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In oredr to reduce costs and save time for the
membrane manufacturing process, it is necessary
to improve the quality of membranes by modeling
usage. In this study, Flory Huggins model was
used to predict quaternary-system containing
polyether sulfone, N-Methyl-2-pyrrolidone, water
and used alkanes as an additive. Due to the
solubility parameters and molar alkane volumes,
the interaction parameters changed which
influenced the membrane morphology. In the
meantime, modeling showed that hexane had no
effect on the immiscibility gap, and the decane had
a greater effect compared to hexane. But the
tetradecane, due to the increased interactions,
could greatly increase the immiscibility gap and
increase the thermodynamic instability. Hence,
those instabilities can become subjected to faster
membrane entelechy, construct a pores skin layer,
and change the membrane morphology. Whatever
the immiscibility gap rise, the proportion of pores
in the skin layer will increase and vice versa.
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1. Introduction

Many chemical engineering processes deal with the problem of
concentration changes in solutions and mixtures, which are not necessarily due
to the chemical reactions. The importance of mass-separation processes for all
chemical engineers is clear, and it's rarely possible to find a chemical process
that does not require the initial purification of the raw material or the final
separation of the products from the lateral products obtained from the process.
Often, most of the costs associated with the process of producing a product are
spent on the separation. In the recent decades, there has also been a growing
need for these processes to control pollution and protect the environment [1].
The rapid introduction of membranes into the industry is the development of
membrane materials, the invention of a new way to produce membrane, and the
development of production component [2]. The unique work of Loeb and
Surreyjan researchers in polymer membranes was followed by the use of phase
inversion method in industrial and laboratory environments as well as in many
commercial membrane manufacturing centers [3-5]. Phase inverse methods are
the most important and the most widely used methods for the production of
polymer membranes. Because of the time and cost of determining the
laboratory charts, the models are used as a powerful and valuable tool for
predicting the behavior of multiple systems in educational and industrial centers
[6]. To achieve the theoretical knowledge in the membrane construction, and
also to properly understand the relationships between the components of the
system and to consider the interactions of the components on each other it is
necessary to improve the design, control and planning of the membrane
construction. Flory and Huggins in 1941 separately proposed a two-dimensional
network model. Their model was based on an empirical argument [7, 8]. Other
models have been developed to obtain binodal and spinodal points that require
more simple calculations, but these models are limited to specific materials or
specific conditions. In addition, there are models that require input parameters
and many mathematical calculations; therefore, these models can not be used
easily [9-13]. Simplicity and easy useage of this model is the reason for the
superiority of the Flory Huggins theory compared to the other models. Of
course, modifications have also been made to the main form of this theory,
including the use of concentration-dependent interaction parameters [14].

Regarding the previous work on obtaining equilibrium curves in the
presence of alkanes [15], this study was an attempt to investigate the relations
between the four-dimensional systems, the solution of relations, and the
equations between the components. Also using the theory of Flory Huggins in
addition to the binodal curves the spinodal curves would provide a good
prediction of the membrane morphology.

2. Research Method
2.1. Numerical calculation:

In the Flory Huggins model, the free energy of Gibbs is written in the
quadratic system in the form of equation (1). By differentiating Gibbs free
energy (AG,,), chemical potential (Ay;) can be obtained at constant pressure
and temperature.
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The most important point to consider when using the Flory Huggins model
is to calculate the dual interaction parameters [16]. g, is the Flory Huggins

interaction between the two components i and j. It is also assumed in most
cases that only the solvent-nonsolvent interactions are dependent on the
concentration, and the interaction between the solvent-polymer and the
nonsolvent-polymer is considered due to the negligible dependence on the
concentration of frequently fixed substances [17]. The solvent-non-solvent
interaction parameter is calculated by the Gibbs free energy [18-20]. In addition,

¢, ¢

and ¥, =——— and ¢ is a non-solvent

4+ 9, 4+ 9,

volume fraction and ¢, is a volumetric fraction of a solvent

equations (3) and (4): u, =
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According to Table 1, calculating the interaction of the PES / NMP / Water
system in various articles in numerical order may be slightly different from each
other. This is due to different methods of calculating these parameters.
Sometimes some values are very close to the clouds, and others are very far
away. In this research, the parameters used in the articles were applied.

Table 1. Interaction between solvent-non-solvent and polymer-non-solvent in PES / NMP /
Water system

reference di2 X3

[21] 0.1981 1.58
0.3497 + (1—0.7797u,)

[21] 0.5483 — 0.092u, + 2.0522u? — 3.9428u3 + 2.6792us 1.58

[22] 0.18089 1.54

0-37594 + (1 —0.79295u,)

[21] 0.58 — 0.45u, + 3.07u? — 5.06u3 + 3.1u} 1.58

[23] 0.4683 25
0.3164 + (1 — 0.4993u,)

[24] 0.486 + 0.8029u, 2.55

[25] 0.718 + 0.6691u, 2.8

[26] 0.785 + 0.665u, 2.81

In this study, all the equations in Table 1 were used and it was found that
the equation in reference [23] had the best match.

2.1.1 Calculation of the binodal curve
The solution in this case consists of two completely separate liquid
phases that are in equilibrium at a constant temperature and pressure, and the
chemical potential of each component in the two phases (a and B) will be the
same.
Ap® = Au’ (10)
The composition of the components in the two thermodynamic liquid
phases is placed on the binodal curve. To determine the combinations of the
two tie lines, it is necessary to calculate the eight unknowns, which are the
same as ¢;—i =1..8. To calculate these unknowns, you can use the six
equations that exist between them. Four unknowns from the placement of the
chemical potential equations of the components (3) to (6) were obtained in the
equation of chemical potential equation in the two equilibrium phases (10).
From the equilibrium relationship between the two poor and rich phases of
the polymer, two other equations can be achieved:

Z Pt =1 n=1234
i=1

n
Z pF =1 n=1234
i=1

Two other unknowns can be used to solve one of the unknowns, using
two methods (A) and (B). The use of any of these two methods is optional and
depends on the ease of doing the calculations:

Method (A): The amount of the fourth component in both the polymer-
rich and polymer-poor phases is always constant. In such a way that the total

(11)

(12)
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mass fraction of the two phases is used in the density of the fourth component
equal to the constant value of the mass [27].

(¢ +¢))p, =m, (13)
Method (B): In another way, since the ratio of the amount of the third

component to the fourth one (in the case of both polymers) is constant,

therefore, it can be stated that:

¢+ A =0 (14)
In this equation, A is the ratio of the value of the third component to the

fourth one [28]. The algorithm of the binodal methodology is accessible in
appendix 5. A.

2.1.2 Calculate the spinodal curve:
The boundary between the unstable and unstable region is known in the
triangular diagram with the spinodal curve, so that equation (15) holds true.
%AG,,
g2 0
In order to obtain the equations for calculating the spinodal curve, the
Hessian matrix determinant of AG,, was used. H is the Hessian matrix:

G22 G23 G24
H=|G, Gy Gy

G42 G43 G44

After simplifying the spinodal equations, the final equation was presented
as below.
Gy (G33G44 a G324 ) -G, (G23G44 -GGy, ) + Gy, (G23G34 - G33G24) =0 (16)

(s
As G, :inf [29, 30]. Here, Part 1 was selected as a reference
ity
component. In order to draw the spinodal curve, there is no need for any phase
equilibrium, and only the numerical value of the volume fraction of polymer,
solvent, non-solvent and, if necessary, the amount of additive is required. For
the unknown and unknown numbers to be the same, given that only the existing
equations is Equation (16) and the total equation of the fraction of volumes are:
Popi=1 i=1,234 (17)
And the ratio of the values of ¢, and ¢,is constant. Also, the ratio of the

values of ¢ and ¢, is constant, so you can select the independent

(15)

variable(¢3+¢4). The corresponding modalities can be solved by solving

nonlinear equations using “MATLAB” software. The algorithm of the spinodal
methodology is accessible in appendix 5. B.

3. Results and Analysis

In the dope solution of alkane, the membrane's formation and exchange of
the material in the membrane was: at first there was one kind of alkane in a
solution of a dope with solvents and polymers. After adding water, the first
phase separation was created. This phase exchange was not the result of the
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displacement of the polymer or even of the solvent, rather the result of the
exchange and the displacement of the alkanes in the solution.Therefore, two
phases were formed, one of which consisted of all polymers, a small amount of
alkanes, a large amount of solvent and a small amount of water, and the
second phase contained a very high amount of alkanes, a small amount of
water and a small amount of solvent. By proceeding and adding water to the
solution, the second phase separation process took place. The reason for these
different phase separations can be found in the solubility of the materials in
each other.

In Table 2, the molar volumes of the components and the solubility

parameters (§,) for different materials are presented. It shows that their
solubility parameter consists of three dispersion sections (5, ), polarity (5,) and
hydrogen bond (5, ). According to equation 26, it was computed [31].
8} =0 +6, +0, (18)
Polymer and the solvent are solved well in each other if their solubility
parameters are equal or close to each other. Table 2. illustrates the solubility
parameters of the materials studied. As shown in Figure 1, we can consider the
three dimensional space of solubility parameters, each of which has its own
solubility parameters. Solubility is most affected by the polarity and the
hydrogen bonding. It can then be reduced from the three-dimensional space to
two-dimensional space and define the new parameter 3, such that &, =&; +6,

[32]. By this greate approximation, the solubility parameter could be compared
with each other easily. If one assumes that a sphere with a radius of 5 units of
the solvability parameter is closer to each other, one can conclude that the
material is better solved in each other. In Figure 1, if the center of the cores
becomes closer to the solvent core, they can be well solved together.

Table 2. Solubility parameters and volume of solvent, non-solvent and polymer systems

name Vi(ml) 8;q(MPa®®)  8;,(MPa®™®)  §;;(MPa®%) & ,(MPa%%) § (MPa®5)
PES 25000 18.6 10.4 7.8 21.8 21.9
NMP 96.5 18 12.3 7.2 20.44 23
Tetradecane 261.3 16.2 0 0 16.2 16.2
Decane 142.28 15.7 0 0 15.7 15.7
Hexane 86.178 14.9 0 0 14.9 14.9
Water 18 15.5 16 42.3 22.27 47.8

The effect of solubility parameters on thermodynamics and the sequence
of the two phases of polymeric solution in the Alkane / NMP / Water triplet
system are as follows: Tetradecane> Decane> Hexane.

The solubility of these alkanes with non-solvent can be observed only by
using the despersion solubility parameter. This parameter in tetradecane is the
most distinct compared with other alkanes. Therefore, a smaller amount of
water is needed to make the two-phase system when it has tetradecane.
Another reason that is very influential is the size of the alkane. As the
tetradecane volume is higher than the other two alkanes, the interaction
parameter increases.
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Figure 1: Solubility of materials using solubility parameters

By adding water to the system, the tetradecane additive begins the
seperation faster than other additives, and then the decane starts seperation
and eventually hexane exits from the system, which is consistent with the
molecular weight of each additive.

All the interaction values used in this study were optimized parameters
which were obtained by fitting the equilibrium curves and the experimental data.
Table 3 illustrates the calculated values of the equilibrium curve interaction
parameters of the PES / NMP + Hexane / Water system for the various
concentrations.

Since hexane is adjacent to the solvent, it can be seen that the interaction
between the polymer and the solvent (X23), also solvent and non-solvent (g12)
were changed.

Table 3. Interaction value in PES / NMP / Water and Alkane / NMP / Water systems

System

d12 Xi3 Xa3
0.4683 2.21
PES/NMP/Water . N 0.003
(03164 + (1 —0.4993u,)
0.4683 2.21
PES/NMP+0.2% Hexane 1.012(03164 + ————) 0.003
/Water (1 —0.4993u,)
0.4683
PES/NMP+0.4% Hexane 1.026(03164 + ————————) 221 0.0035
/Water (1 —0.4993u,)
0.4683
PES/NMP+0.6% Hexane 1.034(0.3164 + ————) 2.21 0.004

/Water (1 — 0.4993u,)
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Figure 2 (A) demonstrates the changes in the interaction between the
solvent and the polymer and (B) demonstrates the changes in the interaction
between the non-solvent and the solvent in relation to the increase in the
concentration of hexane additive in the PES / NMP / Water system. However,
these changes are not so tangible and the slope of these changes is low. The
reason for this can be found in the low molecular volume and thus the reduced
interaction.

(A)

0/005
0/004 Xy5= 00016 exane + 0.003 R? = 0/966
X5 0/003
0/002
0/001
0
0 0/1 0/2 0/3 0/4 0/5 0/6 0/7
Hexane concentration (wt%)
(B) 1/04
1/03 81= 0.058Pyiexane + 1.0006 R? = 0/9894
1/02
g
1/01
1
0/99
0 0/1 0/2 0/3 0/4 0/5 0/6 0/7

% Hexane concentration (wt%)

Figure 2 Changing the interaction between a) polymer and solvent (X23); b) solvent and non-
solvent (g12) relative to the increase of hexane additive in PES / NMP + Hexane / Water system

On the other hand, by comparing the binodal and spinodal curves, it is
observed that these two curves are almost in each other in the concentrations
that were used. Figure 3 illustrates the effects of different hexane
concentrations on the thermodynamic behavior of the system. As shown in this
Figure, all cloudy points of solutions containing additive are completely
coincided with cloudy points of the solution without any additive, and no
difference between pure state behavior and other solutions containing hexane
can be observed. According to the optimum parameters listed in Table 4, the
observed Binodal and spinodal curves had a good fit with the cloudy points.
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PES/NMP+0.2% Hexane /Water
PES/NMP+0.4% Hexane /Water
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40

NMP-+Hexane £ i L L . o Water

Figure 3. Binodal and spinodal curves in the PES / NMP / Water ternary system of
PES / NMP + 0.2% Hexane / Water, PES / NMP + 0.4 Hexane / Water and PES / NMP + 0.6%
Hexane / Water

By changing the type of alkane from hexane to the decane, its interaction
parameters also changed. Table 5 illustrates the proportion of these
parameters. Also, Figure 4 (A) demonstrates changes in the interaction
between the solvent and the polymer and (B) demonstrates changes in the
interaction between the solvent and the non-solvent in relation to increasing the
concentration of the additive in the PES / NMP / Water system according to the
parameters in Table 4.

Table 4. Parameters of intermolecular interaction in the PES / NMP + Decane / Water system

System 12 13 Yoz
0.4683 221
PES/NMP/Wat _ 04683 . 0003
o (0.3164 + 0 29930,
0.4683
PES/NMP-+0.2% 1.032(0.3164 + ————————) 221 0.0055
Decane/Water (1 —0.4993u,)
0.4683 221
PES/NMP-+0.4% 1.064(0.3164 + ————— ) 0.007
Decane/Water (1 —0.4993u,)
0.4683
PES/NMP+0.6% Decane  1.096(0.3164 + ————— ) 221 0.0085
/Water (1 —0.4993u,)

Since the molecular volume of the component is higher than hexane, it
can be seen that the effect of this alkane on the interaction in comparison with
hexane is higher. The change in the interaction between the solvent and the
polymer is proportional to the increase in the percentage of the additive in the
system in Figure 4 (A) and the changes in the interaction between the solvent
and the nonsolvent in Figure 4 (B) are illustrated.
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Figure 4: Changing the interaction between a) polymer and solvent (X23); b) solvent and non-
solvent (g12) as compared to increasing the percentage of the additive in the PES / NMP +
Decane / Water system

Figure 5 illustrates the effect of various concentrations (0.2, 0.4 and 0.6) of
the decane additive on the thermodynamic equilibrium of the PES / NMP +
Decane / Water system. In this system, similar to the previous system, although
there is a slight difference between the curves at different concentrations, the
curves are still very close to each other. In Figure 5, the binodal curve along
with the spinodal is drawn according to the optimal parameters listed in Table 4,
which fits well with the cloudy points.

In general, it can be concluded that the addition of hexane and decane
to the dope solution did not have much effect on the thermodynamic of the
systems. On the other hand, in Figure 6, by adding tetradecane to the dope
solution, the binodal curves were transmitted to the left of the chart. It is
observed that by increasing the additive concentration, the displacement of the
binodal curve increased and the system stability (between the polymer-solvent
axis and the binodal curve) decreased. Since this region illustrates the
thermodynamic stability of the system, so solutions containing the tetradecane
additive are less stable than the non-additive solutions. Due to the higher molar
volume, tetradecane has been able to influence the interaction parameters
more than any other additive. As shown in Table 5, the induced instability can
be increased by increasing the interaction parameters and increasing this
additive concentration.
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PES/NMP/Water redline PES
PES/NMP+0.2% Decane /Water cyan line ° 4 / \
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Figure 5. Binodal and spinodal curves in the PES / NMP / Water triplet system,
PES / NMP + 0.2% Decane / Water, PES / NMP + 0.4% Decane / Water as well as PES / NMP
+ 0.6% Decane / Water

20 40 60 80

Table 5. Parameters of Intermolecular Interaction in the PES / NMP + Tetradecane / Water

System
System
Ji12 X13 X23
PES/NMP/Wat 221 0.004
- 0.3164 + 04683 '
' (1 —0.4993u5,)
0.4683
PES/NMP+0.2% 1.34(03164 + ————— 2.21 0.065
Tetradecane /Water (1 —0.4993u;)
0.4683
PES/NMP+0.4% 1.62(03164 + ——— 2.21 0.105
Tetradecane /Water (1 —0.4993u;)
0.4683
PES/NMP+0.6% 2.07(0.3164 + 221 0.145

T 04903,
Tetradecane /Water (1 —0.4993u,)

As shown in Figure 6 (A), changes in the interaction between the solvent
and the polymer and (B) changes in the interaction between the solvent and the
solvent in relation to the increase of the concentration of additive tetradecane in
the PES / NMP / Water system are plotted according to the parameters in Table
6.
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Figure 6. Changing parameter of the interaction between a) polymer and solvent (X23); b)
solvent and non-solvent (g12) relative to the increase in the percentage of additive tetradecane
in the PES / NMP + Tetradecane / Water system

In Figure 7, the binodal curve with spinodal is drawn according to the
optimal parameters given in Table 5, which is well suited to the cloud
computing.

PES/NMP/Water

PES/NMP+0.2% Tetradecane /Water
PES/NMP+0.4% Tetradecane /Water R
line

PES/NMP+0.6% Tetradecane /Water

NMP+Tetradecane

o Water

Figure 7. Binodal and spinodal curves in the PES / NMP / Water triple system
, PES /NMP + 0.2% Tetradecane / Water PES / NMP + 0.4% Tetradecane / Water as well as
PES / NMP triple system + 0.6% Tetradecane / Water

Figure 8 illustrates the separation of each additive and PES separately in
a graph. It is seen that the separation start point for the hexane additive occurs
after the PES phase separation. This means that the separation of PES is faster
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than the separation of the hexane additive. But in the system containing the
Decane additive, the polymer and additive separation occurs almost
simultaneously, which means that the presence of the decane additive has a
slight effect on the thermodynamic equilibrium. Since the startup point for
tetradecane occurs much earlier than the PES separation, it has a great
influence on the thermodynamic equilibrium of the system. Similar to the
previous sections, the interaction parameters of this system are calculated in
Table 6. These parameters are obtained by fitting the curve and the
experimental data.

Table 6: Interaction calculation in PES / NMP / Water, Alkane / NMP / Water systems

System
g12 X13 X23
PES/NMP/Water 05164 4 04683 2.21 0.003
' (1 — 0.4993u,)
Hexane /NMP/Water 05164+ 04683 4.55 1.11
' (1 — 0.4993u,)
Decane /NMP/Water 05164+ 04683 4.59 1.15
' (1 — 0.4993u,)
Tetradecane /NMP/Water 4.8 1.2

0.4683

03164+ —————
T = 049931,

The process of increasing the interaction between alkanes with solvent
and alkanes with non-solvents are indicated in Figures 8 (A) and (B),
respectively.

(A) B)
/22 " /85 /8
" Xyp5= 0.0005V yane + 1.0718 o 4/8 Xy3 = 0.002V sgeape + 4.293 @
/75
1}."18 R2= 0;9804 X13 4;’? R2= ;"992
X 116 /15 . /65 /59
;
1/14 4/55
112 1/11~ /5 145"
® 4/45 Fy
v 0 100 200 300 /a
0 100 200 300

Alkane Molar Volume
Alkane Molar Volume
Figure 8. Effect of interaction between alkanes with solvent and non-solvent A) Increasing
alkane and solvent interaction by increasing molar alkane volume b) Increasing alkaline and
non-solvent interaction by increasing molar alkane volume
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Figure 9 is drawn from the binodal curves along with the spinodal.
Observed with respect to the interaction parameters in Table 6, this curve is
well positioned on the cloudy points.

PES/NMP/Water red line
Hexane/NMP/Wate cyanline Alkane /
Decane/NMP/Water magenta lime,, /
Tetradecane/NMP/Water blue line f,-"

. = 7

* o Water

Figure 9. Binodal and spinodal curves in the PES / NMP / Water system, Hexane / NMP /
Water, Decane / NMP / Water and the Tetradecane / NMP / Water triple system

4. Conclusion

In this study, it was observed that polymer phase inversion and alkane
phase inversion can occur simultaneously or at two different times, and this can
be derived from the interaction parameters of the materials which depend on
the molar volume and the solubility parameters. Also, the phase separation
associated with hexane occurred after the polymeric phase separation.
Therefore, this alkane can not affect the instability of the system because before
the polymerization, the polymeric phase inversion had occurred and the system
was unstable. Regarding the phase decomposition of the decane, it was
observed that this separation occurred with polymer phase inversion almost
simultaneously, so it can be seen that these additives had a slight effect on the
instability of the system. In the tetradecane phase separation of this phase
inversion, it can also be seen that the first phase inversion of the tetradecane
has occurred, and then the polymer phase inversion occurred. Hence, the
additive tetradecane can affect the instability of the system and affect the
bimodal and spinodal curves which will change the morphology of membranes.
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5. Appendices
The algorithm of the bimodal and spinodal methodology is shown in Figure
(1) and (2) respectively which can calculate all curves in “MATLAB” software.

Enter the lowest amount of Input all constant:
polymer in poor phase V. X, R, T «—

poor
4

Initial guess for the
—> seven unknowns:

A
/' by ey

A

The calculation of 7 equations involves the chemical
potential and the volume fraction of two-phase polymer
rich and polymer poor Equations 3 to 6, 10, 11, 12 or 13

}

Add a step to the independent variable l
to calculate the new point in the $5°°" Newton's algorithm
poor phase \/

A

Results:
b1 P

Minimization of
target function

<
<

Figure 1. numerical computing algorithm to obtain the binodal curve
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Enter a certain amount Input all constant:
for: Ve X, R, T
P + &y
Initial guess for the three
unknowns:
Py s

A

Calculate the equation 16 and 17 and the
volume fraction and the constant condition of
the ratio of component 12 or 13

|

7

Add a step to an independent l
variable to calculate a new point Newton's algorithm
: \
Results:
The b1 Py
end |

Figure 2. numerical computing algorithm to obtain the spinodal curve

Nomenclature

i=1 Non-solvent
i=2 Solvent
i=3 Polymer

i=4 Additive
AG,, Gibbs free energy of mixing
chemical potential

Number of molecules

Volume fraction of component

Flory Huggins interaction between two components i and j
Universal gas constant

Temperature

Specific volume

Parameters of the Wilson equation

Poor phase of polymer

Rich phase of polymer

molar masses

Density

ratio of the ¢ of the third component to ¢ fourth one

VI SHNREe=Ew
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:-Qq ’E% &Q’)mm

Hessian matrix
Solubility parameters
Dispersion section

Polarity section

Hydrogen bond section
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