoids to sponge-like
structure completely, so the flux is low.

As shown in Fig. 4, when temperature increases
from 20 to 40˚C, the flux of all the PVDF-g-PNIPAAm
membranes increases in some degree. This is due to
the fact that the viscosity decreases with water at
higher temperature.

Fig. 5 shows the water flux changes of PVDF-g-
PNIPAAm membranes at 40˚C for 90 min. When tem-
perature is 40˚C, the flux of all the PVDF-g-PNIPAAm
membranes prepared in different coagulation baths
decreases with the extension of time. The reason for
this phenomenon maybe that the hydrophobic groups
of PNIPAAm are easy to arrange on the surface of the

Table 2
Contact angles of the PVDF-g-PNIPAAm membrane
prepared in various DMF concentration coagulants

Membrane ID M0 M5 M10 M30

Contact Angle (˚) 54.2 57.7 73.2 68.5

Fig. 4. Influence of coagulation bath composition on the
water fluxes of PVDF-g-PNIPAAm membranes manipu-
lated at different temperatures.

Fig. 5. Water flux variation of PVDF-g-PNIPAAm mem-
branes prepared in different coagulation baths at 40˚C.
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copolymer membrane at 40˚C, and the hydrophilicity
of membranes. Consequently, the water flux of the
membranes reduces with the extension of time.

Fig. 5 presents a distinct variation of water flux
when the DMF concentration of coagulation bath is
5 wt%. The response speed and amplitude are the big-
gest. That is to say, the temperature sensitivity of
PVDF-g-PNIPAAm membrane is so obvious in this
condition. From the results, we can see that the perme-
ability and the temperature sensitivity of PVDF-g-PNI-
PAAm membrane are greatly affected by the membrane
structure and could be regulated by simply varying the
coagulation bath composition. As stated in introduction
of this paper, the temperature sensitivity of membrane
based on PNIPAAm closely correlates with the PNI-
PAAm content, length on the membrane surface, and
the pore structure, this cannot be described by a simple
linear relationship. The interaction between pore struc-
ture and PNIPAAm content and length, and the tem-
perature-sensitive performance of PVDF-g-PNIPAAm
membrane prepared in 5 wt% DMF coagulation bath,
will be studied in our next work.

4. Conclusion

PNIPAAm grafted PVDF copolymer was success-
fully synthesized by alkali treatment method. The
PVDF-g-PNIPAAm membranes were prepared by the
immersion–precipitation method in different coagula-
tion baths. The membrane structure and the tempera-
ture-sensitive behavior were studied with different
concentrations of DMF aqueous solution as coagula-
tion bath. When water is used as the coagulation bath,
instantaneous liquid–liquid demixing dominates the
demixing process and results in finger-like macro-
voids. When 5, 10, and 30 wt% DMF aqueous solution
are used as the coagulation bath, the liquid–liquid
demixing was delayed and the pore structure changes
from finger-like macrovoids to uniform sponge-like
structures, the PNIPAAm content on the membrane
surface decreases and then increases with the increase
in DMF concentration in coagulation bath.

The PVDF-g-PNIPAAm membrane prepared in dif-
ferent coagulation baths shows typical temperature-
sensitive behavior, that is, a sharp change appears at
40˚C and the water flux decreases accordingly with
the increase in the DMF concentration. In addition,
when the DMF concentration of the coagulation bath
is 5 wt%, the membrane obtained in this condition
exhibited obviously temperature-sensitive perfor-
mance, that is, the flux of M5 shows the biggest
response speed and amplitude.
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