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Abstract: Poly(p-phenylene terephtalamide) (PPTA), a high-performance polymer with 

high modulus and good hydrophilicity, is often used as a reinforced material. However, due 

to its high crystallity, micro-phase separation often occurs in the blends. In this paper, 

PPTA/poly(vinylidene fluoride) (PVDF) compatible blend solution was synthesized by  

in situ polycondensation. Blend ultra-filtration membrane was prepared through the 

immersion phase inversion process. In order to obtain desired pore structure, the effects of 

different additives including hydrophilic polymer (polyethylene glycol (PEG)), inorganic 

salt (lithium chloride (LiCl)) and the surfactant (Tween-80) on the morphology and 

performance of PPTA/PVDF blend membranes were studied. The membrane formation 

process was investigated through ternary phase diagram (thermodynamics) and viscosities 

(kinetics) analysis. It was found that, with the increasing of LiCl content, a porous 

membrane structure with long finger-like pores was formed due to the accelerated 

demixing process which resulted in the increase of porosity and pore diameter as well as 

the enhancement of water flux and the decline of PEG rejection. When Tween content 

increased to over 3 wt%, dynamic viscosity became the main factor resulting in a 

decreased phase separation rate. The transfer of PEG and LiCl molecules onto membrane 

surface increased the surface hydrophilicity. The effect of Tween content on membrane 

hydrophilicity was also correlated with the compatibility of blend components.  
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1. Introduction 

Due to its excellent chemical and mechanical properties, poly(vinylidene fluoride) (PVDF) 

ultrafiltration (UF) membrane has been widely used in water and wastewater treatment and  

bio-separation [1,2]. However, the strong hydrophobicity contributed to the flux decline and frequent 

back-flushing operation which will induce the deterioration of membrane mechanical strength and 

even membrane rupture. Therefore, it is very important to enhance the hydrophilicity and mechanical 

strength of PVDF membrane. Poly(p-phenylene terephtalamide) (PPTA), a high-performance polymer 

with high modulus and good hydrophilicity, is often used as a reinforced material. However, due to its 

high crystallity, micro-phase separation often happens during the conventional blending process. In our 

previous study, PPTA/PVDF blend membrane with excellent hydrophilicity was successfully prepared 

by in situ polycondensation to overcome the phase separation [3].  

During the immersion phase inversion process, thermodynamic and kinetic properties of the casting 

solution are the two important aspects which influence the morphology and properties of the final 

membranes. For the blend membranes, the blending ratio, polymer concentration and the selection of 

solvent and nonsolvent play a crucial role in influencing these two aspects. However, in order to obtain 

the desired membrane pore structure, the application of different additives is essential. Many 

researchers have attempted to explain the membrane-forming mechanism from the changes of kinetic 

and thermodynamic properties of casting solution during the phase inversion process when a suitable 

additive is introduced into the casting solution [4–7]. The incorporation of a small amount of hydrophilic 

polymers such as polyethylene glycol (PEG) or polyvinyl pyrrolidone (PVP) always have the trend to 

form macrovoids while the macrovoids would be suppressed at high content of additives [8,9].  

Pagidi [10] added polymeric additives such as polyvinylpyrrolidone (PVP), polyetherimide (PEI), PEG 

and polyethersulfone (PES) in order to achieve both higher permeation flux and fouling resistance of 

polysulfone (Psf) membrane. The presence of PVP increased the instability and viscosity of casting 

solution which favored the instantaneous demixing and led to the formation of macrovoids in the 

membrane structure. Psf membranes with PVP as additives showed the highest pure water flux and the 

strongest anti-fouling resistance. In addition, the introduction of inorganic additives could accelerate 

the phase separation rate and contribute to a membrane structure with lots of interconnected pores. The 

resulted membrane exhibits excellent mechanical strength and thermal stability [11,12]. Ebert [13] 

investigated the influence of TiO2 as inorganic filler in poly(vinylidene fluoride) (PVDF) and 

polyamideimide (PAI) membranes on the membrane compaction behavior. Results indicated that the 

addition of 40 wt% TiO2 greatly enhanced the anti-compaction properties of PVDF membrane even 

though more finger-like pores were formed in the modified membrane. Amirilargani [14] has found 

that the addition of small amounts of hydrophilic surfactants such as Tween-80 would increase the 

formation of macrovoids and finger-like pores in the sub-layer of the polyethersulfone (PES) 
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membranes. In order to obtain desired membrane morphology, it is necessary to investigate the effect 

of additives on the morphology and performance of PPTA/PVDF blend membrane.  

Our previous study [3] was a preliminary investigation on the preparation of PPTA/PVDF porous 

membrane which was mainly centered on the effect of different blending ratio of PPTA/PVDF on the 

rejection and water flux. In addition, the membrane formation mechanism was not explained. This 

paper aimed to explore the effect of different kinds of additives on the morphology and separation 

performance of PPTA/PVDF in situ blend membranes. Membrane formation mechanism was studied 

through the thermodynamic and kinetics properties of the casting solution. The correlations among the 

formation process, membrane morphology and performance were also investigated. 

2. Experimental Section  

2.1. Materials 

Poly(vinylidene fluoride) (PVDF, FR-904, ηinh = 1.6 dL/g) powder was supplied by Shanghai  

3F New Materials Co. Ltd., China. P-phenylene diamine (PPD, ≥99%), terephthaloyl dichloride (TPC, 

≥99%), N-methyl-2-pyrrolidone (NMP, ≥99%) and anhydrous LiCl (≥99%) were obtained from 

Aladdin Co. Ltd., Shanghai, China. Polyethylene glycol (PEG, Mw =20,000 and 100,000) and  

Tween-80 were provided from Tianjin Kemiou Chemical Reagent Co. Ltd., China. LiCl powder was 

calcined at 400 °C prior to be used. 

2.2. The Synthesis of PVDF/PPTA Blend Casting Solution  

PVDF and LiCl (2 wt%) powders were dissolved in NMP at 60 °C. A certain amount of  

p-phenylene diamine (PPD) was added into the solution at ambient temperature, and then terephthaloyl 

chloride (TPC) powder (TPC/PPD 1.01/1, molar ratio) was poured into the system at 5 °C under 

rigorous stirring for 1 h. Then the temperature was increased to 65 °C. Additives with different 

compositions including 6 wt% PEG-20,000, 6 wt% LiCl, 4 wt% PEG-20,000 + 2 wt% LiCl and  

4 wt% PEG-20,000 + 1 wt% LiCl + 1 wt% Tween-80 were introduced into the solution. Two hours 

later, in situ polycondensation was completed and the reaction solution was degassed for 12 h at room 

temperature. Polymer concentration and blending ratio of PPTA/PVDF were fixed at 18 wt% and 

20/80, respectively. The casting solution above was used to investigate the thermodynamic properties. 

In addition, additives composed of PEG-20,000 (0–8 wt%), LiCl (0–5 wt%) and PEG-20,000  

(4 wt%) + LiCl (1 wt%) + Tween-80 (0–4 wt%) were also introduced into blend solution to investigate 

the effect of additive content on membrane formation process. The viscosity of casting solution was 

measured by oscillatory rheological testing on a controlled-strain RVDV-II+P Digital Viscometer 

(Brookfield engineering laboratories, Middleboro, MA, USA) at 25 °C. 

2.3. The Preparation of PVDF/PPTA Blend Membrane 

The resulted casting solution was cast onto cleaned glass plates at ambient temperature using a 

stainless steel casting knife with a gap distance of 250 μm. Then, the plates were immersed 

immediately in deionized water. Nascent membrane was washed with deionized water several times 

and then stored in 5 wt% NaHSO3 aqueous solution. 
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2.4. Ternary Phase Diagram of PPTA-PVDF/NMP/Water System 

The ternary phase diagrams of different casting solution were obtained through cloud point titration 

measurements as reported in previous literature [15–17]. The cloud point data were measured through 

titration method by adding water slowly into the polymer dope under vigorous agitation at 25 °C. The 

cloud point was obtained when local precipitation emerged and the solution would not turn 

homogeneous again. If not, continue to add water slowly into the polymer dope under vigorous 

agitation. As we know, the gel is usually metastable and its formation generally undergoes 

imperceptible changes after a long time. In order to avoid potential sources of reduced reproducibility, 

the time after adding water was extended to 4 h to well observe whether gel was formed or not under a 

microscope. The compositions at the cloud point were calculated by weight. Each cloud point of 

casting solutions was measured for three times and calculated average. A series of demarcation points 

(liquid-liquid demixing or gelatin) is obtained. The demarcation boundary can be reached by 

connecting the demarcation points. Gelatin value (Gv) was the weight ratio of nonsolvent in casting 

solution at the cloud point and was obtained as follows: 

ns
V

c ns

100%
m

G
m m

= ×
+

 (1) 

where mns and mc were the weight of nonsolvent and initial casting solution, respectively. 

2.5. Characterization of Membrane Morphology and Parameter 

The morphology and parameter of blend membranes with different additives including PEG-20,000  

(0–8 wt%), LiCl (0–5 wt%) and PEG-20,000 (4 wt%) + LiCl (1 wt%) + Tween-80 (0–4 wt%) 

respectively, were investigated.  

2.5.1. Field Emission Scanning Electron Microscopy (FESEM) 

Surface and cross-section morphologies of membranes were observed through the field emission 

scanning electron microscope (FESEM, Hitachi, S-4800, Tokyo, Japan). Membrane samples were 

freeze-fractured and coated with gold before FESEM examination. 

2.5.2. Porosity and the Mean Pore Size 

Membrane porosity (ε) was calculated by the ratio of pore volume to geometrical volume of the 

membranes [18]: 

( )w d ρ
ε

W W

SL

−
=  (2) 

where Ww and Wd were the weight of wet membranes (g) and dried membranes (g), respectively. S, L, 

and ρ were the membrane area (cm2), average thickness (cm) and pure water density (g.cm−3). 

The average effective through-pore size of blend membranes was measured by means of a capillary 

Flow Porometer CFP 1500 AEXL (Porous materials Inc., Ithaca, NY, USA) as described before [19]. 
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Membrane pore size was very difficult to accurately determine for its complicated pattern. Average 

pore size in present work was investigated by filtration velocity method. The volume of permeate 

water was obtained using an ultrafiltration cell connected to a compressed nitrogen gas flow. The 

transmembrane pressure was regulated to 0.1 MPa in case of excessively deformation of pore 

structure, the permeate water was collected once gas pressure reached stable. Average pore size was 

calculated following the revised Guerout-Elford-Ferry Equation [20]: 

T
m

2 9 1 75ε 8( . . ) lQ
r

A P

− × η=
ε× × Δ

 (3)  

where ε was membrane porosity (%), η the water viscosity (Pa·s), l the membrane thickness (m), QT 

the permeate water per unit time (m3·h−1), ∆P the operational pressure (Pa) and A the effective 

membrane area (m2). 

2.6. Characterization of Membrane Performance 

The performance of blend membranes with different additives including PEG-20,000 (0–8 wt%), LiCl 

(0–5 wt%) and PEG-20,000 (4 wt%)+LiCl (1 wt%)+Tween-80 (0–4 wt%) respectively, were investigated.  

2.6.1. Permeation Flux (F) and PEG Rejection (R) 

The permeation tests of membranes were carried out in a cross-flow filtration cell at 25 °C with an 

effective membrane area of 33.2 cm2 as illustrated in Scheme 1.  

Scheme 1. Schematic diagram of the cross-flow filtration unit. 
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Membranes were initially pre-compacted at 0.20 MPa to get a steady flux. Then, water flux was 

measured at 0.10 MPa and calculated by the following equation [21]:  

V
F

At
=  (4) 

where F was the water permeate flux (L·m−2 h−1); V was the water permeation volume (L); A and t 

were the effective membrane area (m2) and filtration time (h), respectively.  
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The PEG concentrations in the feed and the permeate solutions were measured by a UV-Vis 

spectrophotometer (TU-1901, Beijing Purkinje General Instrument Co. Ltd., Beijing, China) at a 

wavelength of 510 nm, respectively. The rejection (R) is calculated as: 

p

f

1
C

R
C

= −  (5) 

where Cp and Cf were PEG concentrations in the permeate and feed solutions, respectively. 

2.6.2. Water Contact Angle Measurement (WCA)  

Water contact angle (WCA) of membrane surface was determined on a Kruss Instrument  

(CM3250-DS3210, Munich, Germany) at ambient temperature. 

3. Results and Discussion 

3.1. Thermodynamics of Membrane Formation 

The distance between the the isothermal cloud point curve and the solvent axis reflects the extent of 

thermodynamic stability of the casting solution. Figure 1 showed the effect of different additives on 

ternary phase diagram of PPTA-PVDF/NMP/water system. It could be seen that upon the nonsolvent 

diffusion into the casting solution, the introduction of additives into the solution broke the system 

thermodynamic equilibrium and the system tended to be unstable. Since PVDF is a crystalline 

polymer, only the gelatin was firstly observed during the measurement process of the cloud point. The 

similar phenomenon was also obtained in other literatures [22,23]. Thus, the obtained data reveal 

gelation equilibrium of the PPTA-PVDF/NMP/water with different additives. When LiCl was added, 

the gel equilibrium line was closer to the solvent axis which indicated that the gel was more prone to 

be induced than using the other two kinds of additives. Some researchers attributed this to the strong 

polarity of LiCl which initiated the PVDF crystallization in casting solution [24]. And thereby the 

phase separation was induced at lower nonsolvent concentration. Additionally, the position of the gel 

equilibrium line of compound additive (PEG + LiCl) was between the lines of PEG and LiCl and was more 

approached the line of LiCl. This indicated that LiCl played a very important role on the thermodynamic 

stability of the casting solution. The addition of a small amount of LiCl would break the system 

thermodynamic equilibrium. While using compound additive (PEG + LiCl + Tween), the thermodynamic 

property of the casting solution was more stable than that of compound additive PEG + LiCl. This was 

because that with the introduction of the hydrophilic surfactant (Tween) the compatibility between 

polymer and inorganic additives was improved and the meta-stable structure of the casting solution 

was well adjusted. Moreover, the surfactant could form micelles with the solvent which were not easy 

to congregate into big micelles [14]. As a result, the solvent and nonsolvent exchange rate became 

more consistent as well as improving the thermodynamic stability of the casting solution. These 

favored the formation of small and uniform pores. 
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Figure 1. Ternary phase diagram of poly(p-phenylene terephtalamide) (PPTA)-poly(vinylidene 

fluoride) (PVDF)/N-methyl-2-pyrrolidone (NMP)/additives/water system at 30 °C. 
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The effects of additive contents on the thermodynamic properties of membrane casting solution 

were further studied through the variations of gelatin value as shown in Figure 2. It could be seen that 

with the increasing of the additive content, all the gelatin values of different casting solution were 

reduced, indicating that the nonsolvent capacity gradually decreased with the ntroduction of the 

additive. Moreover, the gelatin value declined more significantly with the increasing of LiCl content 

than that of the other additives. When the Tween content was below 3 wt%, the gelatin value decreased 

slowly and then it was followed by a quick decline when the Tween content continued to increase over 

4 wt%. It indicated that the effect of Tween concentration on the thermodynamic properties of casting 

solution became apparently only when Tween content was higher than 3 wt%. 

Figure 2. Effect of additive content on gelatin value at 30 °C. 
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3.2. Kinetics of Membrane Formation 

The effects of different additives on the dynamic viscosity of casting solution were listed in Table 1. 

It could be found that the influence of LiCl content on the viscosity was the most significant and the 

viscosity value was much larger than that of using PEG and Tween as additives. This was due to the 

interaction between the electron donating groups Li+ and PVDF segments, and the interaction also 

existed between PVDF and NMP molecules. It facilitated the formation of an interconnected network 

structure composed polymer-additive-solvent. This network structure gradually developed with the 

increasing of LiCl content. Consequently, the viscosity significantly increased [25].  

As for the polymer additive PEG, when the PEG content was low, the additive and polymer could 

be fully extended in the solvent resulting in a low viscosity. However, when PEG content increased 

over 6 wt%, the polymers compatibility became poor resulting in the emergence of local PVDF 

crystallize and the formation of the gel. Consequently, the solution viscosity increased greatly. 

The effects of the surfactant (Tween) on the membrane formation process were explained from the 

two aspects below. On the one hand, the addition of fewer Tween could form small micelles with 

polymer additive, inorganic additive and solvent. Large micelles were suppressed due to surface 

tension of Tween, which increased the casting solution viscosity. The phase separation rate would be 

decreased and the solvent-nonsolvent exchange rate was more consistent with lots of uniform small 

pores. While adding large amounts of Tween, the small micelles composed of surfactant-polymer-

solvent-additive would be destroyed, large molecules would be entangled resulting in the higher 

solution viscosity. The solvent and nonsolvent diffusion rate will be blocked. 

Table 1. The dynamic viscosity of the solution dope with different additives. 

Additive Content (wt%) 0 1 2 3 4 5 6 7 8 

Dynamic viscosity (Pa·s) 
of the dope with LiCl  

15.1 – 29.6 54.3 91.6 218.4 – – – 

Dynamic viscosity (Pa·s) 
of the dope with PEG 

15.1 – 20.1 – 43.2 – 65.6 – 121.0 

Dynamic viscosity (Pa·s) 
of the dope with Tween 

45.1 55.6 60.2 76.5 89.1 – – – – 

The higher viscosity and more stable thermodynamic properties would induce delayed phase 

separation or contribute to the decrease of instantaneous phase separation rate. The final membrane 

exhibited sponge-like pore or short finger-like pore structure. In contrast, instantaneous phase 

separation would occur, the resulted membranes showed the typical finger-like pore structure. 

However, during the actual membrane formation process, both of the kinetic and thermodynamic 

factors should be considered. The final membrane morphology was determined by the dominant factor. 

3.3. Effects of Additives on Membrane Morphology 

Figure 3 showed the FESEM photos of different blend membranes using PEG, LiCl and  

PEG (4 wt%) + LiCl (1 wt%) + Tween as additives, respectively. It could be seen that membranes 

without additives exhibited short finger-like pores. With the addition of PEG or LiCl, the finger-like 
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pores became long and gradually extended next to the bottom when PEG and LiCl contents were  

6 wt% and 4 wt%, respectively. However, with the further increasing of PEG, the finger-like pores 

became short with lots of closed macrovoids in the sub-layer. The long finger-like pores were 

destroyed with lots of collapsed pores in the cross section. As Figures 5 and 6 showed, both of the 

average pore size and porosity initially increased and then significantly decreased with the increasing 

of PEG content.  

Figure 3. The effects of additive content on the morphology of PPTA/PVDF blend 

membranes (×350). 

 

 

 

 

 

From the above analysis of thermodynamic and kinetic properties of casting solution, solution 

viscosity increased slowly with the increasing of PEG content from 0 to 6 wt% while the 

thermodynamic stability gradually deteriorated. Obviously, the latter at this stage played the leading 

role in the membrane formation process. However, when the PEG content further increased to  

8 wt%, the gelatin values lightly decreased, which implied that the thermodynamic stability of the 
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casting solution deteriorated slightly. Therefore, significant increasing of the solution viscosity led to 

the delayed phase separation when the casting solution was immersed into the coagulation bath. 

The addition of LiCl seriously broke the thermodynamic equilibrium of PPTA-PVDF/NMP/H2O 

system and the gelatin value rapidly decreased. In addition, the addition of LiCl made the dynamic 

viscosity of casting solution increase rapidly. As shown in FESEM pictures, the main influence of LiCl 

on the membrane formation process was ascribed from the thermodynamics. With the introduction of 

LiCl, thermodynamic properties of the system gradually became unstable and hence quickened the 

phase separation rate, resulting in the presence of macropores stacking phenomenon in the cross 

sectional pictures of PPTA/PVDF blend membranes (5 wt% LiCl). The accelerated phase separation 

contributed to a bigger pore size and a higher porosity, as shown in Figure 5 and 6, respectively. 

In addition, the salvation action among inorganic additives, solvents and polymers could link up big 

pores and form a network structure with lots of sponge-like pores [26], as shown in Figure 4. It could 

be clearly seen that with the addition of LiCl the number of through pores can be effectively increased, 

resulting in a high porosity and an increased water flux, as shown in Figures 5 and 7, respectively.  

Figure 4. The effect of LiCl content on the top skin morphology of PVDF/PPTA blend 

membranes (×10,000).  

 

As Figure 3 showed, all blend membranes with Tween as the additive exhibited the typical  

finger-like pore structure. However, the pore size measurements in Figure 5 suggested that with the 

increasing of Tween content from 0 wt% to 5 wt%, the average pore size firstly decreased gradually 

and then increased suddenly. Blend membrane with 3 wt% Tween had the smallest pore dimension 

about 286 nm. In addition, it could be seen in Figure 6 that the porosity kept increasing with the 

addition of Tween.  

From the results of thermodynamics analysis, gelatin value decreased slightly from 18 wt% to 16.5 wt% 

with the increasing of Tween content from 0 wt% to 3 wt%. These results indicated that 

thermodynamic properties of casting solution remained basically unchanged when Tween content was 

below 3wt%. Therefore, dynamic viscosity became the main influencing factor during membrane 

formation process. Solution viscosity increased with the increasing of Tween content resulting in the 

slow down of the phase separation rate and a reduction of the membrane surface pore size. The 

addition of surfactant rendered the system thermodynamic stability while the inorganic additives could 

be uniformly dispersed in the polymer matrix so that the final pore distribution was more evenly. 

Although the dynamic viscosity continued to increase when Tween content increased to 4 wt%, a large 

number of surfactants induced a poor thermodynamic compatibility between different components of 

casting solution which accelerated the demixing process and thereby resulted in an increase of 

membrane surface pore size. 
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Figure 5. The variations of membrane average pore size with different additive content. 
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Figure 6. The variations of membrane porosity with different additive content. 
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3.4. Effects of Additives on Membrane Performance 

Changes of membrane structure will cause the variations of separation performance. Figures 7 and 8 

showed the effects of different additive contents on the pure water flux and the PEG-100,000 rejection 

of different blend membranes. It could be seen that with the introduction of the additive PEG, the 

water flux of blend membranes increased slowly at first and then decreased rapidly, while the  

PEG-100,000 rejection showed the opposite trend. This was because both of the larger membrane pore 

and higher porosity caused the enhancement of the flux. However, the former would also decrease the 

rejection. As Figure 5 and 6 showed, with the increasing of PEG content from 0 to 6 wt%, the surface 

pore size and porosity of blend membranes gradually increased which caused the initial increasing of 

water flux and the decline of PEG rejection. When the PEG content increased to 8 wt%, the delay 

phase separation resulted in the smaller pore size and lower porosity. Consequently, the water flux 

decreased while the PEG rejection significantly increased. 
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Figure 7. The variations of the pure water flux with different additive contents. 
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Figure 8. The variations of the PEG-100,000 rejection with different additive contents. 
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As can be seen in Figure 8, with the addition of LiCl, the water flux of blend membranes gradually 

increased, while the PEG rejection decreased quickly. This was because that the surface pore size 

gradually increased and more macrovoids emerged resulting in the improvement of membrane 

porosity. As the Tween content increased from 0 to 3 wt%, both of membrane water flux and rejection 

increased. It could be attributed to the decrease of membrane surface pore size. With the incorporation 

of the surfactant, more interconnected network pores were produced which resulted in the continuously 

increasing of membrane porosity and water flux. When Tween content increased to 4 wt%, the water 

flux continued to increase, while the PEG rejection gradually decreased. This was due to the presence 

of surface macropores during the instantaneous phase separation process. 

Effects of different additive contents on the water contact angle of PPTA/PVDF blend membranes 

were shown in Figure 9. It could be seen that with the increasing of PEG concentration the WCA value 

continuously declined which indicated that the membrane surface hydrophilicity was gradually 

improved. The hydrophilicity differences are mainly determined by the presence of PPTA and the 
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structure of PPTA aggregation. Besides, the introduction of additives has also an important impact on 

the membrane surface hydrophilicity. During the membrane formation process, double diffusion 

between the solvent NMP and nonsolvent water molecules facilitated the transfer of hydrophilic PEG 

molecules onto nascent membrane surface which contributed to the hydrophilicity improvement. The 

addition of LiCl also promoted the hydrophilicity enhancement of blend membrane surface. This was 

because of the strong moisture absorption of LiCl. The number of free polar groups on the membrane 

surface increased with the increasing of LiCl content, and thus surface hydrophilicity was improved. 

Figure 9. The variations of the water contact angle (WCA) with different additive contents. 
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The effects of Tween on the surface hydrophilicity of blend membranes could be considered from 

the two aspects as follows. On the one hand, Tween-80 with lots of hydroxyl groups could interact 

with water molecules. During the phase separation process, more and more surfactant molecules 

moved onto membrane surface with the increasing of Tween concentration resulting in the 

continuously improvement of surface hydrophilicity. On the other hand, it was found that the surface 

hydrophilicity was proportional to the compatibility between blending components [17]. Good 

compatibility could be obtained by the adding of small amount of Tween. However, when the Tween 

content increased to 4 wt%, the compatibility became poor. Consequently, the WCA value decreased 

initially and then gradually increased. 

Through the comparison of the effects of the above three kinds of additives on the structure and 

separation performance of PPTA/PVDF blend membranes, it could be found that LiCl had the most 

significant influence on pore formation. The addition of PEG greatly affected the emergence of long  

finger-like pores while Tween had little effect on the formation of the finger-like pores Tween mainly 

influenced the membrane surface pores and its uniform distribution. These results were also consistent with 

the thermodynamic and kinetic variations of the casting solution within these three kinds of additives. 

4. Conclusions 

The effects of different kinds of additives including hydrophilic polymers (PEG), inorganic salt 

(LiCl) and surfactants (Tween-80) on the morphology and performance of PPTA/PVDF blend 



Polymers 2014, 6 1859 

 

 

membranes were systematically investigated through the thermodynamic and kinetic analysis of 

membrane casting solution.  

Thermodynamic phase diagrams indicated that the addition of PEG or LiCl both deteriorated the 

thermodynamic properties of casting solution, while the negative effect of LiCl was more significant. 

Tween acted as a thermodynamic stabilizer of the blend solution. Dynamic viscosity measurements 

suggested that the introduction of LiCl into the casting solution made the viscosity increase rapidly.  

When PEG content varied in the range of 0–6 wt%, the thermodynamic properties of casting 

solution played a leading role on the pores formation. However, when PEG content increased over  

6 wt%, the high dynamic viscosity suppressed the demixing rate resulting in the decrease of membrane 

surface pore size and the emergence of short finger-like pore structure. Therefore, the water flux 

slowly increased followed by a rapid decrease, while the PEG rejection of blend membrane showed the 

opposite trend. The effects of LiCl on the membrane-forming process were mainly ascribed from the 

thermodynamic factor which contributed to the continuous enlargement of membrane pores. Dynamic 

viscosity became the leading factor when a small amount of Tween was introduced. However, when 

Tween content was more than 4 wt%, the poor thermodynamic properties of casting solution 

dominated the phase separation process. The increase of porosity at low Tween content and the 

enlargement of average pore size at high content were responsible for the variations of water flux and 

PEG rejection of the blend membranes. 

Acknowledgments 

The authors gratefully acknowledge the financial support by Research support from National High 

Technology Research and Development Program of China (‘‘863’’ Program, Grant No. 2012AA03A602). 

Author Contributions 

Yu-Feng Zhang and Dong-Qing Liu coordinate and fund the entire investigation. Hong-Bin Li and 

Xiao-Feng Liu completes the experiments and characterization of the blend membranes. Wen-Ying Shi 

proposes some constructive explanations and suggestions about the analysis as well as the revisions of 

this manuscript.  

Conflicts of Interest 

The authors declare no conflict of interest.  

References 

1. Liu, F.; Hashim, N.A.; Liu, Y.T.; Moghareh Abed, M.R.; Li, K. Progress in the production and 

modification of PVDF membranes. J. Membr. Sci. 2011, 375, 1–27.  

2. Kang, G.D.; Cao, Y.M. Application and modification of poly(vinylidene fluoride) (PVDF) 

membranes—A Review. J. Membr. Sci. 2014, 463, 145–165. 

3. Dong, J.J.; Liu, D.Q.; Zhang, Y.F.; Wang, C. Preparation and properties of PVDF/PPTA blend 

membranes. Desalin. Water Treat. 2013, 51, 3814–3820. 



Polymers 2014, 6 1860 

 

 

4. Yuliwati, E.; Ismail, A.F. Effect of additives concentration on the surface properties and 

performance of PVDF ultrafiltration membranes for refinery produced wastewater treatment. 

Desalination 2011, 273, 226–234. 

5. Vilakati, G.D.; Hoek, E.M.V.; Mamba, B.B. Probing the mechanical and thermal properties of 

polysulfone membranes modified with synthetic and natural polymer additives. Polym. Test. 

2014, 34, 202–210. 

6. Loh, C.H.; Wang, R. Insight into the role of amphiphilic pluronic block copolymer as  

pore-forming additive in PVDF membrane formation. J. Membr. Sci. 2013, 446, 492–503. 

7. Sadrzadeh, M.; Bhattacharjee, S. Rational design of phase inversion membranes by tailoring 

thermodynamics and kinetics of casting solution using polymer additives. J. Membr. Sci. 2013, 

441, 31–44. 

8. Liu, C.; Yun, Y.B.; Wu, N.J. Effects of amphiphilic additive Pluronic F127 on performance of 

poly (ether sulfone) ultrafiltration membrane. Desalin. Water Treat. 2013, 51, 3776–3785. 

9. Zhao, S.; Wang, Z.; Wei, X.; Tian, X.X.; Wang, J.X.; Yang, S.B.; Wang, S.C. Comparison study 

of the effect of PVP and PANI nanofibers additives on membrane formation mechanism, structure 

and performance. J. Membr. Sci. 2011, 385–386, 110–122.  

10. Pagidi, A.; Saranya, R.; Arthanareeswaran, G.; Ismail, A.F.; Matsuura, T. Enhanced oil–water 

separation using polysulfone membranes modified with polymeric additives. Desalination 2014, 

344, 280–288.  

11. Zhang, Y.J.; Lin, R.; Yuan, M.Y. Effects of pore-forming additives on structures and properties of 

PVDF/Fe3+/Cu2+ hollow fiber membranes. Desalin. Water Treat. 2013, 51, 3903–3908. 

12. Ma, Y.X.; Shi, F.M.; Zhao, W.J.; Wu, M.N.; Zhang, J.; Ma, J.; Gao, C.J. Preparation and 

characterization of PSf/clay nanocomposite membranes with LiCl as a pore forming additive. 

Desalination 2012, 303, 39–47. 

13. Ebert, K.; Fritsch, D.; Koll, J.; Tjahjawiguna, C. Influence of inorganic fillers on the compaction 

behaviour of porous polymer based membranes. J. Membr. Sci. 2004, 233, 71–78.  

14. Amirilargani, M.; Saljoughi, E.; Mohammadi, T. Effects of Tween 80 concentration as a 

surfactant additive on morphology and permeability of flat sheet polyethersulfone (PES) 

membranes. Desalination 2009, 249, 837–842. 

15. Yang, Y.N.; Wu, J.; Zheng, Q.Z.; Chen, X.S.; Zhang, H.X. The research of rheology and 

thermodynamics of organic-inorganic hybrid membrane during the membrane formation.  

J. Membr. Sci. 2008, 311, 200–207. 

16. Wang, X.Y.; Zhang, L.; Sun, D.H.; An, Q.F.; Chen, H.L. Formation mechanism and 

crystallization of poly(vinylidene fluoride) membrane via immersion precipitation method. 

Desalination 2009, 236, 170–178. 

17. Barth, C.; Gonçalves, M.C.; Pires, A.T.N.; Roeder, J.; Wolf, B.A. Asymmetric polysulfone and 

polyethersulfone membranes: effects of thermodynamic conditions during formation on their 

performance. J. Membr. Sci. 2000, 169, 287–299. 

18. Huang, Q.L.; Xiao, C.F.; Hu, X.Y.; Li, X.F. Study on the effects and properties of hydrophobic 

poly(tetrafluoroethylene) membrane. Desalination 2011, 277, 187–192. 

19. Shi, H.Y.; Liu, F.; Xue, L.X. Fabrication and characterization of antibacterial PVDF hollow fibre 

membrane by doping Ag-loaded zeolites. J. Membr. Sci. 2013, 437, 205–215. 



Polymers 2014, 6 1861 

 

 

20. Feng, C.S.; Wang, R.; Shi, B.L.; Li, G.M.; Wu, Y.L. Factors affecting pore structure and 

performance of poly(vinylidene fluoride-co-hexafluoro propylene) asymmetric porous membrane. 

J. Membr. Sci. 2006, 277, 55–64. 

21. Wang, X.L.; Wei, J.F.; Dai, Z.; Zhao, K.Y.; Zhang, H. Preparation and characterization of 

negatively charged hollow fiber nanofiltration membrane by plasma-induced graft polymerization. 

Desalination 2012, 286, 138–144. 

22. Cheng, L.P. Effect of temperature on the formation of microporous PVDF membranes by 

precipitation from 1-octanol/DMF/PVDF and water/DMF/PVDF systems. Macromolecules 1999, 

32, 6668–6674. 

23. Lang, W.Z.; Ji, Q.; Shen, J.P.; Guo, Y.J.; Xu, Z.L. The roles of alkali metal counter-ions of PFSA 

play in the formation of PVDF/PFSA-M hollow fiber membranes. Desalination 2012, 292, 45–52. 

24. Han, R.L.; Zhang, S.H.; Jian, X.G. Effect of additives on the performance and morphology of 

copoly (phthalazinone ether sulfone) UF membrane. Desalination 2012, 290, 67–73. 

25. Tager, A.A.; Dreval, Y.Y.; Serikov, Y.A.; Surayeva, T.V. Effect of inorganic salt additives on the 

viscosity of cellulose acetate solutions. Polym. Sci. U.S.S.R. 1976, 18, 2163–2168. 

26. Arthanareeswaran, G.; Sriyamuna Devi, T.K.; Mohan, D. Development, characterization and 

separation performance of organic-inorganic membranes: Part II. Effect of additives. Sep. Purif. 

Technol. 2009, 67, 271–281. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


