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a b s t r a c t
The inorganic salts addition can affect the interactions among the polymer chains and further 
influence the membrane structure. In this work, the effects of calcium chloride (CaCl2) on the crys-
tal structure and separation performance of poly(vinylidene fluoride) (PVDF) membranes were 
studied. The influence of CaCl2 addition with varying concentrations (0–3 wt.%) was investigated 
by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), scanning electron 
microscopy (SEM), and molecular dynamic (MD) simulations. XRD and FTIR characterizations 
indicated that CaCl2 could induce the transformation of PVDF crystal structure from α to β, which 
was further confirmed by molecular dynamic simulation. The MD simulation results revealed that 
the interaction between Ca2+ and F atom distorted the dihedral angle of PVDF chains, inducing the 
crystal structure transforming partially. SEM characterization indicated that the finger-like voids 
became longer and broader with increasing amount of CaCl2 addition. The membrane consisting 
of 0.7  wt.% CaCl2 exhibited the best performance with bovine serum solution rejection of 84.7% 
and water permeability of 203.6 L m–2 h–1 bar–1.

Keywords: �Calcium chloride; PVDF membrane; Crystal form transform; Molecular dynamic 
simulation; Mechanism

1. Introduction

Considering the irreplaceable role of clean water in 
promoting the sustainable development of economy [1], 
the problem of water pollution induced by the rapid 
development of industrialization has become increasingly 
prominent. Traditional methods, such as evaporation, floc-
culation, activated-sludge, are faced with great challenge 
in meeting the strict requires of environment because of 

disadvantages of high operating cost, huge cover area, and 
long duration. Owing to the obvious advantages such as 
high separation efficiency, low cost, and high operation flex-
ibility, membrane technology has become a superior separa-
tion method and played a vital role in separation processes 
in recent years. Due to the high mechanical strength, ther-
mal stability, and chemical resistance, poly(vinylidene flu-
oride) (PVDF) has been evidenced to be an excellent alter-
native materials in membrane separation [2], and PVDF 
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membranes have been extensively applied in water and 
wastewater treatment, chemical industry, medicine, food, 
and other fields [3,4]. However, the main problem of PVDF 
membrane focuses on membrane fouling and contamina-
tion by proteins, other impurities and/or microorganism 
in water due to its hydrophobic nature, which leads to an 
enormous decrease of permeability.

In recent years, various efforts, such as physical blend-
ing [5], chemical grafting [6], and surface modifications [7], 
have been devoted to improve the anti-fouling and separa-
tion performance of PVDF membrane. Typically, addition 
of inorganic salts in casting dope during phase inversion 
process is one of the effective practice to improve the per-
meability and/or rejection of PVDF membranes [8]. Lithium 
chloride (LiCl), which has excellent solubility in both water 
and various organic solvents, has attracted much atten-
tion as a pore forming additive in the preparation of PVDF 
membranes [9]. For example, Park et al. [10] added LiCl 
to the polymer dope solution to form a sponge-like struc-
ture with reduced macrovoid. Tomaszewska [11] found 
that increasing LiCl addition could lead to the formation 
of larger cavities and result in the increase of porosity, 
but the mechanical strength was drastically reduced.

In order to obtain the high-performance membrane, 
other inorganic salts were employed as additives. Kim et 
al. [12] reported that the addition of zinc chloride (ZnCl2) 
on membrane formation could lead to higher rejection but 
lower water permeability. Idris et al. [13] reported that the 
membrane with 2  wt.% lithium bromide (LiBr) exhibited 
excellent separation activity and the pure water flux recov-
ery up to 90%. Noor et al. [8] reported that the addition of 
sodium bromide (NaBr) could endow the membrane with 
certain negative charge, which could prevent the aggrega-
tion of particles on membrane surface and improve their 
antifouling capability. However, all the above studies 
focused on the relationship between the dose of additive 
and the separation performance of the membrane.

As a matter of fact, PVDF is a semi-crystalline polymer 
[14,15], polymer crystallinity and crystal phase also play 
an important role in determining mechanical strength and 
separation performance of the membranes [16–18]. In Nawi 
et al. [17], they found the dope solution temperature could 
affect the transformation of α- to β-phase, and the mem-
brane with more β-phase exhibited better flux. However, 
Li et al. [18] research indicated that the solvent of PVDF 
dope did not affect the crystallinity of PVDF.

Recently, Sun et al. [19] revealed that the addition of 
SiO2 could induce the partial crystal phase transformation of 
PVDF from α to β phase, which was attributed to the hydro-
gen bond between SiO2 and PVDF polymer chain. Lin et al. 
[20] studied the lithium perchlorate (LiClO4) addition on 
the morphology and crystal structure of PVDF membranes 
by wet phase inversion process. They also found that the 
PVDF crystallites became into β form at the high salt dopes 
(e.g., >5  wt.%). However, the mechanism of the inorganic 
salts impact on PVDF crystal form is still not clear.

In the past years, the lithium halogenated-based 
additives and their effects on membrane properties and 
performance have been widely explored and reported 
[21]. Compared with lithium salts, inorganic additive of 
calcium chloride is cheaper and easy to obtain. However, 

there are few reports of addition of CaCl2 on the separation 
performance especially on the crystal structure of PVDF 
membrane.

From this point of view, our work herein aimed to 
systematically study the influence of inorganic salt addi-
tive of CaCl2 on crystal structure and performance of PVDF 
membranes. Particularly, the mechanism for the crystal 
transformation induced by the interaction of the inorganic 
salt and polymer was revealed by molecular simulation 
(MD). The results obtained here can both shed light on 
designing high-performance PVDF membrane and promot-
ing application of polymer membrane.

2. Experimental

2.1. Chemicals

PVDF (761A molecular weight: 7  ×  105  g  mol–1) was 
purchased from Arkema, France. Poly(vinyl pyrrolidone) 
(PVP) (molecular weight: 58,000, K29–32), calcium chloride 
anhydrous (CaCl2, AR, >96%) and N,N-dimethylacetamide 
(DMAc, reagent grade) were supplied by Fuchen Chemical 
Reagents Co., (Tianjin). Bovine serum albumin (BSA) (molec-
ular weight: 68,000 Da) was obtained from Yuanye Biological 
Co., (Shanghai). Deionized water was prepared using a 
Simplicity® UV system and used for all tests. All chemicals 
were used as received without further purification.

2.2. Membrane preparation

The PVDF membranes were prepared by the phase 
inversion method. Firstly, the CaCl2 salts were dispersed 
in DMAc and sonicated for 0.5 h. Then the PVDF and PVP 
were added in the above mixture and it was stirred at 
60°C for 6 h to obtain casting solution. In order to remove 
suspended gas-bubbles from the solution, the resulting 
homogenous casting solution was kept at 60°C for 12  h 
in a vacuum oven before casting. The dope solution was 
poured onto a clean glass plate at room temperature and 
it was casted on a glass plate using a casting knife with 
approximately 200 μm gate height. The glass plate with the 
thin membrane was then immersed into a deionized water 
bath without any delay to remove the residual DMAc 
and the additives. The dope solutions prepared consist of 
17 wt.% PVDF and various compositions of CaCl2 and PVP 
are given in Table 1.

2.3. Membrane characterization

2.3.1. X-ray diffraction

X-ray diffraction (XRD) patterns of the as-prepared 
samples were collected on a Rigaku Ultima IV diffractometer 
with Cu Kα radiation (λ = 0.15406 nm). Data were recorded 
in a 2θ range from 5° to 80° with a step size of 0.01°, and 
the step interval is 2 s.

2.3.2. Fourier transform infrared spectroscopy

The crystalline phase or phases present in each sample 
were measured and collected using Fourier transform 
infrared spectroscopy (FTIR, STA6000-TL9000-MS, USA). 
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The spectra were recorded in a wave number range of 
4,000–600  cm–1 by cumulating 64 scans at a resolution of 
2 cm–1.

2.3.3. Scanning electron microscopy

Scanning electron microscopy (SEM, ZEISS-MERLIN-
Compact, Germany) was used to examine the morphology 
of the PVDF membranes by the standard methods. The 
membrane samples were snapped in liquid nitrogen so as to 
give a generally clean break. Then the samples were dried 
in a vacuum oven and coated by sputtering platinum to 
ensure excellent conductivity prior to analysis.

2.3.4. Conductivity

The conductivity of water bath was tested using a 
conductivity meter (DDSJ-308A, China) to analyze the dif-
fusion of the CaCl2 salts from the solid phase (membrane) 
to the liquid phase (water bath). The results were shown 
in supporting information.

2.3.5. Contact angle

The contact angle was tested by a contact angle ana-
lyzer (SCA20, Germany). Sample coupons were prepared 
by cutting pieces at random locations within the mem-
brane sheets. The sample was placed on a glass plate (top 
side up) and fixed with tape. Then, a drop of distilled water 
(5  μL) was placed on the surface using a micro-syringe. 
The contact angle was measured at five different locations 
for each membrane sample so as to ensure reproducibility 
of data.

2.3.6. Porosity

Based on the results of the gravimetric method, the 
overall porosity of the membranes (ε) was calculated 
through Eq. (1) [22]:

ε
ρ

=
wet dry H2O

W W
S L
−( )
×

/
	 (1)

where Wwet and Wdry are the weight of the wet and dry mem-
brane, g, respectively, S is the membrane effective area, cm2, 

L is the membrane thickness, cm and ρH2O
 is the density of 

water g mL–1.

2.4. Membrane evaluation

The water permeability and BSA rejection of membranes 
were evaluated using dead-end filtration system (shown 
in Fig. 1), which was consisted with a nitrogen cylinder, 
an Amicon 8200 filtration cell (Millipore, 200  mL), a mag-
netic stirrer (Corning, PC-420D) and an electronic balance 
(Adventure pro, AV8101).

The membranes were tested for water permeation fluxes 
using deionized water at 0.2 MPa. The water permeate flux 
(J) and permeability (k) of the membranes were obtained by 
using the following equations:

J V
S t

=
×∆

	 (2)

k J
p

= 	 (3)

where V is the volume of the solution, L, S is the effective 
area of the ultrafiltration membrane, m2, Δt is the filtration 
time, h, and p is the transmembrane pressure, bar.

The rejection rates of the membranes were deter-
mined by separation experiments using BSA solutions 
with concentration of 1.0  g  L–1 at a pressure of 0.2  MPa. 

Fig. 1. Experimental apparatus of membrane performance test.

Table 1
Dope solution formulation of PVDF membranes

Membrane PVDF (wt.%) CaCl2 (wt.%) PVP (wt.%) DMAc (wt.%)

M0 17.0 0.0 0.0 83.0
M1 17.0 0.0 1.0 82.0
M2 17.0 0.5 1.0 81.5
M3 17.0 0.7 1.0 81.3
M4 17.0 0.9 1.0 81.1
M5 17.0 1.0 1.0 81.0
M6 17.0 2.0 1.0 80.0
M7 17.0 3.0 1.0 79.0
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The concentration of BSA in the feed and permeate solu-
tions was measured by using UV-vis spectrometer (HACH 
DR6000, USA) at wavelength of 280  nm. The solute 
rejection of membrane was calculated using Eq. (4):

R
C C
C

t=
−

×0

0

100 	 (4)

where R is the rejection rate of BSA, %, C0 and Ct are BSA 
concentration in feed solution and permeate solution, 
respectively, mol L–1.

2.5. Antifouling property evaluation

The antifouling property of membrane was evalu-
ated by BSA solution of 1.0  g  L–1. First, the membrane 
was pre-pressured at 0.2  MPa with deionized water for 
20  min in the dead-end filtration set up system until the 
flux reached a stable value and recorded the water flux JW1 
(L m−2 h−1). Subsequently, BSA solution replaced the deion-
ized water at a testing pressure of 0.2 MPa for 20 min, and 
then the membrane was taken out. To remove the fou-
lant from the surface, the membrane was immersed into 
deionized water for 20 min and then were rinsed with cool 
tap water without sponge or hand contact. The cell was 
also washed and recharged by deionized water, then the 
membrane was reloaded and tested again by deionized 
water, the water flux of cleaned membranes JW2 (L m−2 h−1) 
was tested and recorded.

In order to examine the antifouling property clearly, 
the flux recovery rate (FRR) was defined and calculated by 
Eq. (5):

FRR = ×
J
J
W

W

2

1

100% 	 (5)

2.6. Molecular simulation methods

In order to understand the interaction of CaCl2 with the 
PVDF and the transformation of PVDF crystalline phase, 
the molecular dynamic (MD) simulations were carried out 
using Materials Studio software [23]. The models of PVDF 
shown in Fig. 2 with various ratio (consistent with experi-
ments) were constructed using the Amorphous Cell mod-
ule, which is part of the Materials Studio suite of programs. 
The model is a cube of 30.5  ×  30.5  ×  30.5 Å3, including 24 
α crystal form PVDF chains, and each chain consists of 20 
CH2–CF2 monomer units [24]. The number of PVDF chains 
and CaCl2 in each structure and the total number of atoms in 
each case were shown in Table 2.

The COMPASS force field [25] was used in this work. 
Firstly, the system was relaxed by the geometry optimiza-
tion, the box was adjusted to a size with a density around 
1.78 g cm–3. Secondly, the system was subjected to anneal-
ing cycles of 2  ns duration wherein the temperature was 
increased linearly from 300 to 1,000  K with a time step 
size of 1 fs in the NPT ensemble at 1 atm. After annealing, 
the system was cooled to 300 K in 2 ns time intervals [26]. 
Finally, the MD simulation at 300  K and 1  atm was per-
formed for an additional 1,000 ps with a time step of 1  fs 
to reach the equilibrium condition and remove residual 
stress. Snap shots of the system were saved every 1,000 steps 
and the last 200 snap shots were used for further analysis 
of the structures.

3. Results and discussion

3.1. Effect of CaCl2 addition on the crystal form of PVDF 
membranes

In order to study the effect of CaCl2 addition on crystal 
structures of PVDF membrane, XRD measurement was 
carried out and the result is shown in Fig. 3. The peaks at 

Fig. 2. Simulation model of the PVDF membrane. (a) Crystallize structure of α-PVDF segment, (b) crystallize structure of β-PVDF 
segment, (c) PVDF model without CaCl2, and (d) PVDF model with CaCl2. The gray-white balls represent H atoms, the gray-black balls 
represent C atoms, the blue balls represent F atoms, the green balls represent Ca2+ ion, and the light green balls represent Cl– atoms.
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2θ = 18.46°, 20.24°, and 26.68° are attributed to the diffrac-
tions of (200), (110), and (201) planes of α crystal in PVDF, 
and the peak at 2θ  =  20.8° is attributed to the diffraction 
of (110) plane of β crystal in PVDF [27,28]. For the pure 
PVDF membrane (M0 in Fig. 3), the big peak in the range 
of 18°–26° indicates its amorphous structure. However, 
PVDF membrane with 1  wt.% PVP doping shows two 
obvious peaks at 2θ  =  18.4° and 20.8°, which are ascribed 
to (200) plane of α and (110) plane of β crystal form, indi-
cating the mixed crystal structure of α and β. Furthermore, 
weakening of the peak at 2θ  =  18.4° and strengthening of 
the peak at 2θ = 20.8° after CaCl2 addition indicate the for-
mation of more β-phase. Intriguingly, this phenomenon is 
consistent with the results of lithium salt addition in PVDF 
membrane [20], in which the β-phase was enhanced with 
the increased amount of LiClO4. In order to reveal the mech-
anism of CaCl2 impact on the PVDF crystal form, molec-
ular simulations were further carried out in section 3.2 
(Interaction between CaCl2 and PVDF).

For the better identification of the crystal phases, infra-
red spectroscopy was performed for all fabricated sam-
ples (shown in Fig. 4). It was reported that, the α crystal 
of PVDF exhibits a transgauche (TGTG′; shown in Fig. 
2a) conformation with characteristic absorption bands at 

764, 875, and 976  cm−1 [29], while the β crystal of PVDF 
exhibits an all trans (TTTT; shown in Fig. 2b) conforma-
tion with characteristic absorption bands at 510 cm−1 [30]. 
From FTIR spectrum, it can be noted that the increase of 
CaCl2 addition obviously weakens the absorption peaks at 
764 and 875 cm–1 (corresponding to α crystal form) while 
enhances the peak at 510  cm–1 (corresponding to β crys-
tal form), indicating the conversion of PVDF crystal from 
α to β. This is consistent with the XRD results.

3.2. Interaction between CaCl2 and PVDF

As mentioned above, the difference between PVDF 
α and β crystal forms was caused by the configuration of 
C–C–C–C skeleton. For the α-PVDF (shown in Fig. 2a), the 
sequential four dihedral angles formed by the backbone 
carbon atoms arrange in the trans-gauche-trans-gauche′ 
(TGTG′) conformation, whose dihedral angles are 180° 
(T) and 60° (G). For the β crystal form (shown in Fig. 2b), 
the dihedral angles are formed by backbone carbon atoms 
which are in the trans (TTTT) conformation, and the dihe-
dral angles all correspond to 180°. Accordingly, a higher 
fraction of local trans configuration indicates a higher frac-
tion of β crystal form in the membrane.

Table 2
Model information of MD simulations

CaCl2 weight fraction (%) Number of PVDF chains Number of CaCl2 Total atom numbers

0 24 0 2,928
0.5 24 8 2,952
0.7 24 12 2,964
0.9 24 15 2,973
1.0 24 17 2,979
2.0 24 32 3,024
3.0 24 48 3,072

Fig. 3. XRD patterns of PVDF membranes with and without PVP 
and/or CaCl2 addition.

Fig. 4. FTIR spectra of membranes with and without PVP 
and/or CaCl2 addition.
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Fig. 5 shows the distributions of dihedral angles for 
backbone C–C–C–C of PVDF chain with various CaCl2 
addition after 1 ns MD simulation. It can be seen that there 
are two major peaks at 60° and 170° for all cases, in which 
the peak at 60° only corresponds to α crystal form and the 
peak at 170° corresponds to both α and β crystal form. 
For the case without CaCl2, the peak at 60° was higher and 
the peak at 170° was lower. With the increase of CaCl2 addi-
tive, the peak at 60° is weakened and the peak at 170° is 
strengthened. This result indicated that the CaCl2 addition 
can convert part of the α crystal form to the β crystal form. 
Furthermore, for the case of 0.7 wt.% CaCl2, the peak at 170° 
is higher than other ratios, which means that the ratio of 
β crystal form in the PVDF membrane is the highest. This 
simulation results are consistent with our XRD and FTIR 
results.

In order to identify the interaction between CaCl2 and 
PVDF chains, the radial distribution function (RDF) were 
analyzed. RDF is commonly used to characterize extended 
molecular structure. The RDF represents the probability of 
finding a pair of atoms at a distance r with respect to the 
bulk in a completely random distribution. The Ca2+–F RDF 
results of different membranes with various CaCl2 addi-
tion were analyzed (shown in Fig. 6a). The obvious peaks 
among 1.8–2.5  Å indicated that interaction between Ca2+ 
of CaCl2 and F atom of PVDF chain. When the addition of 
CaCl2 was 0.7 wt.%, the sharp peak of Ca2+–F means stron-
gest binding between Ca2+ and F atom. Fig. 6b shows the 
RDF of the intra-molecular Ca2+ and Cl– of CaCl2 with H and 
F of PVDF in the membrane with 0.7 wt.% CaCl2 addition. 
It can be found that the intra-molecular Ca2+–F RDF peak 
was higher than the Ca2+–H, Cl––H, and Cl––F RDF peaks, 
which can be contributed to the stronger interactions of Ca2+ 
and F compared with that of other atom pairs. The typical 
conformation of PVDF chain with the exist of CaCl2 is shown 
in the top left corner of Fig. 6b. The distances between Ca2+ 
and F atoms in PVDF are as close as 2.1 Å, indicating the 
Ca2+ strongly interacts with PVDF via Ca2+–F binding. Thus, 

the stronger binding induces the carbon backbone of PVDF 
chain to exhibit the zigzag conformation, which was in 
accordance with β crystal form. Recently, Theng et al. [31] 
studied the interaction of PVDF with ionic liquid adopting 
molecular dynamic simulation, and they also found that 
PVDF has a stronger interaction with [C2bim]+ cation.

3.3. Morphology characterization of membranes

The cross-sectional SEM images of all the fabricated 
PVDF membranes with different CaCl2 additions are shown 
in Fig. 7. All the membranes demonstrate the asymmetric 
morphology characterized by a thin skin and a porous bulk. 
The morphology of pure PVDF membrane exhibits a ham-
burger structure (Fig. 7a), in which the upper and bottom 

Fig. 5. Distribution of backbone C–C–C–C dihedral angles of 
the PVDF membranes with 0, 0.5, 0.7, 0.9, 1, 2, and 3 wt.% CaCl2 
addition.

Fig. 6. Radial distribution functions: (a) the Ca2+-F of the membranes with 0.5, 0.7, 0.9, 1, 2, and 3 wt.% CaCl2 addition and (b) Ca2+and 
Cl– of CaCl2 with H and F of PVDF for the membrane of 0.7 wt.% CaCl2 addition and a typical conformation of PVDF chain at top left 
corner.
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Fig. 7. Cross-section SEM images for PVDF membranes with and without PVP and/or CaCl2 addition: (a) pure PVDF, (b) 1 wt.% PVP, 
(c) 1 wt.% PVP and 0.5 wt.% CaCl2, (d) 1 wt.% PVP and 0.7 wt.% CaCl2, (e) 1 wt.% PVP and 0.9 wt.% CaCl2, (f) 1 wt.% PVP and 1 wt.% 
CaCl2, (g) 1 wt.% PVP and 2 wt.% CaCl2, and (h) 1 wt.% PVP and 3 wt.% CaCl2.
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layers provide a finger-like structure and the middle layer 
shows a compact cellular pore structure. Due to the existence 
of continuously cellular pores, permeability of pure PVDF 
membrane is very low. Addition of 1  wt.% PVP endows 
PVDF membrane with irregular large voids (Fig. 7b), which 
can be ascribed to the enhancement of liquid–liquid demix-
ing process during precipitation of the dope solution since 
PVP is miscible with water [32].

Addition of CaCl2 in the casting solutions induces great 
changes for the fabricated PVDF membranes (Figs. 7c–h). 
Compared with the irregular macrovoids formed in mem-
brane with PVP addition, CaCl2 additive induces the for-
mation of the regular finger-voids with some small cellular 
pores between finger voids. In addition, the finger voids 
become more elongated and regular with increasing amount 
of CaCl2 (Figs. 7c–e). The formation of regular finger voids 
in membrane with CaCl2 (Figs. 7c–e) can be attributed to the 
interaction between the calcium and PVDF chains. As men-
tioned in Fig. 6, the cation of Ca2+ can enhance the interaction 
among the PVDF chains by the Ca2+–F binding in the casting 
dope.

Generally, the properties of casting solution can affect 
the liquid–liquid demixing process. In the phase separa-
tion process, salt tends to go into the liquid micelle rather 
than stay in the concentrated gel phase that contains a great 
number of polymer. For the system of CaCl2 and PVDF, the 
liquid micelle with some dissolve calcium salt is formed 
from liquid–liquid demixing. Since the cell wall may act 
somewhat like a skin layer, a large osmosis force is cre-
ated between the micelle and the surrounding gel phase. 
This force drives the non-solvent of water into the micelle, 
which further accelerates the growth of macrovoids. Such 
phenomena has also been observed by Strathmann [32] 
in early years. The increase of calcium salt ratio promotes 
the formation of spongy-like membrane structure inter-
rupted by macrovoids, which can enhance the formation of 
pores and improve the pore interconnectivity. As shown in 
Table 3, when the content of CaCl2 was more than 1 wt.%, 
larger pores are formed without any distinct change in 
porosity.

3.4. Hydrophilicity

The surface hydrophilicity, which is generally evaluated 
by water contact angle, can affect the permeability and anti-
fouling ability of membrane. The hydrophilicity of every 
membrane is analyzed and the results are shown in Fig. 8. 
Addition of CaCl2 induces the contact angel decrease from 
79° to 73°, indicating the hydrophilicity is slightly enhanced.

3.5. Separation and anti-fouling performance of PVDF 
membrane with CaCl2 addition

Fig. 9 shows the pure water permeability of the 
PVDF membrane without CaCl2 addition and those with 
different ratio of CaCl2 combined with PVP. For the mem-
brane (M0) without CaCl2 and PVP, the permeability is 
only 10  L  m–2  h–1  bar–1. But the permeability of M1 with 
1  wt.% PVP increases to 80  L  m–2  h–1  bar–1. Furthermore, 
the membranes (M2–M7) with additive of PVP and CaCl2 
show obvious increase in both permeability and rejec-
tion rates. When the CaCl2 content is 0.7 wt.%, the perme-
ability of the membrane is 203.6 L m–2 h–1 bar–1 (M3). With 
increase of CaCl2 content to 1.0  wt.% (M5), the water flux 
almost keeps stable. But further increasing CaCl2 amount to 
3 wt.% (M7), the water flux decreases to 125 L m–2 h–1 bar–1. 
At the same time, the membranes with CaCl2 showed higher 

Table 3
Porosity of PVDF membranes with various CaCl2

Membrane Porosity (%)

M0 66.3
M1 81.2
M2 78.1
M3 79.6
M4 81.5
M5 86.4
M6 80.5
M7 76.5Fig. 8. Contact angle values of various PVDF membranes.

Fig. 9. Permeability and the BSA rejection rate of membranes.
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rejection rates compared with the membrane (M0, M1) 
without CaCl2 addition, M3 membrane approximately has 
rejection of 84.7%. However, membranes (M0, M1) without 
CaCl2 additive have lower rejection rate around 70%. Results 
show that the M3 membrane exhibits both higher flux and 
high rejection rates, indicating the addition of 0.7% CaCl2 
tends to create more and small pores, which improved not 
only the permeation rate but also the rejection rate. But, the 
membranes with higher CaCl2 additive amounting of 2 wt.% 
(M6) and 3 wt.% (M7) have lower permeability, which can 
be contributed to crystallization of high concentration CaCl2 
in the voids of membrane [33]. This results also do consist 
with the SEM figures of voids for various CaCl2 addition 
(shown in Fig. 7).

In order to further investigate the anti-fouling perfor-
mance of the membrane, the FRRs of membranes with and 
without CaCl2 were tested. As shown in Fig. 10, the FFR 
of the PVDF membrane without CaCl2 was only 46.6%. 
However, with increasing the amount of CaCl2, the value 
of FFR gradually increases. The pure water flux recovery 
of PVDF membrane with 2 wt.% CaCl2 is as high as 98.8%. 
The increase in the pure water flux recovery of CaCl2 addi-
tion might be ascribed to the weakened interaction between 
the membrane surface and the contaminants, which is 
induced by the change in the crystal form of the membrane. 
The increased antifouling capability could facilitate the 
cleaning of the contaminants in the membrane operations.

4. Conclusion

In conclusion, our study indicates that the presence of 
CaCl2 displays a significant effect on the crystal structure and 
separation performance of PVDF membranes. The addition 
of CaCl2 not only induces the formation of the β crystal phase 
in the PVDF membrane, but also improves the pore struc-
ture and the performance x of the membrane. The molec-
ular dynamic simulation reveals that the strong binding 
between Ca2+ and F atom helps the PVDF chain transform 
from α to β crystal structure. The addition of 0.7 wt.% CaCl2 
is sufficient to induce the interaction between the inorganic 
salts and the polymer chains in the casting solution. CaCl2 

leads to the formation of the regular finger-voids, which 
is beneficial for the membrane separation performance. 
The fabricated PVDF membranes with CaCl2 additions show 
an obvious increase in both water flux and BSA rejection. 
The PVDF membrane with 2  wt.% CaCl2 addition shows 
greatest anti-fouling performance, in which the membrane 
flux recovery reaches 98.8%. This investigation not only 
develops a promising and cheaper inorganic salt additive 
for PVDF membrane, but also provides a better understand-
ing about the effects of small additive on the crystal form 
and separation performance of polymer membrane.
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Supplementary information
S1. Existing form of CaCl2 in the membrane

Inorganic particles play a significant role in forma-
tion and regulation of structure and properties of PVDF 
membranes. We monitored the conductivity of water bath. 
As shown in Fig. S1, when the glass plate was immersed 
into the pure water bath, the conductivity increased rap-
idly from 1.5 to 18.6 μS cm–1 in few minutes, and then the 
conductivity remained the same, which indicated that the 
leaching of Ca2+ has achieved a balance in the water. After 
the fresh water was replaced into the bath, the conductivity 
kept stably with a low value of 1.5 μS cm–1, which was as 
same as pure water. This result indicated that Ca2+ diffused 
quickly from the solid phase into the liquid phase during 
the process of phase inversion. Due to the big solubility of 
CaCl2 in water, it can be considered that few of Ca2+ existed 
in the PVDF membrane. The calcium salt only plays a role 
of regulating pore structures and induces crystal form of the 
PVDF membrane.

In order to identify whether the Ca2+ existed in the PVDF 
membrane, the energy dispersive spectrometer (EDS) of 
PVDF membrane was also tested. As shown in Fig. S2, it 
can be found there were no peaks of element calcium and 
chlorine, which indicated that there was almost no residue of 
CaCl2 in the PVDF membrane. It was well-consistent with the 
conductivity test results.

Fig. S1. Conductivity change in a gel bath of membrane (M5).

https://doi.org/10.1002/app.48204
https://doi.org/10.1002/app.48204
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S2. Separation and anti-fouling performance of PVDF 
membrane with addition of LiCl, CaCl2, and FeCl3

The separation and anti-fouling performance of mem-
branes with different inorganic salts were tested. As shown 
in Fig. S3, the water permeability of membrane with addi-
tion of CaCl2 is higher than the other membranes with LiCl 
and FeCl3. Furthermore, the flux recovery rate of membrane 

with CaCl2 is as high as 98.8%, which is also better than the 
other two membranes with LiCl and FeCl3. However, the BSA 
rejection of membrane with LiCl exhibits a little higher than 
the two membranes with addition of CaCL2 and FeCl3. The 
difference can be contributed to the interaction between the 
inorganic salts and PVDF chains, which also could provide 
various pore distribution in the membrane.

Fig. S2. Energy dispersive spectrometer(EDS) analysis of cross-section for PVDF membrane.

Fig. S3. Performance of PVDF membrane with different inorganic salt: (a) pure water flux, (b) BSA rejection, and (c) flux recovery rate 
(FRR).
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S3. Pore distribution of PVDF membrane with addition of CaCl2

As shown in Fig. S4, the small size pores were found on the surface of PVDF membrane with 1 wt.% CaCl2 addition. 
This evidence further supported the conclusion that the water permeability of membrane with addition of CaCl2 is higher 
than that of the membranes with LiCl and FeCl3 addition.

Fig. S4. SEM image of surface structure of membrane with 1 wt.% CaCl2 addition.
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