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Asymmetric block copolymer 
membrane fabrication 
mechanism through self‑assembly 
and non‑solvent induced phase 
separation (SNIPS) process
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In this paper, the concept of the functional mechanism of copolymer membrane formation is explained 
and analyzed from the theoretical and experimental points of view. To understand the phase 
inversion process and control the final membrane morphology, styrene-acrylonitrile copolymer (SAN) 
membrane morphology through the self-assembly phenomena is investigated. Since the analysis of 
the membrane morphology requires the study of both thermodynamic and kinetic parameters, the 
effect of different membrane formation conditions is investigated experimentally; In order to perceive 
the formation mechanism of the extraordinary structure membrane, a thermodynamic hypothesis is 
also developed based on the hydrophilic coil migration to the membrane surface. This hypothesis is 
analyzed according to Hansen Solubility Parameters and proved using EDX, SAXS, and contact angle 
analysis of SAN25. Moreover, the SAN30 membrane is fabricated under different operating conditions 
to evaluate the possibility of morphological prediction based on the developed hypothesis.

The order arising from disorder and creation of desirable patterns in nature has consistently been fascinating. The 
hexagonal order of bee honeycombs, and symmetric white snowflakes are some examples of natural shapes and 
patterns that scientists have always been fascinated by. Inspired by these natural patterns, materials with unique 
properties and special applications can be created1,2. One of these fields that shapes and patterns find great impor-
tance is in the polymeric membranes, where the different applications can be expected by controlling the mor-
phology. One of the most common techniques to prepare polymeric membranes is non-solvent Induced Phase 
Separation (NIPS) through the immersion precipitation process that is often called polymer precipitation3–5. 
Nowadays, membrane science is facing a signicant challenge called the limited control of structure and surface 
properties of the membrane for higher performance in a process6–8. In this regard, the combination of self-
assembly of a copolymer in solution with the NIPS technique (SNIPS) has received the most attention recently9–12.

The self-assembly is a kind of autonomous organization which can create patterns and complicated struc-
tures of membranes for various applications such as separation process, biomedicine, and food industry13–15. 
Cheng et al.16 have investigated the epitaxial mismatch analogy to realize the ordered pattern development in 
polystyrene (PS)-block-polyferrocenyldimethylsilane (PFS) block copolymer. Oss-Ronen et al.17 have considered 
the self-assembly of polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP) iso-porous membranes; they found that 
the solvent evaporation time, solution composition, and block copolymer fraction play an important role in 
determining the final morphology of the membrane. The effect of polymer size on membrane structure was also 
investigated by Dorin et al.18 using poly(isoprene-b-styrene-b-4-vinylpyridine) triblock terpolymers with similar 
block volume fractions through the self-assembly and non-solvent induced phase separation (SNIPS) method. 
Kang et al.19 synthesized amphiphilic micelle-forming PDMS-PEGBEM copolymer membrane via free-radical 
polymerization and measured the CO2/N2 and CO2/CH4 selectivity in a gas separation process; finally, they 
reported the evolution of the interlamellar nano-spaces and dual-phase region, as well as the microstructures 
of the membranes.
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Despite remarkable studies which have been previously performed16,20,21, the fundamental molecular mecha-
nisms in the structural evolution of SNIPS is one of the gaps that can be addressed by understanding the behavior 
of amphiphilic copolymers in the process of membrane formation22–25; therefore, understanding the role of 
each of the parameters involved in the membrane casting process can lead to better control over the membrane 
characteristics and consequently it can be engineered and designed according to the specific application, and 
taking a step towards predicting the final morphology of the membrane26.

It is worth noting that both thermodynamic and kinetic terms are involved in the self-assembly process of di-
block copolymers. Therefore, the final morphology not only depends on the materials but also on the process and 
preparation conditions intensively, which can prove the effectual role of thermodynamic and kinetic landscapes 
in the self-assembly process for structure design and process control27,28.

The main goal of the current study is to interpret the formation of mesoscopic length pores inside the 
micropores, self-assembly incidence, and its dependency on the condition of membrane formation. We will focus 
on the theoretical assessment of nanostructure rearrangement in self-assembled Poly (Styrene-co-acrylonitrile) 
(SAN) copolymer and probe into solutions to conquer the challenges of self-assembly and NIPS combination of 
di-block copolymers to understand the science behind it. As far as we know, no research has been carried out on 
molecular phase separation mechanism and SNIPS process thermodynamically and kinetically on SAN copoly-
mer. We have also presented a successful approach to wipe out this challenge by thermodynamic investigation 
via Hansen Solubility Parameters (HSP) in order to explicate the molecular mechanism of membrane formation. 
By doing so, this study may not only disclose the fundamentals of amphiphilic copolymer membrane formation 
but also provide valuable insights to design new generation membranes for water treatment.

Results and discussion
Controlling the polymer molecular weight, changing solvent and non-solvent or adding pore formers are the 
conventional methods that have been used to designing and engineering the pore size of a membrane29–31.

By designing the pore size of the membranes in the phase inversion of systems containing amphiphilic 
copolymers two different diffusions arise; First, solvent molecules diffuse from the membrane matrix to the 
water bath and substitution of water in the comprised pores. Second, the diffusion of polymer coils through the 
membrane matrix in order to reduce the surface energy32,33. Generally, the size of macro-pores during the NIPS 
method through the liquid–liquid de-mixing process is controlled by polymer concentration and the kinetic of 
solvent and non-solvent replacement. Additionally, the self-assembly process causes creation of smaller pores 
whose size depend on the compatibility of the copolymer and non-solvent blocks34.

The surface morphology of the fabricated SAN membrane during SNIPS is shown in Fig. 1. As it is illustrated, 
micropores with identical pore sizes, which are the consequence of the NIPS process, are scattered on the whole 
surface of the membrane, and their structure is comparable to membranes prepared using other polymers. Two 
pore-size categories also can be observed in Fig. 1; micropores, which are due to the solvent, and non-solvent 
replacement, and mesoscopic pores which have been created due to the repulsion between dissimilar segments. 
This result is consistent with the study of Yoo et al.35.

In order to perceive the formation mechanism of this extraordinary structure, the following hypothesis has 
been developed: in the first step of the film casting on the glass, the block copolymer solution is homogenous; 
however, evaporation of the solvent from the surface of the film causes the polymer concentration difference 
across the polymeric film surfaces. Therefore, chemical potential difference drives the solvent molecules to 
migrate from the bottom surface (in contact with glass) to the top surface (in contact with air) of the polymeric 

Figure 1.   (a) the bottom and (b) cross section SEM images of SAN 25 (containing 25% acrylonitrile and 75% 
styrene) using DMF as solvent, polymer concentration = 8%; Temperature = 0 °C, BWB time = 300 s, Casting 
knife gap = 250 µm.
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film. As a result, perpendicular orient channels will be created in the membrane matrix due to the fast evapora-
tion of the solvent36. Simultaneously, the polymer coils, that are randomly dispersed in the solution, create a new 
formation to minimize the Gibbs free energy of the system; therefore, the longer the evaporation time before 
precipitation (BWB time), the polymer coils have more time to be closer to the stable state.

After the immersion of swollen polymeric film in the non-solvent bath, not only the solvent migrates from 
the copolymeric matrix to the water bulk, but also water enters the matrix through the created channels and is 
exchange with the solvent. Throughout these replacements, the copolymer reveals a kind of bilateral effect due 
to its amphiphilic property and the presence of hydrophobic and hydrophilic chains in its structure. Water has 
a great tendency to one of the copolymer’s coils and a reluctance to the other one; thereby the hollow channel 
structure forms, which is the result of attaining the thermodynamic stability. Regarding the contrasting water 
compatibility of copolymer’s coils, the phase inversion begins with the sedimentation of polystyrene, which is 
less soluble in water comparable to PAN, and then followed by the deposition of water inclined polyacrylonitrile 
phase. During the phase inversion, the hydrophilic PAN chain swells more in comparison with the less hydro-
philic PS chain due to its stronger attraction to the water; therefore, PAN accumulates on the surface of the 
membrane while PS is placed at the bottom. To corroborate this theory, the EDX analysis of the cross-section of 
the membranes has been performed, which were prepared using DMF as a solvent (Fig. 2). The distribution of 
nitrogen element in the cross-section of the membrane in Fig. 2 indicates that the membrane surface contains 
more Nitrogen, and its density decreases as going through the depth of the membrane, which can prove the 
aggregation of acrylonitrile chains on the surface.

The results show that a BWB time of 300 s can be considered as the maximum level of change of the progress. 
Obviously, as BWB time decreases, the migration rate of each of the polymer coils decreases. It is utterly homo-
geneous in BWB time of 0 s, and there is no difference between PS and PAN concentration on both sides of the 
membrane and through the cross-section. This statement can be proved using the results of membrane contact 
angle analysis which is indicated in Fig. 3 as an example.

Generally, three parameters affect the self-assembly process; First, it is affected by the solvent evaporation time 
before precipitation in a water bath since that the polymeric chains are able to move before the solidification and 
depend on the film viscosity. Second, self-assembly is affected by movements of polymeric chains in the casting 
solution, which at the immersion, occur synchronically with the NIPS process. Third, the interaction of polymeric 
solution with the membrane surface; therefore, the thickness of the casted film is an effective parameter. Finally, 
self-assembly is controlled by the affinity of the polymer blocks to solvent and non-solvent that depends on the 
polarity of segments and the segment fractions. It seems that by adjusting these parameters we can design the 
final membrane structure and morphology. To attain this goal, thermodynamic and kinetic sciences are required 
to collaborate in this unrevealed, abstruse, and intricate way.

The first step to investigate the behavior of copolymers in the presence of solvent and non-solvent is to analyze 
the thermodynamic behavior of ternary systems containing copolymers. So, a wide variety of issues should be 
assessed completely, which is not easy, but it is worth it; because the acquired results of thermodynamic modeling 
would offer potential solutions to describe the structure–property-performance relation in the membranes.

Let’s describe this phenomenon; during phase inversion, both kinetic and thermodynamic aspects play domi-
nant roles that make the process to be sophisticated. Furthermore, the process would be terminated in a few 
milliseconds that causeing the investigations to face a signicant challenge37,38. In the thermodynamic point of 
view, the self-assembly structure of di-block copolymer in a solution depends on the equilibrium of three por-
tions that are involved in the amount of free energy:

Figure 2.   Energy-dispersive X-ray spectroscopy (EDX) map scanning spectra for Nitrogen element: (a) 
top surface, (b) cross-section and (c) bottom surface of SAN membrane with 25% acrylonitrile, using DMF 
as solvent and the polymer concentration of 8% w/w; BWB time = 300 s, bath temperature = 0 °C and film 
thickness = 250 µm. As can be seen, the density of nitrogen on the top surface is obviously higher than the 
bottom surface, which indicates the migration of acrylonitrile coil to the surface.
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•	 Interactions of two coils and the level of their repulsion interaction
•	 Solvent type and its propensity to each of the coils
•	 Interactions of identical segments in each of the coils

Evidently, the variation of these interactions or the copolymers segment ratio can change the equilibrium 
condition and cause various structures to be created during the self-assembly procedure. As this phenomenon 
occurs aligned with the Gibbs free energy minimization, thus the selectivity of polymeric coils (PS or PAN) 
would directly affect it. We have applied a simple model to describe this process thermodynamically, which is the 
combination of NIPS and self-assembly of amphiphilic di-block copolymers in Supplementary information (S1).

Related Hansen solubility parameters for the studied systems are listed in Table S2-1. It can be concluded 
from Table S2-1 that NMP, in comparison with DMF, is a more appropriate solvent for both PAN and PS by eas-
ily comparing the solubility parameter values. Since the viscosity of the solutions prepared using both of these 
solvents is almost equal, different generated morphologies could be assigned to the solubility parameters of the 
components and therefore to their interactions. The tendency of solvent-copolymer chains and increasing the 
solvent–water tendency can shift the pores structure from spherical to cylindrical. In other words, by enhanc-
ing the solvent affinity toward the polymeric chains, cylindrical pores convert to the spherical pores, which are 
depicted in Fig. 4 (Fig. 4a,b correspond to the NMP and DMF solvents, respectively).

Likewise, this phenomenon is expected to be observed when increasing the segment fraction of PAN in the 
copolymer chain. Therefore, by increasing the segment fraction of acrylonitrile from 25 to 30 in a special solvent, 
it is predicted that the structure tends from cylindrical to spherical since that solvent-polymer tendency improves 
when the solvent–water tendency is kept constant. This behavior could be attributed to the decrease of solvent 
and block copolymer interface in order to reduce the surface energy39,40. To confirm, the SAN 30 membrane was 
fabricated using NMP and DMF. The SEM cross-sectional images of the membranes are depicted in Fig. 4c,d; 
although the membrane has a cylindrical structure, the solvent has shown more tendency to accumulate in the 
polymeric matrix, and the structure has grown upon spherical in comparison with Fig. 4a,b. However, slight 
variations could be observed due to minor changes (5%) in the content of polymeric chains, which is in line 
with the study of Zhang et al.41.

The kinetic prospect of the phase inversion process is concerned with the rate of solvent and non-solvent sub-
stitution, which demands the transport phenomena investigations during the coagulation process. The maximum 
chemical potential difference emerges at the first moment when the polymeric film touches the coagulation bath, 
which leads to the most signicant exchange rate. Over time, the exchange rate declines, which is ascribed to the 
reduction of chemical potential difference in the two phases. Moreover, as the solvent gets out of the polymeric 
film, the permeability of the top layer decreases, which intensies the mass transfer restriction. Two different ways 

Figure 3.   The water contact angle of the fabricated membranes: (a) top surface of SAN membrane, (b) top 
surface of PAN membrane, (c) bottom surface of SAN membrane, (d) top surface of PS membrane. As can be 
seen from (a) and (b), the top surface contact angle of SAN membrane (42°) is similar to the water contact angle 
of PAN (41°); furthermore, the bottom surface contact angle of the SAN membrane (71°) is similar to the water 
contact angle of PS (77°). It should be noted that the DMF was used as a solvent and the polymer concentration 
was 8% w/w; also, the membranes were fabricated under the same conditions as 300 s BWB time at a bath 
temperature of 0 °C and 250 µm of the polymeric film thickness.
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could be followed in the phase inversion process concerning to the exchange rate. Concluding the presented 
investigations, it can be apprehended that when the initial solution immerses in the water bath right away after 
casting, a non-equilibrium structure appears in which the hydrophobic polystyrene chain had sedimented imme-
diately. In addition, PS comprises a signicant part of the copolymer and thus forms a continuous phase, which 
covers the acrylonitrile core like a shell and causes the acrylonitrile phase to trap in pores. On the contrary, when 
the casting solution experiences have enough BWB time, an equilibrium structure would form in which the 
acrylonitrile chains move to the surface of the pores in order to minimize the surface energy. Table 1 compares 
the porosity and thickness of SAN 25 (containing 25% acrylonitrile and 75% styrene) membranes prepared using 
DMF as a solvent, at different water bath temperatures and evaporation time before precipitation (BWB time).

By comparing the data presented in Table 1, it can be concluded that increasing the temperature leads to an 
increase in the size of the membrane pores, and increasing the BWB time slightly reduces the size of the mem-
brane pores. As a rule of thumb, it can be said that increasing the exchange rate between solvent and non-solvent 
leads to the membrane fabrication with high porosity and finger-like morphology; Conversely, reducing the 
exchange rate between solvent and non-solvent leads to the membrane fabrication with less porosity and sponge-
like morphology5. In this regard, increasing the temperature reduces the viscosity and increases the exchange rate 
of solvent, and non-solvent molecules and consequently increases the porosity and thickness of the membrane. 
The decrease in membrane porosity following the increase in BWB time can be attributed to the evaporation of 
the solvent from the surface of the casted polymer film, and consequently the increase in the polymer solution vis-
cosity. Moreover, according to the same argument, it can be mentioned that increasing the exchange rate between 
solvent and non-solvent leads to the membrane fabrication with a large pore size, and decreasing the exchange 
rate between solvent and non-solvent leads to reducing the pore size of the membrane. Therefore, increasing 

Figure 4.   The cross-section SEM images of (a) SAN 25/NMP, (b) SAN 25/DMF, (c) SAN 30/NMP and (d) 
SAN 30/DMF as solvent, polymer concentration = 8%; Temperature = 30 °C, BWB time = 300 s, Casting knife 
gap = 250 µm. As can be seen, the pore structure of the membrane can be changed from spherical to cylindrical 
by changing the solvent-polymer affinity.
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the temperature of the coagulation bath can lead to making the larger pore size of membranes. Furthermore, 
increasing the BWB time increases the viscosity of the solution, and reduces the exchange rate.

According to the hypothesis, it can be predicted that with increasing the amount of acrylonitrile using SAN 
30, the same behavior will be seen. However, the amount of thickness and the porosity will increase because of 
the amount of hydrophilicity of the polymer increases. The porosity and thickness values ​​of SAN 30 membranes 
at different water bath temperatures and BWB time are also shown in Table 1. As can be seen, the values ​​of 
thickness and porosity have increased with increasing temperature, and in all cases, the corresponding values ​​
of thickness and porosity in the SAN 30 membrane are greater than in the SAN 25. The porosity has remained 
almost constant and has not changed, which can be attributed to the low temperature of the water bath and, 
consequently, the low rate of phase separation.

The results of EDX analysis of the cross-section of the fabricated membranes (Fig. S2-1) show that, as the 
thickness of the polymer film increases, the PS coil has more time to migrate to the bottom of the membrane, 
resulting in less nitrogen accumulation at the bottom of the membrane. As it is mentioned before, in copolymer 
solutions, depending on the system conditions and type of solvent interaction with each coil, various morpholo-
gies and configurations can be created in the solution, which affects the final membrane morphology42. Therefore, 
having a powerful tool that can detect the type of configuration according to the concentration of the solution 
and predict the structure of the surface can lead to faster development of research in the field of fabrication of 
copolymer membranes which can be quantied using the small-angle X-ray scattering (SAXS) analysis43. In other 
words, the microphase separation of copolymers in stock solution was performed using SAXS analysis.

The SAXS patterns for the bulk SAN 25 copolymer solution using DMF and NMP as solvent was represented 
in Fig. 5a,b using SAXS analysis.

The SAXS pattern for the concentration of 25 wt.% of SAN 25 in DMF (top curve of Fig. 5a) shows a locally 
microphase-separated nanostructure because of the no sharp well-developed higher first-order peak. Further-
more, as can be seen from Fig. 5a, there are no discernible underlying lattices at the low copolymer concentration 
of 10 wt.%; therefore, the order–disorder boundary is around 10 wt.% of copolymer concentrations, where the 
obtained micelles begin to pack into the lattices. Moreover, a Hex lattice emerged at the polymer concentration 
of 20 wt.%; but at higher concentrations of 25 wt.%, no discernible lattices were detected.

In the case of using NMP (Fig. 5b), the SC lattices were found for 20 wt.% of copolymers, whereas BCC lattice 
emerged for higher copolymer concentration (25 wt.%); which can be distinguished by peak position of q/q* = 

√
7.

In order to investigation of the hydrophilic segment fraction effect of copolymer on lattice formation in the 
solutions, the scattering intensity as a function of scattering vector magnitude in a logarithmic plot for the bulk 
SAN 30 copolymer solution using DMF and NMP as solvent was represented in Fig. 5c,d.

As can be seen from Fig. 5a,d, a similar behavior was observed using different segment fractions of the 
copolymer; so, it can be concluded that manipulation of the segment fraction will not have much effect on the 
copolymer solution structure by comparing Fig. 5a,b with (c,d), respectively. It also was found that as the con-
centration of SAN 30 copolymer solution increases from 20 wt.% to 25 wt.%, the SAXS pattern changes from 
SC to BCC, comparing the presented data in Fig. 5d.

Generally, the presented scattering patterns in Fig. 5 were consistent with one of the hexagonal morphologies 
(Hex), micelles packed in a body-centered cubic lattice (BCC), micelles packed in a simple cubic lattice (SC), 
or disordered (DO) micelle structures. The expected peak positions for these structures in SAXS measurements 
are represented in Table S2-2. It should be noted that the only difference between the BCC lattice and the SC 
lattice is the peak at a scattering vector of 7.

The results show that the proposed hypothesis can be expanded according to the water bath temperature, the 
concentration of the polymer solution, the fraction of the copolymer segment (hydrophilicity or hydrophobic-
ity of the copolymer), and the interaction between components to predict the morphology of the copolymer 
membranes.

Table 1.   The porosity and thickness of SAN 25 and SAN 35 at different water bath temperatures and BWB 
times using DMF as a solvent, polymer concentration = 8%; Casting knife gap = 250 µm.

30 s 60 s

Porosity Thickness (μm) Porosity Thickness (μm)

SAN 25 (containing 25% acrylonitrile and 75% styrene)

0 °C 0.87 71 0.81 76

10 °C 0.90 83 0.84 79

30 °C 0.93 95 0.88 79

40 °C 0.93 92 0.91 81

SAN 30 (containing 30% acrylonitrile and 70% styrene)

0 °C 0.87 70 0.8 76

10 °C 0.91 85 0.83 83

30 °C 0.94 97 0.89 86

40 °C 0.96 103 0.91 86
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Materials and methods
Materials.  Considering the solubility properties of polymers, the miscibility area of their related homopoly-
mers should be far away from each other. The gap between the miscibility areas represents the level of the polar-
ity of the copolymer. This requirement can be satisfied using Poly(Styrene-co-acrylonitrile) (SAN) copolymer 
due to the presence of acrylonitrile (polar) and styrene (non-polar) homopolymers. Besides this, SAN is an 
appropriate choice because of its high chemical resistance and thermal stability. Moreover, this copolymer pos-
sesses the clarity and rigidity of polystyrene and the hardness of acrylonitrile. Therefore, SAN copolymer has 
been used in this study, and its performance has been monitored. In this way, SAN with two grades (average 
molecular weights of Mn = 180 kg/mol and Mn = 165 kg/mol) was purchased from Sigma-Aldrich and was used 
without any purification. Dimethylformamide (DMF, > 99%), and N-Methyl-2-pyrrolidone (NMP, > 0.98) were 
used as the solvent and supplied from Merck Company. During the experiments, double-distilled water was used 
as non-solvent.

Figure 5.   SAXS patterns for the bulk solution using (a) SAN 25/DMF, (b) SAN 25/NMP, (c) SAN 30/DMF, and 
(d) SAN 30/NMP as solvent at different copolymer concentrations (20 and 25 wt.%).



8

Vol:.(1234567890)

Scientific Reports |          (2022) 12:771  | https://doi.org/10.1038/s41598-021-04759-7

www.nature.com/scientificreports/

Preparation of flat sheet copolymer membrane.  The SAN copolymer (1.6 gr) with two different 
grades (25% and 30%) was dissolved in DMF or NMP (18.4 gr). The polymer solutions were stirred for 24 h in 
a glass vial and were sealed to avoid both solvent evaporation and water sorption to the solution. Then the solu-
tions were degassed for 2 h and were casted on a plate using a doctor blade with different gate heights (100, 250, 
and 500 μm). After the desired time (30 s, 60 s, and 120 s), the incompletely dried casted films were immersed 
in a coagulation bath containing double-distilled water at desired temperatures (0 and 30 °C) for 24 h to extract 
the remained solvent.

Characterization of SAN membranes.  A Scanning Electron Microscope (SEM) (Seron Tech. AIS 2100) 
was applied to characterize the surface and cross-sectional morphologies of the membranes.

In order to determine the thickness of the membranes and contact angle of the surfaces, an outside microm-
eter (ACCUD model, IP54, Austria) with an accuracy of 0.001 mm and a system equipped with CCD that is able 
to take photographs were used, respectively; these tests were carried out in 5 different surfaces, and the average 
amounts were reported.

In order to determine the porosity, the membrane samples with known weights were immersed in isopropanol 
for 48 h, and then, the weight of soaked membranes was measured immediately. Afterward, the samples were 
dried for 12 h at 60 °C, and their weights were measured again. The experiments were carried out twice, and the 
porosity of the samples were calculated through the Eq. (1). Moreover, the procedure was repeated using water 
in order to reduce the error as much as possible.

where the mw and md are the weight of the wet and the dry membrane sample in kg. A, L, and ρ are the sample 
area (m2), sample thickness (m) and pure liquid density (kg.m-3), respectively. To investigate the dispersion 
of copolymer chains in membrane matrix Energy Dispersive X-ray (EDX) analysis (MIRA3 TESCAN, Czech 
Republic) attached to the FESEM was carried out.

SAXS analysis.  In order to perform the Small Angle X-ray Scattering (SAXS) analysis, the desired amount 
of SAN block copolymer was dissolved in DMF or NMP solvents at various polymer concentrations, ranging 
from 5 to 25 wt.%. The prepared solution was placed into 0.9  mm diameter capillaries and was sealed. The 
distance between the sample and the detector was approximately 2.5 m, and the X-ray wavelength was 0.1 nm.

Conclusion
The next generation of membranes provides more opportunities to recover valuable materials from wastewa-
ter, oil/water separation, and water treatment without complicated and troublesome chemical operations. The 
main idea of this paper is to observe the interesting and attractive phenomenon of micro-pore and macro-pore 
formation simultaneously in the morphological structure of a copolymeric membrane which can be used in 
different applications. Thus, the membrane formation mechanism was investigated using an amphiphilic block 
copolymer named SAN 25 (containing 25% acrylonitrile and 75% styrene) from the thermodynamic and kinetic 
points of view. Therefore, combining different thermodynamic effects of the self-assembly process with the 
subject of microphase separation of concentrated block copolymer solution in the presence of non-solvent is 
well exemplified in this work. To perceive the formation mechanism of the extraordinary structure membrane a 
thermodynamic hypothesis is also developed based on the hydrophilic coil migration to the membrane surface, 
which is analyzed according to Hansen Solubility Parameters (HSP) and confirmed using EDX and contact 
angle (CA) analysis. To expand the results and investigate the morphological prediction possibility the SAN 30 
copolymer (containing 30% acrylonitrile and 70% styrene) membrane is fabricated under different operating 
conditions, and the effects of copolymer segment fraction and membrane thickness are predicted using the 
developed hypothesis and validated experimentally. Compared to the previous works in this field and the fabri-
cation of copolymer membranes, this research opens a new avenue to understand the fabrication of mesoscopic 
length scale separation membranes and the self-assembly through membrane fabrication which are proved by 
theoretical thermodynamic analysis.
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