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 In this study, a thermodynamic behavior of the quaternary system of 
(Poly propylene fumarate/ (Graphene oxide/ Pluronic F-68))/2-
pyrrolidone (2P)/water was evaluated. The binodal and spinodal curves 
plotted using by Flory–Huggins theory and compared with experimental 
data. The results showed that at low value of binary parameter, a high 
interaction is existed between two components in ternary system. The 
ternary system at positive ternary interaction parameter (g123) indicates 
a small miscible region and small changes in water content of the 
polymer-rich phase. At the negative values of g123, there is a high 
miscibility in ternary system. In quaternary system, when g1234 is 
positive, the binodal curve shifts to the (polymer/additive)/ solvent axis. 
The membrane formation depends on the thermodynamic behavior of 
casting solution. By increasing the additive in casting solution up to 
4wt.%, the de-mixing process was accelerated. Hence, a membrane was 
formed with high porosity. When additive content was increased to more 
than 4 wt%, dynamic viscosity of casting solution was responsible to the 
phase separation rate decreasing. 
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Introduction 

Phase inversion is one of methods used in 

polymeric membrane construction. Polymer 

based membranes are of interest for separation 

technology [1-3]. 

Thermodynamic evaluation of the casting solution 

should be done before preparing the membrane 

[4, 5]. This assessment is possible by examining 

the phase diagrams and gives us an overview of 

the membrane structure [6]. 

Flory Huggins theory is used as a widely used 

theory in the thermodynamic study of 

concentrated solutions and polymer mixtures [7]. 

The phase diagram of the membrane solution for 

three- or four-component is mentioned as binodal 

curve in the ternary or quaternary diagram. The 

Flory-Huggins involves ternary and quaternary 

interaction parameters of each component in 

membrane solution.  

To calculate the Flory-Huggins interaction 

parameters, the solubility parameters of the 

components are used [8]. The thermodynamic 

behavior of casting solution can be obtained by 

binodal curve position and miscibility gap area 

evaluation in ternary or quaternary phase 

diagram. The position of bonodal curve related to 

the several parameters such as interaction 

parameters of three or four components and a 

composition of the casting solution [9, 10]. The 

influence of those parameters on the membrane 

structure have been explained in some literature 

[11, 12].  

In phase diagram, when the binodal composition 

is reached, non-solvent molecules take the place of 

solvent molecules and phase separation of the 

membrane solution begins to occur. With more 

solvent and non-solvent exchange, the membrane 

solidification begins and the process of membrane 

formation is completed [13]. In the blend 

membranes, polymer concentration, the blending 

ratio and solvent and non-solvent play a main role 

in thermodynamic stability of the prepared 

membrane [14]. However, the different additives 

using in the casting solution affects the structure 

of the membrane. Hence, the presence of the 

suitable additive in the casting solution has an 

effect on the kinetic and thermodynamic 

properties of the casting solution and is also 

effective on the membrane formation mechanism 

[15-18].  

This study aimed to predict the thermodynamic 

behavior of (Poly propylene fumarate/ (Graphene 

oxide/ Pluronic F-68))/2-pyrrolidone (2P)/ water 

quaternary system. Therefore, the ternary and 

quaternary interaction parameters predicted and 

analyzed. Likewise, the effect of interaction 

parameters on membrane morphology was 

investigated. 

Materials and Methods 

Poly propylene fumarate (Mw = 3600 g/mol) was 

supplied by Sigma Aldrich/Germany. Solvent of 2-

pyrrolidone (2P) (>99%) was purchased from 

Merck/Germany. Pluronic F-68 (Mw = 1000 

gr/mol, PEO weight content: %80, poly (propyl 

oxide) weight content:20%) was purchased from 

BASF (Germany). Graphene oxide (GO) was 

purchased from ACS Material (USA).   

Binodal and spinodal curves by experimental 

method 

The ternary phase diagram of the PPF/2-

pyrrolidone/water combination systems was 

determined by cloud point measurement. 

Therefore, at first an appropriate amount of PPF 

was placed in glass-ware reactor under stirring by 

heating at 60 ᵒC for about 1.5 h. Thereafter, the 

water was slowly added to the PPF solutions until 

turbidity disappears. The ternary phase diagram 

was obtained from the turbid points. These points 

with the different compositions of components 

make visual measurement of bimodal curve at 

ternary diagram. Furthermore, by further water 

increasing, the solution was separated into the 

distinct solid and liquid phases. These points 

made the experimental spinodal curve. To 

calculate the quaternary system, the polymeric 

solution was prepared after dispersing GO/PF-68 

in 2P by sonication. 

Binodal and spinodal curves by theoretical method 
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Figure 1 displays the ternary phase diagram for 

the polymer/ solvent/non-solvent ternary 

system. At point A, the casting solution only 

consists of solvent, polymer, and additives. In fact, 

there is a single-phase region from point A to point 

B. At point B, the solvent precipitates out and non-

solvent molecules take its place and the single 

phase turns into two phases. At point C, the 

membrane begins to solidify, and at point D, the 

process is complete. The binodal curve defines the 

boundary between the single-phase and two-

phase regions. Likewise, by the spinodal curve, the 

unstable region restricted and the single phase 

turns into two phases. From the collision of 

spinodal and binodal curves, a critical point is 

created. The thermodynamic instability of the 

system determines by the distance between the 

bimodal curve and solvent-polymer axis. For the 

theoretical evaluation of binodal and spinodal 

curves, the Flory-Huggins theory is extensively 

used.  

Gibbs free energy of mixing (∆𝐺𝑚) for ternary and 

quaternary polymer solution are given by 

following equations [2]: 

 

  ∆𝐺𝑚

𝑅. 𝑇
= 𝑛1 ln ∅1 + 𝑛2 ln ∅2 + 𝑛3𝑙𝑛∅3 + 𝑔12𝑛1∅2 + 𝑔13𝑛1∅3 +    𝑔123  𝑛1𝜑2𝜑3 + 𝑔23 𝑛2 ∅3 [1] 

  ∆𝐺𝑚

𝑅. 𝑇
= 𝑛1 ln ∅1 + 𝑛2 ln ∅2 + 𝑛3𝑙𝑛∅3 + 𝑛4𝑙𝑛∅4+𝑔12𝑛1∅2 + 𝑔13𝑛1∅3 +    𝑔24  𝑛2𝜑4 + 𝑔23 𝑛2 ∅3

+ 𝑔34𝑛3∅4 +  𝑔123  𝑛1𝜑2𝜑3 +  𝑔124  𝑛1𝜑2𝜑4 +  𝑔134  𝑛1𝜑3𝜑4 +  𝑔234  𝑛2𝜑3𝜑4

+  𝑔1234  𝑛1𝜑2𝜑3𝜑4   [2]

Where, ni denotes the molar number, ∅𝑖  is the 

volume fraction, 𝑔𝑖𝑗 is the binary interaction 

parameter, 𝑔𝑖𝑗𝑘is the ternary interaction 

parameter, and 𝑔𝑖𝑗𝑘𝑙is the quaternary 

interaction parameter. The subscripts 1, 2, 3, and 

4 represent non-solvent, solvent, polymer, and 

additive, respectively. 

 

Figure 1: Ternary phase diagram for the polymer/solvent/non-solvent system 

Ternary system evaluation 

To define the binodal curve, the chemical 

potential of the polymer-rich phase and that of 

the polymer-lean phase achieve equilibrium. 

This equilibrium in a ternary system consisting 

of non-solvent (1), solvent (2), and polymer (3) 

are as follows: 
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∆𝜇𝑖,𝐴 = ∆𝜇𝑖,𝐵                                                  
𝑖 = 1,2,3  [3] 

Where, A and B indices indicate polymer-lean 

and polymer-rich phases. 

According to the definition of chemical potential 

[19], the following three formulas are used to 

calculate the chemical potentials of components 

[2]. 

∆𝜇1

𝑅𝑇
= ln 𝜑1 + 1 − 𝜑1 −

𝑣1

𝑣2
. 𝜑2 −

𝑣1

𝑣3
. 𝜑3 + (𝑔12𝜑2 + 𝑔13𝜑3). (𝜑2 + 𝜑3) −

𝑣1

𝑣2
𝑔23𝜑2𝜑3

− 𝑢1𝑢2𝜑2 (
𝑑𝑔12

𝑑𝑢2
) − 𝜑1𝜑3

2 (
𝑑𝑔13

𝑑𝜑3
) −

𝑣1

𝑣2
𝜑2𝜑3

2 (
𝑑𝑔23

𝑑𝜑3
)                       [4] 

 

∆𝜇2

𝑅𝑇
= ln 𝜑2 + 1 − 𝜑2 −

𝑣2

𝑣1
𝜑1 −

𝑣2

𝑣3
𝜑3 + (

𝑣2

𝑣1
𝑔12𝜑1 + 𝑔23𝜑3) . (𝜑2 + 𝜑3) −

𝑣2

𝑣1
𝑔13𝜑1𝜑3

−
𝑣2

𝑣1
𝜑1𝑢1𝑢2 (

𝑑𝑔12

𝑑𝑢2
) −

𝑣2

𝑣1
𝜑1𝜑3

2 (
𝑑𝑔13

𝑑𝜑3
) −𝜑2𝜑3

2 (
𝑑𝑔23

𝑑𝜑3
)                  [5] 

 

∆𝜇3

𝑅𝑇
= ln 𝜑3 + 1 − 𝜑3 −

𝑣3

𝑣1
𝜑1 −

𝑣3

𝑣2
𝜑2 + (

𝑣3

𝑣1
𝑔13𝜑1 +

𝑣3

𝑣2
𝑔23𝜑2) (𝜑1 + 𝜑2) −

𝑣3

𝑣1
𝑔12𝜑1𝜑2

+ 𝜑3 [
𝑣3

𝑣1
𝜑1 (

𝑑𝑔13

𝑑𝜑3
) +

𝑣3

𝑣2
𝜑2 (

𝑑𝑔23

𝑑𝜑3
)] (𝜑1 + 𝜑2)                                  [6]     

Where, vi is the molar volume of component i and 

∆𝜇𝑖is the difference of component i chemical 

potential in the mixture and pure state. Also, 

𝑢1 =
𝜑1

𝜑1 + 𝜑2
 

𝑢1 =
𝜑1

𝜑1+𝜑2
 

According to the material conservation relations, 

there is Equation 7 for each component [13]: 

∑ 𝜑𝑖,𝐴 = ∑ 𝜑𝑖,𝐵 = 1 

  𝑖 = 1,2,3                       [7]  

𝐺𝑖𝑗 = (
𝜕2∆𝐺𝑚

̅̅ ̅̅ ̅̅

𝜕𝜑𝑖𝜕𝜑𝑗
)𝜗𝑟𝑒𝑓

      [9] 

Equations (3-7) are five coupled nonlinear 

equations with six unknown variables: 𝜑1,𝐴,𝜑2,𝐴, 

𝜑3,𝐴, 𝜑1,𝐵, 𝜑2,𝐵, and 𝜑3,𝐵. To solve five non-linear 

equations, one composition of the component is 

considered as an independent value. 

Since the amount of polymer in the polymer-lean 

phase was very small, φ3,A is assumed negligible. 

For spinodal curve evaluation, the following 

equation is used [18]: 

𝐺22. 𝐺33 = (𝐺23)2    [8] 

Where  

𝐺𝑖𝑗 = (
𝜕2∆𝐺𝑚

̅̅ ̅̅ ̅̅

𝜕𝜑𝑖𝜕𝜑𝑗
)𝜗𝑟𝑒𝑓

       [9] 

The expressions of G22, G23, and G33, as free 

energies, are as follow: 

 

𝐺22 =
1

𝜑1
+

𝑣1

𝑣2𝜑2
− 2𝑔12 + 2(𝑢1 − 𝑢2) (

𝑑𝑔12

𝑑𝑢2
) + 𝑢1𝑢2 (

𝑑2𝑔12

𝑑𝑢2
)         [10] 

𝐺23 =
1

𝜑1
− (𝑔12 + 𝑔13) +

𝑣1

𝑣2
𝑔23 + 𝑢2(𝑢1 − 2𝑢2) (

𝑑𝑔12

𝑑𝑢2
) + 𝑢1𝑢2

2 (
𝑑2𝑔12

𝑑𝑢2
2

) − 𝜑3 (
𝑑𝑔13

𝑑𝜑3
)

+
𝑣1

𝑣2
𝜑3 (

𝑑𝑔23

𝑑𝜑3
)       [11] 
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𝐺33 =
1

𝜑1
+

𝑣1

𝑣3

1

𝜑3
− 2𝑔13 − 2𝑢2

2(1 − 𝑢1) (
𝑑𝑔12

𝑑𝑢2
) + 𝑢1𝑢2

3 (
𝑑2𝑔12

𝑑𝑢2
2 ) + 2(𝜑1 − 𝜑3) (

𝑑𝑔13

𝑑𝜑3
)

+ 𝜑1𝜑3 (
𝑑2𝑔13

𝑑𝜑3
2 ) +

2𝑣1

𝑣2
𝜑2 (

𝑑𝑔23

𝑑𝜑3
) +

𝑣1

𝑣2
𝜑3𝜑2 (

𝑑2𝑔23

𝑑𝜑3
2 )     [12] 

The spinodal curve is obtained by simultaneously 

solving equations 7 and (8-12) and given a 

parameter as an independent variable. 

Quaternary system evaluation 

The following equations are used to evaluate a 

quaternary polymer/additive/solvent/non-

solvent system [9]: 

∆𝜇1

𝑅𝑇
= ln 𝜑1 + 1 − 𝜑1 −

𝑣1

𝑣2
𝜑2 −

𝑣1

𝑣3
𝜑3 −

𝑣1

𝑣4
𝜑4 + (𝑔12𝜑2 + 𝑔13𝜑3 + 𝑔14𝜑4)(𝜑2 + 𝜑3)

−
𝑣1

𝑣2
𝑔23𝜑2𝜑3 −

𝑣1

𝑣2
𝑔24𝜑2𝜑4 −

𝑣1

𝑣3
𝑔34𝜑3𝜑4 − 𝑢1𝑢2𝜑2 (

𝑑𝑔12

𝑑𝑢2
)

+ 𝑔123(1 − 2𝜑1)𝜑2𝜑3 + 𝑔134(1 − 2𝜑1)𝜑3𝜑4 + 𝑔124(1 − 2𝜑1)𝜑2𝜑4

− 2𝑔234 

𝑣1

𝑣2
𝜑2𝜑3𝜑4 + 𝑔1234(1 − 3𝜑1)𝜑2𝜑3𝜑4              [13] 

∆𝜇2

𝑅𝑇
= ln 𝜑2 + 1 − 𝜑2 −

𝑣2

𝑣1
𝜑1 −

𝑣2

𝑣3
𝜑3 −

𝑣2

𝑣4
𝜑4 +

𝑣2

𝑣1
𝑔12𝜑1(1 − 𝜑2) −

𝑣2

𝑣1
𝑔13𝜑1𝜑3 −

𝑣2

𝑣1
𝑔13𝜑1𝜑3

−
𝑣2

𝑣1
𝑔14𝜑1𝜑4 + 𝑔23𝜑3(1 − 𝜑2) + 𝑔24𝜑4(1 − 𝜑2) + 𝑔14𝜑4(1 − 𝜑1) −

𝑣2

𝑣3
𝑔34𝜑3𝜑4

+
𝑣2

𝑣1
𝑢2(1 − 𝑢2)𝜑2 (

𝑑𝑔12

𝑑𝑢2
) +  𝑢1𝑢2𝜑2 (

𝑑𝑔12

𝑑𝑢2
) + 𝑔123

𝑣2

𝑣1
𝜑1(1 − 2𝜑2)𝜑3

− 2𝑔134

𝑣2

𝑣1
𝜑1𝜑3𝜑4 + 𝑔124

𝑣2

𝑣1

(1 − 2𝜑2)𝜑1𝜑4 + 𝑔234(1 − 2𝜑1)𝜑3𝜑4

+ 𝑔1234 

𝑣2

𝑣1

(1 − 3𝜑2)𝜑1𝜑3𝜑4             [14]  

∆𝜇3

𝑅. 𝑇
= ln 𝜑3 + 1 − 𝜑3 −

𝑣3

𝑣1
𝜑1 −

𝑣3

𝑣2
𝜑2 −

𝑣3

𝑣4
𝜑4 −

𝑣3

𝑣1
𝑔12𝜑1𝜑2 +

𝑣3

𝑣1
𝑔13𝜑1(1 − 𝜑3) −

𝑣3

𝑣1
𝑔14𝜑1𝜑4

+
𝑣3

𝑣2
𝑔23𝜑2(1 − 𝜑3) −

𝑣3

𝑣2
𝑔24𝜑2𝜑4 + 𝑔34𝜑4(1 − 𝜑3) + 𝑔123

𝑣3

𝑣1
𝜑1𝜑2(1 − 2𝜑3)

+ 𝑔134

𝑣3

𝑣1
𝜑1(1 − 2𝜑3)𝜑4 − 2𝑔124

𝑣3

𝑣1
𝜑1𝜑2𝜑4 + 𝑔234

𝑣3

𝑣2
𝜑2𝜑4(1 − 2𝜑3)

+ 𝑔1234 

𝑣3

𝑣1

(1 − 3𝜑3)𝜑1𝜑2𝜑4             [15] 

∆𝜇4

𝑅. 𝑇
= ln 𝜑4 + 1 − 𝜑4 −

𝑣4

𝑣1
𝜑1 −

𝑣4

𝑣2
𝜑2 −

𝑣4

𝑣3
𝜑3 −

𝑣4

𝑣1
𝑔12𝜑1𝜑2 −

𝑣4

𝑣1
𝑔13𝜑1𝜑3 +

𝑣4

𝑣1
𝑔14𝜑1(1 − 𝜑4)

−
𝑣4

𝑣2
𝑔23𝜑2𝜑3 +

𝑣4

𝑣3
𝑔34𝜑3(1 − 𝜑4) +

𝑣4

𝑣1
𝑔14𝜑1(1 − 𝜑4) + 𝑔134

𝑣4

𝑣1
𝜑1(1 − 2𝜑4)𝜑3

− 2𝑔123

𝑣4

𝑣1
𝜑1𝜑2𝜑3 + 𝑔124

𝑣4

𝑣1

(1 − 2𝜑4)𝜑3𝜑1𝜑2 + 𝑔234

𝑣4

𝑣2

(1 − 2𝜑4)𝜑2𝜑3

+ 𝑔1234 

𝑣3

𝑣1

(1 − 3𝜑4)𝜑1𝜑2𝜑3                 [16] 

Calculation of non-solvent-solvent interaction 

parameter 

Based on many researches, the interaction 

parameters for two-component solvent-non-
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solvent systems are given by the following 

equation: 

𝑔12 = 𝛼 +
𝛽

1 − 𝛾𝜑2
            [17] 

Where, 𝑔12 is the concentration-dependent 

interaction parameter in the non-solvent-solvent 

system, 𝜑2, is the volume fraction of solvent, and 

𝛼, 𝛽, and 𝛾 are three parameters varied for various 

systems.  

The small interaction parameter of 𝑔12 

represents the extreme polar interactions 

between the solvent and non-solvent in ternary 

system. 

Interaction parameter calculation of (non-solvent)-

polymer 

To estimate the interaction parameter of (non-

solvent)-polymer, several experimental methods 

such as absorption, osmotic pressure, equilibrium 

swelling, and light scattering have been used, 

among which the equilibrium swelling method is a 

simple, common, and effective method. The Flori-

Renner theory is used to describe the expression 

of membrane swelling. The Flori-Renner equation 

in expressing membrane swelling behavior is 

expressed by the following general relation: 

ln(1 − 𝜑𝑗) + 𝜑𝑗 + 𝑔𝑖𝑗 𝜑𝑗
2 + 𝜗𝑉 (𝜑𝑗

1
3 −

𝜑𝑗

2
)

= 0  (18) 

 

Where, 𝜑𝑗 , 𝜗 , 𝑉, and 𝑔𝑖𝑗 are the volume fraction 

of the polymer in the swollen system, crosslink 

density (volume/mol), solvent or non-solvent 

molar volume, and the Flori-Renner parameter 

(which represents the energy of the solvent or 

non-solvent interaction with the polymer), 

respectively. 

When the solvent has a weak interaction with the 

polymer so that the weight increase of the 

polymer after swelling is not high (less than 30% 

of its initial weight), the free elastic enthalpy in the 

free energy change is negligible and is not 

considered. Therefore, Equation 12 changes as 

follows: 

𝑔13 =
− ln(1 − 𝜑3) + 𝜑3

𝜑3
2

  (19) 

Where, 𝜑3 is the volume fraction of the polymer 

and is calculated by the following equation: 

𝜑3 =

𝑊𝑑𝑟𝑦

𝜌3

𝑊𝑤𝑒𝑡 −
𝑊𝑑𝑟𝑦

𝜌1
+

𝑊𝑑𝑟𝑦

𝜌3

    (20)  

In the above equation, indices 1, 2, and 3 are 

related to the solvent, non-solvent, and polymer, 

respectively. 

Interaction parameter calculation of solvent-

polymer  

There are various methods to calculate the 

solvent-polymer interaction parameter (𝑔23 ). 

These methods are including osmotic pressure, 

light scattering, liquid-gas equilibria, etc. among 

which laboratory liquid-gas equilibrium is usually 

preferred. However, in low solvent partial 

pressures, this method is not used. The solvent-

polymer interaction parameter can be estimated 

by following equation: 

𝑔𝑖𝑗 =
𝑉𝑖

𝑅𝑇
(𝛿𝑖 − 𝛿𝑗)2                                      (21) 

Where, 𝑉𝑖  is the molar volume of the solvent and 

𝛿𝑖  and 𝛿𝑗are the solubility parameters of 

components i and j, respectively. 

According to the ternary solubility parameter 

theory proposed by Hansen, the solubility 

parameter for the polymer can be estimated with 

the molar gravitational constant (F) of different 

groups in repeating units, as described by the 

following equations: 

𝛿𝑑 =
∑ 𝐹𝑑𝑖

�̅�
                (22) 

𝛿𝑝 =
√∑ 𝐹𝑝𝑖

2

�̅�
⁄

       (23) 

𝛿ℎ = √
∑ 𝐸ℎ𝑖

�̅�
    (24)  

𝛿
2

= 𝛿𝑑
2 + 𝛿𝑝

2 + 𝛿ℎ
2        (25) 
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Where, �̅�is the molar volume of all groups in the 

structural unit, 𝛿𝑑  represents the energy required 

to overcome the scattering forces, 𝛿𝑝 represents 

the energy required to overcome the polar 

interactions between adjacent molecules, and 𝛿ℎ 

represents the energy required to break the 

hydrogen bonds between adjacent molecules.  

Membrane preparation and characterization 

Phase inversion method was used to prepare 

asymmetric PPF membrane [15]. A stainless steel 

casting knife with a gap distance of 250 μm was 

used to cast the casting solution on the mirror 

plate at ambient temperature (evaporation time: 

20 second), and then the glass plate was 

subsequently immersed immediately in deionized 

water. After the formation of the membrane, it is 

removed from the non-solvent bath and washed 

with distilled water several times to remove the 

residual solvent. The SEM images of the prepared 

membranes were prepared by the KYKY EM3200.  

Results and Discussion 

Binary interaction parameters effect on ternary 

system 

The Binary interaction parameters of Flory-

Huggins theory play an important role in the 

solubility of each component in the casting 

solution and determine the position of the binodal 

curve. Therefore, the low value of this parameter 

indicates a high interaction between two 

components in ternary system. If there is a high 

interaction between the solvent and the polymer, 

g23 has a low value. Likewise, the lower g14 

shows a high interaction between non-solvent and 

additive. Since pluronic F-68/GO has a hydrophilic 

nature, it causes more penetration of water flow 

into the nascent membrane and thermodynamic 

instability. Therefore, the binodal curve is more 

shift the polymer/additive/solvent axis, which 

indicates the greater instability of the system as a 

result of the presence of the additive. In contrast, 

the high value of this parameter indicates a low 

interaction between two components in ternary 

system. At higher value of g13, the binodal curve 

tends towards the (polymer/additive) - solvent 

axis in ternary diagram. The summery result of 

this section is displayed in Figure 2. 

 

 

Figure 2: Interaction parameters value effect on the binodal curve in the ternary system 

The value obtained for the g24 =1.02 indicates that 

the additive is well disperse in the solvent. In fact, 

the hydrophobic chain in the Pluronic F-68 

additive (i.e. poly (propylene oxide)) improves the 

dispersion of graphene in the non-polar solutions. 

Since g13, g23, and g14 have a great effect on the 

liquid-liquid and solid-liquid demixing behavior of 

the ternary system, the other binary interaction 

parameters (g12 and g23) are ignored. 

Ternary interaction parameters effect on ternary 

system 

Figure 3 displays the calculated binodal curve for 

the PPF/2P/Water system at various g123 from - 

0.5 to +0.5 (T = 25 °C). As can be seen, when g123 

is positive, the system shows a small miscible 

region and small changes in water volume fraction 

of the polymer-rich phase. Therefore, the small 

amounts of non-solvent are needed for phase 
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separation. Conversely, due to a negative value of 

g123 indicating a high miscibility in ternary 

system, the binodal curve will shift toward the 

polymer/non-solvent axis in the ternary diagram 

as a result of Gibbs free energy reduction so that 

phase separation is minimized.  

Figure 4 depicts the ternary phase diagrams of 

PPF/2P/Water systems at g123 of 0.56 which are 

obtained from the cloud-point measurements, 

binodal, spinodal, and critical point calculations. 

The experimental results show a good agreement 

with the theoretical binodal results. Thus, the 

value of 0.56 was considered for g123 parameter 

in the ternary system. 

 

Figure 3: Effect of g123 on the binodal curve in ternary system 

 

Figure 4: Cloud-point data, binodal, spinodal, and critical point of PPF/2P/Water ternary system (g123=0.56) 

Quaternary interaction parameters effect on 

quaternary system 

The effect of the quaternary interaction 

parameters on the binodal curve in the quaternary 

(PPF/additive)/2P/Water system is depicted in 

Figure 5. 

When g1234 is positive, the addition of additive 

into the casting solution disturb the 

thermodynamic equilibrium of system and leads 

to instability. Therefore, the binodal curve shifts to 

the polymer/additive/ solvent axis. It might be 

explained by that the hydrophilic nature of the 

pluronic F-68/GO increases water as a non-

solvent inflow and cases lower thermodynamic 

stability. Likewise, the binodal curves showed at 

different ternary parameters in quaternary 

system (Figure 5b-d). It is clear that there are 

negligible interactions of pluronic F-68/GO with 

solvent and polymer (g234) at various ternary 

parameters in the system (Figure 5b). Both g124 

and g134, at positive value are close to 

(polymer/additive)/solvent axis and conversely 

at negative value are shift to 

(polymer/additive)/non-solvent axis. In fact, the 

presence of special relation (interaction and 

affinity) between pluronic F-68/GO and water as 

the non-solvent provides a high permeation 
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velocity of non-solvent into nascent film during 

the phase inversion and disturbs the 

thermodynamic stability. Moreover, the solvent 

diffusion from the membrane to the coagulant can 

be further affected by the pluronic F-68/GO.   

As a result of the presence of additive, molecular 

interactions between polymer and solvent are 

reduced so that the diffusion of the solvent from 

the polymer matrix in to coagulant becomes 

easier. All of this causes the binodal curve to shift 

to the left of quaternary system. 

 
 

 
 

Figure 5: Effect of quaternary and ternary interaction parameters on (PPF/additive)/2P/Water system 

Morphology of membranes 

The cross-sectional SEM image of the modified 

and unmodified membranes is illustrated in 

Figures 6 and 7.  

Since, PPF is amorphous; it is cross-sectional SEM 

image with a finger like structure. This structure is 

obtained in the composition near to the critical 

point. Likewise, the finger like structure with a 

dense top-layer and porous sub-layer is exhibited 

in modified membranes (Figure 7). 

A great diffusion velocity of water into nascent 

membrane is occurred during the phase inversion 

in presence of GO/Pluronic F-68 additive, so 

macrovoids grow throughout the membrane. 

The loading of Pluronic F-68 causes homogenous 

dispersion of GO in the polymer matrix and 

prevents the aggregation of GO so that the result is 

a more regular formation of macrovoids in the 

membrane structure. 

The presence of Pluronic F-68 affects the micelle 

structure of the casting solution so that the density 

of the micelles influences the membrane 

structure. Based on the results, by increasing 

GO/Pluronic F-68 up to 4 wt.%, the size of the 

micelles increased, resulting in the formation of 

membranes with a macroporous support layer, a 

dense skin layer, and a porous sub-layer. 

At higher additive concentration (>4wt.%), a 

dense sponge-like structure of sub-layer was 

obtained. Furthermore, the finger-like structure of 
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the support layer was transformed into larger 

pores and extended to the bottom of the 

membrane.

 

Figure 6: SEM cross-sectional image of neat PPF membranes (16 wt.%) 

  

 

Figure 7: SEM cross-sectional images of the PPF membranes at various concentrations of Pluronic F-68 /GO 

Conclusion  

In this research the Flory-Huggins model based on 

the Gibbs free energy of the casting solution was 

used to determine the thermodynamic stability of 

the membrane solution. Likewise, the effect of 

component interaction parameters on ternary and 

quaternary system was evaluated. The g123 

values for ternary and quaternary system were 

evaluated 0.56 and 0.63, respectively. It means 
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that the GO/PF-68 additive has the influence on 

the ternary interaction parameter of 

PPF/2P/Water in the membrane system. In fact, 

the hydrophilic property of GO/PF-68 makes a 

great tendency to non-solvent (water), so the 

ability of water for penetration in to nascent film 

increased and the exchange process of solvent/ 

non-solvent can be accelerated. Therefore, the 

thermodynamic stability was deteriorated. 

Results show that variations in the quaternary 

parameter have affected the binodal curve in the 

quaternary system so that in positive value of 

g1234, the binodal curve shift to the 

(polymer/additive)/ solvent axis. The GO/PF-68 

additive also affects the membrane structure. At 4 

wt.% of GO/PF-68, which has lower 

thermodynamic stability, macrovoids are 

regularly seen throughout the membrane. A 

porous structure can also be seen between these 

macrovoids.  At higher concentration (> 4 wt.%), 

due to the thermodynamic stability and higher 

viscosity of the casting solution, a denser structure 

be observed. 
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