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ABSTRACT: In this study, an existing ternary membrane system based on nonsolvent-induced
phase separation (NIPS) with a phase-field model was optimized. To study and analyze the
effects of different additives on the formation of the skin layer and the effects of the three
solvents on membrane characterization under the same conditions, two-dimensional
simulations of the relevant parameters of a poly(vinylidene fluoride) (PVDF) membrane
system were performed. The specific application of quaternary substances in ternary membrane
systems was elaborated by determining the cohesive energy density between the additives and
solvents, followed by the interaction parameters χ under the joint effect of the two. The results
showed that the PVDF microporous membrane formed a dense surface layer at the mass
transfer exchange interface, and with an increase in the poly(ethylene glycol) (PEG)
concentration, the phase separation of the skin layer was predominantly transformed from
liquid−solid partitioning to liquid−liquid partitioning; the number of membrane pores
increased with increasing poly(vinylpyrrolidone) (PVP) concentration. The N,N-dimethylace-
tamide (DMAc) solvent system had the most stable thermodynamic properties; the dimethyl sulfoxide (DMSO) solvent system had
mostly large pores running through the membrane and exhibited a porous structure. Related experiments also validated the model.
Therefore, this model can be applied to other PVDF ternary membrane systems to better understand the structural development of
microporous PVDF membranes under different conditions.

1. INTRODUCTION
A high-performance poly(vinylidene fluoride) (PVDF) ultra-
filtration membrane can be prepared by using the nonsolvent-
induced phase separation (NIPS) method. This method
involves inducing solid−liquid or liquid−liquid phase separa-
tion by diffusing a certain composition of homogeneous
polymer solution of solvent and nonsolvent double diffusion to
change the thermodynamic instability of the polymer solution.
This phase separation results in the formation of a three-
dimensional subnetwork gel structure (i.e., polymer-rich phase
curing), and the polymer-poor phase elutes to form a pore-like
structure. The main structure of the membrane is constituted
by this three-dimensional reticulated gel structure.1 PVDF
prepared using PVDF powder has good mechanical properties,
weather resistance, and chemical stability and is widely used in
water treatment, aerospace, biomedical, and other fields.

When NIPS is utilized for the preparation of PVDF
membranes, the system mainly undergoes transient phase
splitting, dominated by liquid−liquid phase splitting. The
phase separation of any unit is not completed independently or
instantaneously, and the rate of the interaction with the mass
transfer affects the change of the content between the

substances, which, in turn, also affects the membrane
performance. To obtain PVDF membranes with different
separation properties and perform separation efficiently, the
membrane structure and the shape of the membrane pores are
usually altered by varying the concentration of the casting
solution, additives, solvent, and solidification temperature.2−4

Dense skin is formed by gels, and porous skin is formed by
liquid−liquid phase separation.5 Additives, as pore-making
agents, have an important influence on the membrane skin
structure, whereas different solvent systems have different
degrees of influence on the membrane structure and
properties. The phase-field method can introduce field
variables (usually component local volume fractions), specif-
ically study the polymer melt and solution phase-separation
process, and can be used to characterize the local composition
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at various locations in the phase region and changes at the
interface of the two-phase regions.

Flory−Huggins’ thermodynamic theory suggests that a
number of kinetic models can be employed, such as the
microscale phase-field theory and microscale molecular/
particle-based simulation methods. To date, several exper-
imental and simulation studies of the phase-separation process
and simulation structures have been conducted with different
control factors in the film formation process. The initial study
of NIPS modeling involved a one-dimensional steady-state
diffusion model developed by Cohen et al.6 in 1979. In 1988,
McHugh et al.7,8 constructed a pseudobicomponent model
based on the phase-separation behavior of a polymer/solvent/
nonsolvent ternary system. In addition, Cheng et al.9 benefited
from the experience of the previous model and demonstrated
the formation and numerical prediction of various membrane
structures. Zhou et al. extended the simulation to two and
three dimensions, such that the simulated system was a
nonsolvent/solvent/polymer ternary system with periodic
boundary conditions and homogeneous initial conditions,
and the formation of the asymmetric phase-separation
morphology induced by interphase mass transfer was
characterized by simulation.10 Zhang et al.11 investigated the
intermolecular forces between additives, solvents, and
inorganic agents and their effects on membrane structure
and properties using density functional theory (DFT).
However, the existing models do not systematically consider
the effects of additives in conjunction with the solvents. The
main objective of this study was to establish a quaternary
substance phase-field model based on the kinetic theory of
polymer macromolecules by applying the ternary Cahn-Hillard
equation and the Flory−Huggins thermodynamic theory. The
membrane structure was examined under different additive and
solvent conditions to elucidate the process of the development
of membrane structures under different conditions.

In this study, the dimensionless and three boundary
conditions are specified based on the phase-field model. The
quaternary substance is processed by utilizing a ternary system,
combining the additives and solvents into a single whole, and
readjusting the parameters of the thermodynamic system to
conform to the quaternary solution to improve the applicability
of the model. The effects of additives on skin formation and
three different solvents on membrane characterization under
the same conditions are presented by combining experiments
and phase-field simulations and compared to the experimental
results to verify the correctness of the model. The differences
in the PVDF membrane structure are also revealed in the final
form with different additives and solvents.

2. MODEL
The initial diffusion and phase separation are two different
phenomena. During submergence, diffusion eliminates the
differences in the concentrations of the substances. During
phase separation, the concentration of the substance undergoes
an “uphill” phenomenon, which leads to a larger concentration
difference between different substances. Because the change in
concentration between substances is driven by the minimum
free energy between regions, the free energy is described by the
phase-field model.

The phase-field approach is based on the Ginzburg−Landau
theory, which describes the occurrence of phase transitions in
substances. Differential equations are used to reflect the
diffusion processes, changes in chemical potentials, and

thermodynamic driving forces associated with specific physical
mechanisms. The development of phase-field modeling began
in the 1950s and continued aggressively in the 1970s. Kahn,
Hilliard, and Allen proposed nonzero-thickness diffusion
between separated phases based on a study involving spinodal
dynamics. In this study, based on the Flory−Huggins theory,
when only binary interactions between the substances are
considered to occur, the Gibbs free energy of mixing for a
ternary solution system containing a polymer is expressed
as12−15
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where R is the gas constant, T is the temperature, ni and φi are
the mole number and volume fraction of component i,
respectively, and χij is the Flory−Huggins interaction
parameter (i,j = p,s,n, where the component n is the
nonsolvent, s is the solvent, and p is the polymer).

Because the quaternary system is more complex and difficult
to solve by finite volume, the quaternary substance is treated
using the ternary system, the solvent and the additive are
viewed as a whole, denoted by s-q, and the parameters of the
thermodynamic system are readjusted so that it conforms to
the quaternary system. In the Flory−Huggins thermodynamic
model, the interaction parameter χij (i,j = p,s,n,s-q) is the most
important, and it can be used as an important index to judge
the compatibility between substances. For the polymer n mixed
system with solvent and additive molecules s-q, χn(s‑q) can be
calculated from the mixing energy ΔEmix, as follows:
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where R is the gas constant, T is the simulation temperature,
and Vmon is the average molar volume of the monomer, which
can be obtained by dividing the volume of the mixed system by
the number of repeating units. Table 1 shows the specific
values of χ at different volume fractions for each system.

When the mixed system reaches equilibrium, the mixing
energy ΔEmix is given by
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where ϕn and ϕs‑q are the volume fractions of components n
and s-q, respectively. The terms in parentheses are the cohesive
energy densities of the components n, s-q, and the mixed
system.

Table 1. Parameters of Flory-Huggins Interactions in the
System (χij)

systems volume fraction (%) χn(s‑q) χ(s‑q)p χnp
PEG/PVDF/DMF/H2O 5/18/72/5 0.22 0.17 0.97

10/18/67/5 0.24 0.17 0.98
15/18/62/5 0.21 0.18 0.97

PVP/PVDF/DMF/H2O 2/18/75/5 0.33 0.21 0.82
5/18/72/5 0.35 0.21 0.81

10/18/67/5 0.33 0.22 0.84
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However, the phase is uniquely determined by the values of
the conserved field variables (e.g., concentration and volume
fraction), that is the conserved Ginsberg−Landau equation,
which is a diffusion equation derived from the total free energy
equation of the system.

The tissue evolution of a ternary PVDF membrane system
can be characterized in terms of binary volume fractions (i.e.,
φp and φs), and the spatial evolution of the system can be
obtained by solving the generalized Cahn−Hilliard diffusion
equation16 as follows:

= +
t

Jp
p (4)

= +
t

J
s q

s q (5)

where ζ is the thermal noise term described by ζ2 = ⟨(∂φ)2⟩,
and is the mean square deviation of the component, i.e., the
intensity of fluctuations.17 Ji is the diffusive flux of component
i. Based on the nonequilibrium thermodynamic theory
proposed by Onsager et al.,18 it can be described by the
chemical mobility and chemical potential gradient equations as
follows:
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where μs‑q, μp, and μn are the chemical potentials of the
components s-q, p, and n, respectively. Mii is chemical mobility,
which is closely related to the self-diffusion coefficient Di:
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where f is the body free energy density (unit molar free
energy).

It is obtained according to eq 1:
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According to the Stokes−Einstein equation,20−22 the diffusion
coefficient is expressed as

=D
K Tb

(11)

where D is the diffusion coefficient of the substance, Kb is the
Boltzmann constant, and η is the viscosity of the liquid.

The difference (μi − μj) between the chemical potentials of
the substances is equal to the variance of the total local free
energy G over the local volume fraction φi as follows:
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where Kij is the gradient penalty coefficient.
Because of the actual processes of substance immersion and

precipitation, an additional boundary condition was added to
make the simulation results more consistent with the actual
situation. To establish the periodic boundary condition, the
entire unit was disassembled into individual physical units with
spatiotemporal periodicity for processing; thus, weakening the
boundary effect.23 The use of periodic boundary conditions
causes the chemical potential (μ) and the volume fraction of
matter (φi) to repeat in each direction.

The substance should cause movement out of the plane of
symmetry and rotation in the plane of symmetry in one
direction. Therefore, the displacement along the normal to the
line of symmetry, the angle of rotation around the line of
symmetry, the displacement along the line of symmetry, and
the angle of rotation in the modeling plane were set to zero. As
the polymer solution was located at the base of the gel bath,
the interface was chosen as a symmetric boundary.24 In the
simulation, the symmetric boundary condition was expressed
as follows:

=
y
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The two basic forms of mass transfer caused by the irregular
motion of molecules are called molecular diffusion.25,26 Mass
transfer caused by concentration differences is called
convective diffusion.27,28 Therefore, to better conform the
model to the actual membrane formation process, a mass-
transfer boundary condition at the top of the simulation
domain, that is, molecular diffusion, was proposed. In the X
and Z directions, the mobility (Mij) and chemical potential (μi)
are expressed as
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where Jix is the scattering of the substance in the x-direction
and Jiz is the scattering of the substance in the z-direction.

The second boundary condition at the additional boundary
is
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Since the symmetry of the laws of physics implies the
invariance of the laws of physics, the laws of physics have to be
expressed in dimensionless form.29−31 Although the dimen-
sionless form has not been sufficiently analyzed in previous
studies, this experiment simplifies the calculations using
dimensionless equations, which profoundly reflect the intrinsic
variations in physics.

After dimensionalizing the equations based on the simulated
length and time, the expressions are as follows
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where L is the length of the simulation area and t ̃ is the
characteristic diffusion time scale of the polymer.

The control equation can be derived as follows:
Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

i

k
jjjjjjj

y

{
zzzzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑ

= +

+

t

D f
K K K1

2
( )p p

f
p

p p p p s q

s q

2
( )

2

( )

p

2

2

(23)

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

i

k
jjjjjjj

y

{
zzzzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑ

= +

+

t

D f
K K K

1
2

( )
s q s q

f
s q

s q s q p p s q
2

( )

2

s q

2

2

(24)

3. EXPERIMENTAL SECTION
3.1. Materials and Reagents. Analytically pure reagents

dimethyl sulfoxide (DMSO), N,N-dimethylacetamide
(DMAc), and N,N-dimethylformamide (DMF) were pur-
chased from Tianjin Komeo Chemical Reagent Co. Analyti-
cally pure poly(ethylene glycol) 1000 (PEG) and poly-
(vinylpyrrolidone) K30 (PVP) were purchased from Tianjin
Chemical Reagent Co. PVDF (FR904) was purchased from
Shanghai San Aifu New Materials Co. Deionized water was
used as the nonsolvent.

The parameters of the additives and solvents are
summarized in Table 2.
3.2. Preparation of PVDF Flat Microporous Mem-

branes. To assess the accuracy of the model, we divided the
experiment into five groups, assuming that the variables in each
group were unique, as shown in Table 3.

Prior to the experiment, PVDF (18%) was dried in an oven
at 60 °C for 24 h to remove excess water. The solvent and
deionized water were added to a conical flask in an appropriate
ratio (10:1) and dispersed by sonication. An amount of PVDF

was weighed and placed into the mixture according to the
grouping to obtain the desired 0.10, 0.15, and 0.20 volume
fractions of the different solvents DMSO, DMAc, and DMF
and stirred at 60 °C for 10 h until it was completely dissolved.
The mixture was kept in a 60 °C water bath for 12 h for
defoaming. Next, the casting solution was poured onto a glass
plate and scraped with a spatula to make a solution film
(chosen to be 200 μm thick), which was quickly immersed in a
pure aqueous solution at room temperature for the phase
transition. The water was changed every 8 h during the first 3
days (72 h) and daily for the following 4 days. After 7 days, the
phase transformation of the membranes was considered
complete, and the membranes were stored in pure water for
later use. The solvent used for the additive control was DMF;
the additives were placed in weighed PVDF and mixed with it,
and the rest of the membrane formation process was the same
as described above.
3.3. Characterization of PVDF Membranes. The crystal

structures and crystallinities of the membranes were charac-
terized by using a wide-angle X-ray diffractometer (Rigaku,
Dnax-rA). The morphology and structure of the top and
bottom surfaces as well as the end faces of the membranes
were characterized by using field-emission scanning electron
microscopy (SEM, DSa 100, Hitachi, Japan). The porosity was
determined by using wet and dry specific gravity methods. The
specific steps were as follows: the pure membrane was cut into
2 cm × 2 cm samples, the water droplets on the surface were
wiped off with filter paper, the weight of the sample was
recorded, the sample was dried, and the weight of the sample
was recorded. Each membrane was tested thrice, the mean
value was calculated, and the porosity of the membrane (ε0)
w a s d e t e r m i n e d u s i n g e q u a t i o n

Table 2. Parameters of the Chemical Compound

chemical name chemical formula CAS number densities (g/cm3)

H2O H2O 7732−18−5 1
PVDF −(C2H2F2)n− 24937−79−9 1.77
PVP (C6H9NO)n 9003−39−8 1.69
PEG1000 HO(CH2CH2O)nH 25322−68−3 1.125
DMSO C2H6OS 67−68−5 1.100
DMAc C4H9NO 127−19−5 0.937
DMF C3H7NO 68−12−2 0.945

Table 3. Ratios for Each Group

case
PVDF
(wt %) solvents

additive
(wt %) gelatin bath

temperature T
(K)

Aa 18 DMF purified
water

333.15

Ab 18 DMSO purified
water

333.15

Ac 18 DMAc purified
water

333.15

Ba 18 DMF PEG (5%) purified
water

333.15

Bb 18 DMF PEG (10%) purified
water

333.15

Bc 18 DMF PEG (15%) purified
water

333.15

Ca 18 DMF PVP (2%) purified
water

333.15

Cb 18 DMF PVP (5%) purified
water

333.15

Cc 18 DMF PVP (10%) purified
water

333.15
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pore size of the membrane rm was obtained using filtration
velocimetry based on the Guerout Elford−Ferry formula:
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0
, where ε0 is the porosity of the

membrane (%), η is the viscosity of the water, 8.9 × 10−4

Pa·s, l is the thickness of the membrane (m), Q is the volume
of filtered water per unit time (m3/s), A is the effective area of
the membrane (m2), and ΔP is the operating pressure (MPa).
The crystallinity was calculated by the differential scanning
ca lor imetry (DSC) method us ing the formula :

= ×X 100%H
Hc

m

m
0 , where Hm and ΔHm

0 are the melt baking

of the measured sample and the melt baking of the 100%
crystalline sample, respectively, and ΔHm

0 of PVDF is 104 j·
g.32,33

4. RESULTS AND DISCUSSION
Anaconda 3.0 program was used to solve the equations. The
gradient cross-penalty coefficients Kss = Kpp = Kqq were used to
perform simulations, and the values of Kss and Kpp were
determined using the constants derived by Caneba et al.34

During the calculations, the area of the two-dimensional (2D)
simulation was chosen to be 3 × 6 μm2 to ensure that the ratio
of the x-dimension to the y-dimension was 1:2. A resolution of
200 × 400 pixels was used as the analytical grid. The

simulation applied a combination of 30% film-forming liquid
and a 70% gel bath. Because the amount of residual polymer
and solvent in the nonsolvent is small, a neutralization value of
0.01 was assumed in the gel bath.

In Section 4.1, simulations of the effects of different
concentrations of different additives on the surface structure
of the PVDF membrane are presented. The effects of different
solvents on the structure and properties of the PVDF
membranes are discussed in Section 4.2.
4.1. Effect of Different Additives at Different

Concentrations on the Structure of the Cortex. Additives
are used as the fourth component, which can improve the
structure and properties of the membrane. Herein, additives
are added to the casting solution. In initial studies, additives
were mainly used to create more holes in the membrane, and
at this time, they were also referred to as pore makers.35−42

However, an increasing number of studies have found that the
role of additives is different in different cast-film fluid systems;
that is, additives can either inhibit the formation of macropores
or lead to the formation of macropores. For example, Muyake
et al. investigated the inhibitory effect of PEG on macropore
formation when added to a cast film fluid, and Han et al. found
that different molecular weights and concentrations of
additives used in PVP could promote the development and
inhibition of macroporosity.43,44

Therefore, to study the effect of different additive
concentrations on the evolution of the cortical structure,
different concentrations of the two additives were selected for

Figure 1. Microscopic simulation of the quaternary PVDF membrane system under different PEG concentrations (a−c) at different times.
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simulations under the same conditions. Figure 1 shows the
microsimulation at different PEG concentrations (a, 5%; b,
10%; c, 15%) when the volume fraction of PVDF is 18%.
Figure 2 shows the microsimulation at different PVP (a, 2%; b,
5%; c, 10%) when the volume fraction of PVDF is 18%. Figure
3 shows the SEM images at different PEG concentrations (a,
5%; b, 10%; c, 15%) when the volume fraction of PVDF is
18%. Figure 4 shows the SEM images at different PVP (a, 2%;
b, 5%; c, 10%) when the volume fraction of PVDF is 18%.
Figures 5 and 6 show the trend between the porosity and film
formation time at different concentrations of different
additives.

From the data and image representations of the
experimental results and the results of the simulated micro-
graphs of the variations, it can be analyzed that the simulated
micrographs of the variations are consistent with the
experimental electron microscopy graphs. The experimental
and simulation results show that the upper surface of the
membrane exhibits a structure dominated by the liquid−solid
split phase, and with the increase in the PEG concentration in
the casting solution, the phase separation of the skin layer is
transformed from the liquid−solid split phase to the liquid−
liquid split phase dominated by the liquid−liquid split phase.
The simulation results show that with an increase in the PEG
concentration, the delayed skin layer time increases and the
cortex becomes thicker and denser. According to Fang et
al.,45,46 a PVDF concentration of 18 wt % has a dense cortex
and produces a dense granular phase, which leads to an

increase in the concentration of the casting liquid. The liquid−
solid phase is more likely to occur after the addition of PEG, so
the porous structure caused by liquid−liquid phase separation
does not exist. Therefore, the pores on the membrane surface
are caused by the migration of PEG in the late stage of
membrane formation. The molecular weight of PEG is very
large, and it migrates into the poor polymer phase nucleus
during precipitation. As can be seen from Table 4, the water
flux, porosity, average pore size, and crystallinity of the
membrane are maximum at a PEG concentration of 10 wt %,
and the membrane physical properties and membrane
morphology are optimized at this time. The simulation results
show that the addition of PEG increases the viscosity of the
entire system and the increase in viscosity hinders mass
transfer and exchange between the components. This leads to a
slower sedimentation rate of the cast film solution. However,
the volume and pore size of PEG increase owing to the
increase in PEG concentration; however, when the viscosity of
the casting liquid increases to a certain value, owing to the rise
in the system viscosity, more PEG is left in the membrane,
which is ultimately larger than that diffused into the
solidification bath during the precipitation process. This results
in a denser membrane surface, making a portion of the PEG
unable to precipitate out, resulting in the formation of a surface
with a small pore size.

In this study, we analyzed the film-forming mechanism of
PVP based on the study of PEG. The membrane formation
mechanism of PVP is similar to that of PEG as an additive.

Figure 2. Microscopic simulation of the quaternary PVDF membrane system under different PVP concentrations (a−c) at different times.
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However, because of the slower formation, the PVDF crystals
grow into flakes of smaller diameter and higher thickness under
certain conditions. There are two stages of skin formation: the
precipitation stage (15 min) and the blister film stage (6−7
days). In the precipitation stage, the skin-casting solution
undergoes liquid−solid phase separation and PVP diffuses into
the solidification bath with the solvent DMAc during the
phase-separation process. The molecular weight of PVP is
much larger than that of DMAc and the nonsolvent (H2O),
and PVP forms its own nucleus in the interstitial space of the
PVDF nuclei without complete diffusion into the solidification
bath, that is, PVP is a crystalline polymer with its own
crystalline nucleus. With an increase in the PVP concentration,
the crystallinity of the membrane decreases, the thickness of
the membrane does not change significantly, and the porosity
and average pore size first increase and then decrease.
Therefore, the formation of the membrane skin layer has
different characteristics according to different concentrations
of PVP. On the one hand, with the increase in PVP
concentration, the delayed liquid−solid partitioning phase
dominates the formation of the membrane, reduces the
precipitation rate, and prolongs the delay time. On the other
hand, the formation of the PVP surface is dense, and most of
the crystalline aggregates of the PVP are left on the surface of
the membrane and the incipient membrane, but when the
concentration of PVP is high (e.g., 10 wt %) because of the

high viscosity of the whole system, the entanglement of the
PVP and PVDF chains increases and the migration decreases.
The second stage of membrane surface formation is the
blistering stage, where water immersion causes the PVP to
gather on the membrane surface, further dissolving out and
forming holes on the membrane surface. With an increase in
the PVP concentration, the membrane surface holes also
increase gradually. However, when the PVP concentration rises
to a certain value (10 wt %), the PVP diffused into the
coagulation bath by the precipitation process reduces, and
those that are left in the membrane increase, ultimately
resulting in a reduction in the number of pores in the
membrane skin layer and pore diameter. The vesicle stage, the
second stage of membrane surface formation, leads to the
accumulation of PVP on the membrane surface for further
dissolution. As the concentration of PVP increases, its volume
also increases and the number of PVP pores on the membrane
increases. However, as the PVP concentration increases to a
certain value, the number and size of the membrane pores
decrease because of the precipitation, which diffuses less into
the coagulation bath and leaves more PVP inside the
membrane.
4.2. Effect of Different Solvents on the Membrane

Structure and Properties. To investigate the effect of the
solvent type on the morphological and structural changes of
the membrane and to elucidate the changes in the membrane

Figure 3. Electron microscopy images of PVDF membranes with different PEG concentrations.
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structure, we fixed the initial PVDF volume fraction at 18% for
the analytical study. Figure 7 shows the microsimulation under
different solvents (a, DMF; b, DMAc; c, DMSO) when the
volume fraction of PVDF is 18%. Figure 8 shows the SEM

images under different solvents (a, DMF; b, DMAc; c, DMSO)
when the volume fraction of PVDF is 18%.

Based on the simulations in Figure 7, we can see that the size
of the membrane pores and the final appearance of the
membrane cortex differ for different solvents. The membrane

Figure 4. Electron microscopy images of PVDF membranes with different PVP concentrations.

Figure 5. Trends of porosity and time required for film formation in
systems with different PEG concentrations during simulations.

Figure 6. Trends of porosity and time required for film formation in
the system with different PVP concentrations during simulations.
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structures remained almost unchanged after more than 135
simulations using the same solvent. The difference in solvents
causes the thermodynamic properties and kinetics of PVDF
membrane systems to differ from one solvent system to
another. The solvents mainly affect the structure and
performance of PVDF membranes through the interaction
coefficients between solvents/polymers, and thus, the structure
and performance of PVDF membranes.47

The results of the electron microscopy experiments in Figure
8 are consistent with the simulations. When DMF is used as
the solvent, the surface of the membrane is the densest, the
cross-sectional structure shows a cell-cavity sponge structure,
and the membrane pore connectivity is poor. When DMAc is
used as the solvent, the surface of the membrane shows a
granular microporous structure relative to DMF. The surface
of the membrane is denser, the pore diameter is moderate, the
number of pores is more uniformly distributed, the cross-
section shows a finger-like pore structure, and the connectivity
of the membrane pores is good. When DMSO is used as the
solvent, the number of holes on the surface is large and
unevenly distributed, the finger holes are wider, some of them
are connected up and down, and there are aggregated PVDF
spherical crystals in the lower part of the membrane with the
highest porosity.

The structures and properties of the blended membranes are
completely inconsistent because of the separate thermody-
namic and kinetic controls of the film formation process. The
link between the thermodynamic and membrane properties is
small, whereas the link between the kinetic factors and the
membrane structure is large. Different solution systems are
controlled by different phase-separation behaviors. Although
the phase-separation behavior is influenced by both thermody-
namics and kinetics, the generation of picosublayers is related
to both factors.

5. CONCLUSIONS
The simulation results were compared to the experimental
results to illustrate the specific application of the ternary
membrane system in a phase-field simulation. The following
conclusions were drawn.

(1) The simulation results were in agreement with the
experimental results, which verified the validity and
accuracy of the model. Therefore, the mathematical
model can be applied to ternary membrane systems by
modifying specific chemical parameters, which has a
certain guiding significance for predicting the develop-
ment of the structure and performance of the blended
membrane. This expands the application of the Cahn−
Hilliard equation in the field of polymer phase
transformation and realizes the ternary treatment of
quaternary substances by combining solvents and
additives, which enriches the quaternary substance
treatment method.

(2) According to the simulation and experimental results,
using water-soluble polymers (PEG and PVP) as
additives led to the phase separation of the skin layer
from the liquid−solid phase to the predominantly
liquid−liquid phase with an increase in additive
concentration and delay time (t1). Subsequently, the

Table 4. Properties of Membranes with Different PEG and
PVP Concentrations

serial
number

film
thickness

(nm)
water flux

(L·m−2·h−1)
porosity

(%)

average
pore size

(nm)
crystallinity

(%)

Ba 66.3 350.95 83.4 12.31 22.9
Bb 67.8 380.22 84.6 24.53 25.6
Bc 68.6 212.27 78.1 21.28 23.1
Ca 60.1 322.11 80.2 22.72 21.3
Cb 64.5 392.32 84.4 34.58 20.2
Cc 67.2 302.49 78.1 26.33 18.6

Figure 7. Microsimulation of the quaternary PVDF membrane system when the volume fraction of PVDF is 18% and the solvents are DMF (a),
DMAC (b), and DMSO (c).
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delay time of the skin layer increased, the skin layer
became thicker and denser, and the viscosity of the
whole system increased. The precipitation rate of the
casting liquid slowed down, and the inflection point in
the performance and structure of the membrane was
observed. Moreover, the pore size on the surface and the
development of large pores within the membrane first
increased and then decreased; the porosity of the
membrane, the water flux, and the degree of crystallinity
first increased and then decreased with the increase in
the concentration of additives. This phenomenon was
also observed in the simulation. Hence, low concen-
trations of polymer additives promote pore generation,
while high concentrations of polymer additives inhibit
pore generation.

(3) DMAc, DMF, and DMSO were used for investigating
the effects of different solvents on the structure and
properties of the blended films. The thermodynamic
properties of the three systems were as follows: the most
stable was the DMAc solvent system, and the least stable
was the DMSO solvent system. The phase-separation
type of the membranes changed from transient phase
separation to delayed phase separation in the order of
the solvent systems DMSO, DMAc, and DMF, and the
structure of the membranes changed from a porous to a
dense membrane structure. Among them, DMSO
showed the best development of macropores in the

membrane, indicating a porous structure with large
pores running through it, whereas DMAc and DMF
exhibited dense granular structures.

The current model can be applied to quaternary PVDF
membrane systems for simulating the membrane formation
process during the submerged precipitation phase transition.
However, in actual membrane production, one often chooses
to modify the blended membrane by mixing solvents, adding
more additives, adding ions to the gel bath, etc. The model will
continue to be deepened in the future.
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