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A B S T R A C T   

The separation of CO2 from flue gases presents a crucial challenge that needs to be addressed. 
However, membrane processes offer a promising alternative solution. Polysulfone (PSF)mem-
branes were prepared using N-methyl-2-pyrrolidone (NMP) and tetrahydrofuran (THF) using a 
dry–wet phase inversion technique. The membranes were fabricated with the selection of casting 
parameters, PSF concentration (20–30 wt%), solvent ratio of THF/NMP (0/100–35/65), and 
evaporation time (0–4 min). In this work, the interaction between these influencing factors during 
preparation and membrane performance was studied. Scanning electron microscopy (SEM) was 
used to characterize the membranes for morphological investigation. Taguchi statistical analysis 
was employed in the Minitab-19 software used for the design of the experiments in this study, and 
the responses of the CO2 permeance and CO2/N2 separation factor were analyzed and optimized 
based on the casting parameters. The results showed the CO2 permeance of the membranes was 
determined between 1.25 ± 0.04 and 8.47 ± 0.51GPU and selectivity was between 2.95 and 
8.92. 

The statistical analysis indicated that casting conditions affect membrane performance in the 
following order: PSF concentration > solvent ratio > evaporation time. The optimum parameters 
for casting solution were the PSF concentration of 20 wt%, THF/NMP ratio of 17.5/82.5, and 
evaporation time of 4 min. The selected method also reinforces the connection between mem-
brane casting parameters and the observed outcomes in terms of permeation and morphology.   

1. Introduction 

There has been an enormous increase in environmental knowledge and concern over the past decade, and with it has come an 
explosion of technological solutions in the field of environmental engineering. One of the major global challenges we face today is the 
significant increase in the release into the atmosphere of carbon dioxide and other greenhouse gases, resulting in a pressing global 
warming problem. Industries such as electricity generation, transportation, and disposal of waste all contribute to air quality 
degradation, resulting in unhealthy environments [1]. The most common gases and pollutants generated from multiple sources are 
represented in Fig. 1 [2]. 
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Among the numerous methods aimed at mitigating CO2 emissions, carbon capture stands out as one of the most promising solutions 
[3]. Distillation, adsorption, absorption, cryogenics, and membranes are all examples of separation methods [4,5]. Membranes in gas 
processing have many benefits, such as working mobility, a small design for the process, a high ratio of surface area to volume, and the 
safety of the environment [6,7]. These membranes play a crucial role in various applications such as enhancing oxygen and nitrogen 
separation, the removal of organic contaminants from industrial waste streams and the capture of CO2 from combustion gases and 
natural gas are examples. Despite these advancements, certain aspects of membrane technology still present scientific challenges that 
researchers are actively addressing. Key areas of focus include selectivity, durability, fouling resistance, and cost-effectiveness [3,8]. 
The choice of polymer used in membrane production greatly influences their characteristics [9]. Polysulfone (PSF) based on the phenyl 
group [10], along with polyethersulfone (PES) and aromatic polyimide, are widely used as polymeric materials for gas separation. PSF 
membranes, in particular, have been selected for their commercial availability, ease of treatment, and superior separation performance 
[11][12,13]. 

Phase inversion is the basis for generating asymmetric polymeric membranes [14,15]. This process included immersion (water 
bath) precipitation, evaporation under control (a volatile co-solvent was evaporated from the polymer solution), precipitation caused 
by a change in temperature, also known as thermal precipitation, or vapor-phase precipitation (using a non-solvent vapor phase to 
immerse the cast film ([14,16]. The overall appearance of the generated membrane varies substantially depending on both the 
characteristics of the components and the method used. Despite the processes described, immersion precipitation is the most exten-
sively used [17]. 

However, the most important factors that affect controlling performance and structure of the fabricated membranes by the im-
mersion method are concentration of the polymer, selection of solvent and characteristics, the evaporation time of the solvent, and the 
temperature of the coagulant bath [14,17]. 

Several different solvents are used in the membrane production process [18]. These include tetrahydrofuran, chloroform, dime-
thylacetamide, N-methyl-2-pyrrolidone, dimethylformamide, isopropyl alcohol, benzene and, hexane. Solvents were chosen for their 
volatility and their capacity to dissolve the polymer [18,19]. In a previous study on the performance of membranes, NMP was used as a 
solvent for polyethersulfone (PES). The ideal CO2/CH4 selectivity was approximately 25.5. Permeability values for CO2 and CH4 at 3.5 
bar and 25 ◦C are 0.51 and 0.02 bar, respectively [20]. 

Roy et al. [21] evaluated the effect of solvents (DMAc and NMP) on the performance of asymmetric polyvinyl chloride (PVC) 
membranes. When compared to DMAc, the results showed that NMP had more positive interactions with PVC. As a result, 
NMP-prepared membranes outperformed DMAc-prepared membranes in terms of thermal resistance, fouling resistance, and me-
chanical properties. In this study, the selection of THF as a solvent is influenced by a number of variables. Initially, it is necessary to 
evaluate the properties, costs, and environmental effects of commonly used volatile solvents [22,23]. Secondly, THF is a conventional 
solvent used in membrane production [24]. Thirdly, the rapid evaporation of THF during the pre-immersion evaporation procedure 
produces membranes with a dense active layer [17,25]. 

Chen et al. [26]used membranes to investigate the effects of polarity on the dehydration of water as well as ethanol solutions. 
Increasing the percentage of chloroform added to the PSF, NMP, and water combination system slowed the demixing of the solution. 
This is causing the skin layer’s thickness to increase. Aroon et al. [27] tested the resulted of THF addition on the permeability and 
structure of the membranes. The results displayed that adding THF as a cosolvent to the PSF/NMP solution increased gas selectivity. 
This was because the formation of macrovoids was reduced during demixing, and highly volatile solvents were lost selectively from the 
top surface of the membrane. 

The structure and separation efficiency that characterize an asymmetric membrane are highly dependent on the polymer and 
solvent choices made during fabrication. One commonly used water-soluble solvent is 1-methyl-2-pyrrolidone (NMP), which possesses 
high solvent power for polysulfone (PSF), is nontoxic, and is soluble in water [14,28]. Increasing selectivity, along with enhancing 
output and economic responsibility, is essential for effective separation and recovery processes. However, achieving high permeability 
and selectivity simultaneously remains a major challenge in membrane technology for gas separation [29]. Typically, high 

Fig. 1. The prevailing gaseous pollutants originate from the most significant sources [2].  

A.A. Abdulabbas et al.                                                                                                                                                                                                



Heliyon 10 (2024) e29069

3

permeability is associated with low selectivity, and vice versa [30]. The final morphology and properties, both symmetric and 
asymmetric, of the membrane are influenced by the production process conditions [31]. 

Ismail et al. [32] tested the impact of solvent ratio (higher boiling point/lower boiling point) on membrane properties and 
structure. The study discovered that decreasing the amount of solvent in the polymer casting solution enhanced the membrane 
thickness of the skin while decreasing surface porosity. Polymer content, solvent ratio, and evaporation time all had an effect on the 
thickness and integrity of the asymmetric membrane’s skin. The study underlines the importance of solvent ratio in affecting mem-
brane design and characteristics. Similarly, Sikander and colleagues [33] discovered that the NMP/DCM (N-methyl-2--
pyrrolidone/dichloromethane) mixture affected the CO2 permeation of the PSF membrane. They observed that the CO2 permeation 
increased with an increase in NMP in the NMP/DCM solution. 

Several design of experiments (DOE) techniques, such as Taguchi method and analysis of variance (ANOVA) [34], were utilized to 
optimize the input parameters of the casting solution. In the 1950s [35], Genichi Taguchi discovered the method known as Taguchi as a 
method based on statistics to improve the quality of products that were manufactured. This method recognizes that the quality of a 
product can be affected by external factors, referred to as noises. By identifying these noises and determining the parameters, that have 
the most effect on the desired variable, Taguchi method aims to optimize the manufacturing process [36]. There are three distinct 
stages to the Taguchi method: system layout, variable layout, and tolerance layout [35]. The variable design method improves system 
parameters by defining an objective value. In the context of the design of experiments (DOE), the objective function serves as a 
representation of the desired outcome of the experiment. The key parameters that have a substantial impact on the objective function 
are identified, and specific levels are assigned to each parameter. To ensure effective coverage of the parameter combinations, an 
orthogonal array (OA) is chosen to guide the experimental design process, facilitating efficient and systematic exploration of the 
parameter space [37]. According to Kishore et al. [38], ANOVA helps determine the relative importance of process characteristics that 
affect the performance of the system. ANOVA aggregates experimental findings by typical variables or parameters and a target function 
or response for optimization, measuring variance and the correlation between system settings and the response of the system. 

In this study, we systematically prepared PSF membranes using statistical methods to improve the fabrication process, departing 
from hit-and-miss approaches. The manufacturing experiments were based on control parameters available in the literature [17, 
39–41]. The current work focused on optimizing various casting parameters, including PSF concentration (20–30 wt%), solvent ratio 
THF/NMP (0/100–35/65), and evaporation time (0–4 min), using Taguchi statistical analysis in the Minitab-19 software for exper-
imental design. The study thoroughly analyzed and optimized the responses of CO2 permeance and CO2/N2 selectivity based on these 
casting parameters. Furthermore, the study tested the interactions and impacts between casting parameters. 

2. Expermental section 

2.1. Materials 

polysulfone with a molecular weight of 80,000 g per mole was acquired from Sigma Aldrich as presented in Fig. 2. The solvents N- 
Methyl-2-pyrrolidone (NMP) and Tetrahydrofuran (THF) were bought from Sigma-Aldrich (Shanghai, China). Deionized water (DW) 
served as the medium for the coagulation process. Materials were utilized to make membranes without any additional processes for 
purification. The CO2 and N2 (purity: 99.99%) were delivered by an Iraqi petrochemical company for gas permeation measurement. 

2.2. Dope solution 

To ensure the absence of residual moisture, in a vacuum oven, the PSF was heated up to 55 ◦C for 8 h before use, then dissolved in 
the desired solvent ratio and stirred for 24 h at 30 ◦C in closed Duran glass containers are covered with parafilm in order to avoid the 
loss of the solvent. The final solution was passed through Whatman filters to achieve a clear and homogeneous liquid. 

2.3. Fabrication of membranes 

The common non-induced phase separation (NIPS) method was used to create nine separate experiments. The casting solution is 
poured into a plate with a spacing of 200 μm. In order to remove the casting knife, all membranes were permitted to evaporate for a 
further 10 s after casting. Subsequently, they were exposed to air for varying durations, as specified in Table 1. A coagulation bath was 
employed to immerse the membranes for 24 h, maintaining a temperature of 26 ◦C. Finally, the membranes were air-dried[42]. 

Fig. 2. Schematic depiction of the polysulfone structure.  
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2.4. Field emission scanning electron microscopy (FESEM) 

The morphology of the membranes was observed using FESEM, model Inspect F50 (ELECMI, Spain). After disintegrating the 
membranes in the presence of liquid nitrogen, an additional coating of gold was applied to them prior to examination. An acceleration 
voltage of 30 kV was utilized during imaging. 

2.5. Viscosity test 

For the purpose of determining viscosity, we employed a strain-controlled MCr501 manometer (Anton Paar, USA) with a cylin-
drical plate design. The cone angle was adjusted to 1◦, and its diameter was 50 mm. The measurements were conducted at a range of 
shear rates between 0 and 10 s− 1. The temperature was maintained at 25 ◦C during the viscosity measurements. 

2.6. Gas permeation test 

CO2 and N2 gases were used in a single gas permeation test. As indicated in Fig. 3, the system was developed at Technology 
University Laboratories. Using the constant pressure technique, the gas permeance tests were conducted at 2 bar and 35 ◦C. The 
volumetric flow rate of atmospheric pressure permeate gas was recorded using a bubble flow meter. Each recorded volume flow rate 
measurement was an average of three separate measurements to ensure accuracy and reliability. 

To estimate the permeance values, the following equation (Eq. (1)) was used [43]: 

P
l
=

Q
AΔp

(1)  

Where P/ l represents the permeance, GPU is unit of permeance (1 GPU = 10− 6 cm3 (STP) cm− 2 s− 1 cmHg− 1), Q is the rate of gas 
penetration (cm3 (STP) s− 1), Δp is the pressure change across the membrane (cmHg), A is total effective permeation area of the 
membrane (cm2), and l is the membrane thickness (cm). In order to calculate membrane selectivity, the following equation (Eq. (2)) 
may be applied [44]: 

αij =

(

Pi/l/Pj
/

l

)

(2)  

2.7. Membrane evaluation statistics 

Improving of gas separation in industrial purification processes is crucial for cost-effectiveness and environmental sustainability. 
Membranes have emerged as a modern solution for this purpose. To enhance the performance of fabricated membranes, optimization 
methods are needed. Sir Ronald Fisher [45], who established the use of the concept of design of experiments (DOE), began investi-
gating the factors that impacted productivity in agriculture. Fig. 4 provides a graphical representation of DOE. By employing statistical 

Table 1 
The values of factor and levels in the design of the experiments.  

Factor Values of levels 

1 2 3 

A PSF concentration (wt%) 20 25 30 
B Evaporation time (min) 0 2 4 
C Solvent ratio (THF/NMP) 0/100 17.5/82.5 35/65  

Fig. 3. Gas permeance system of CO2 and N2.  
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methods, DOE techniques enable the analysis and prediction of performance under various conditions, shedding light on how variables 
can be controlled to enhance system performance. There must be as many experimental repetitions as there are components and levels 
in a full factorial design. DOE procedures employ statistical techniques to investigate and foresee optimal efficiency under any possible 
situation, giving knowledge about how to modify variables to improve system efficiency. To assess the relationship between the ex-
periment’s parameters and the responses, Taguchi developed a technique. Experiment preparation was conducted using Minitab-19 
software to investigate the effect on membrane permeance and selectivity. It was chosen for this study because it has the smallest 
number of examinations, making it more successful while lowering experiment time and cost. 

Taguchi orthogonal array level 3 experiments as parameters were established by varying the input of membrane casting, such as the 
PSF concentration, ratio of the solvents (THF/NMP), and evaporation time of the casting solution as shown in Table 1. The experi-
mental setup for orthogonal array L9 (33) for nine design runs is described in Table 2. Statistical analysis involves the use of both the 
signal-to-noise (S/N) ratio and the analysis of variance (ANOVA) for numerical purposes [46]. As one of the three primary forms of 
standard S/N replies used to evaluate environmental damage, calculation, and energy, the lowest, nominal, or largest is the best. It is 
possible to assess the usefulness of biggest-is-best response in the context of this study by using the correlation below (Eq. (3)) [47]: 

S

/

N = − 10 log

(
1
n
∑n

i=1

1
xi

2

)

(3)  

where n is the number of experimental runs, and x is the equivalent CO2/N2 selectivity or CO2 permeance expressed in GPU measured 
experimentally. Minitab’s S/N ratio analysis with the functional characteristic that higher-is-better for CO2 permeance and the 
selectivity values was used to determine the best possible set of input parameters for maximizing selectivity. 

3. Result and discussion 

3.1. Polymer solution viscosity 

The viscoelastic properties of PSF solutions were examined in both pure NMP and mixed solvents (NMP and THF). Fig. 5 illustrates 
that the solutions prepared with NMP display higher viscosity compared to the solutions prepared with THF/NMP. This can be 
attributed to the favorable interaction between the NMP family and the PSF chain [17]. However, the viscosity of the PSF/NMP so-
lution is reduced when THF is introduced to the mixture. This decrease can be attributed to THF reducing the attractive forces between 
NMP molecules and PSF chains, resulting in a lower viscosity [14]. 

Furthermore, increasing the PSF concentration in casting solution with NMP from 20 to 30 wt% leads to an increasing trend in 
viscosity, ranging from 2.53 to 88.2 Pa s. Similarly, for THF/NMP ratios of 17.5/82.5 and 35/65, an increase in polymer concentration 
also leads to an increase in viscosity, ranging from 1.98 to 67.35 Pa s and from 1.27 to 53.72 Pa s, respectively. These findings align 
with previous studies that have reported similar relationships between polymer concentration and viscosity [27,48,49]. Generally, it is 

Fig. 4. Illustration of an experiment’s design and construction.  

Table 2 
Design of an experiments to produce polysulfone membranes.  

Membrane Concentration (wt%) Evaporation time (min) Solvent ratio (THF/NMP) Responses 

Permeance (GPU) Selectivity CO2/N2 

CO2 N2 

PSF-1 20 0 0/100 8.47 ± 0.51 2.87 ± 0.07 2.95 
PSF-2 20 2 17.5/82.5 8.29 ± 0.44 2.29 ± 0.03 3.62 
PSF-3 20 4 35/65 6.52 ± 0.41 1.48 ± 0.08 4.4 
PSF-4 25 0 17.5/82.5 5.19 ± 0.27 0.93 ± 0.03 5.58 
PSF-5 25 2 35/65 3.20 ± 0.3 0.77 ± 0.03 4.16 
PSF-6 25 4 0/100 7.63 ± 0.32 2.47 ± 0.05 3.09 
PSF-7 30 0 35/65 1.25 ± 0.04 0.14 ± 0.03 8.92 
PSF-8 30 2 0/100 6.27 ± 0.12 1.6 ± 0.09 3.91 
PSF-9 30 4 17.5/82.5 2.83 ± 0.24 0.44 ± 0.04 6.43 

± Represent the standard deviation. 
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Fig. 5. Viscosities of nine experiments of PSF polymer solutions at 25 ◦C.  

Fig. 6. Cross section FESEM images of (PSF-1 to PSF-9) membranes with different conditions.  
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well established that viscosity is inversely proportional to the difference in solubility parameter [49,50]. 

3.2. Membrane morphology 

In general, increasing the PSF concentration in the solution causes a higher concentration of PSF to be created at the polymer/non- 
solvent interface before immersion in the coagulation solution. As a result, solvent and non-solvent diffusion is delayed, and the 
demixing process is retarded [16]. The FESEM pictures in Fig. 6 show cross-sections of membranes that were made with pure NMP and 
two different amounts of THF/NMP solvent. As the PSF concentration in the casting solution increases, the number of macrovoids 
reduces, and their shape changes from finger-like to sponge-like. Large pores occur in the macrovoid walls as well, notably in casting 
solutions containing a mixture of the solvents NMP and THF. In terms of kinetics, the process of demixing is slowed down by the rise in 
viscosity that comes with adding more polymer to the casting solution. 

From macrovoids to a more sponge-like structure, the morphology of the membrane changes (PSF-8), but macrovoids are still 
present in minimum size in PSF-7 and PSF-9 for the 30 wt% PSF in the casting solution. When comparing the membranes prepared with 
NMP to those prepared with NMP and THF, it is evident that the NMP-based membranes have a lower thickness. The observed 
thickness range is affected by several variables, including polymer content, solvent ratio, and time to evaporate. But the influence of 
boiling point and solubility of solvents on the formation of the fabrication is considered to be the underlying cause of this phenomenon. 
This is consistent with the findings of previous investigations [40,51]. 

Increasing the polymer content from 20% to 30 wt% resulted in an increase in membrane thickness. The thickness of membranes 
made with pure NMP increased from 71 ± 3.28 to 116 ± 1.54 μm. The thickness of membranes with a solvent ratio of 17.5/82.5 
increased from 105 ± 3.74 to 130 ± 1.51 μm. The most significant increase in thickness was observed for membranes with a solvent 
ratio of 35/65, where the thickness increased from 112 ± 2.95 to 181 ± 1 μm. These findings are represented in Fig. 7, which 
demonstrates that different casting solution compositions result in varying thickness values for the membranes. However, it is notable 
that when NMP is used as a solvent, the resulting membrane thickness is generally lower compared to when THF is added. This 
phenomenon can be attributed to the higher diffusivity of NMP compared to THF in water during the phase inversion process [52]. 

In general, the choice of solvents, such as THF and NMP, during the wet phase inversion process influences the demixing behavior 
in the coagulation bath and subsequently affects the formation of the membrane’s substructure and its properties. As the interactions 
between solvents, non-solvents, and polymers impact the rate and extent of phase separation [40,53]. 

The upper surface of the membranes is clearly seen in Fig. 8. The membranes before immersion, showing the effects of evaporation 
time during the casting process. When using NMP solvent, the membranes generally exhibit a surface without visible pores (PSF-1 and 
PSF-6), or a lower number, as for the PSF-8 sample. In contrast, membranes prepared with THF and NMP at a 35/65 ratio show an 
increasing number of pores with longer evaporation times, as observed in the PSF-3 sample. However, the surface remains smooth 
without distinct pores, similar to the PSF-7 sample. In ratio 17.5/82.5, the PSF-4 sample displays the fewest number of pores, indi-
cating that higher polymer concentration corresponds to a lower number of pores. The observed phenomena can be ascribed to the 
cohesive forces shown by the chains of the PSF material [54]. 

In general, the evaporation time is a crucial factor that significantly influences the characteristics of membranes during the casting 
process (Fig. 8). Longer evaporation times are linked to the formation of smaller pore sizes and a thicker sponge-like layer, especially in 
membranes containing THF. On the other hand, shorter evaporation times lead to larger pore sizes and a decrease in the thickness of 
the skin layer. These observations agree with previous studies [27,54,55]. 

Fig. 7. Thickness of the (PSF-1 to PSF-9) membranes.  
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3.3. Effect of PSF concentration on gas separation 

The permeance of CO2 and N2 through the membrane decreases with increasing polymer concentration (1x, 2x, and 3x), while the 
selectivity increases, which is directly correlated with the viscosity increase [56]. Table 2 presents the results obtained for CO2 and N2 
gases. CO2 molecules exhibit higher permeance compared to N2 molecules due to their different kinetic diameters. Previous studies 
indicate that CO2 molecules with a kinetic diameter of 3.30 A can readily pass through the membrane, whereas N2 molecules with a 
larger kinetic diameter of 3.64 A face more difficulty [57]. The permeance and selectivity values for the gases fluctuate due to var-
iations in the membrane fabrication parameters, rather than following a consistent upward or downward trend. Increasing the polymer 
content in the casting solution yields more desirable but less efficient asymmetric gas separation membranes [56]. Conversely, casting 
asymmetric membranes from low-polymer solution results in higher gas separation permeance but reduces selectivity [31,58]. As an 
illustration, when the polymer concentration is 20 wt%, the membrane exhibits longer macrovoids. However, the concentration is 

Fig. 8. Top surface FESEM images of (PSF-1 to PSF-9) membranes with different conditions.  

Table 3 
ANOVA for CO2 permeance and CO2/N2 selectivity response.  

Response Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value 

CO2 permeance PSF concentration 1 27.8641 52.35% 27.8641 27.8641 35.82 0.004 
Evaporation time 1 0.5946 1.12% 0.5946 0.5946 0.76 0.431 
THF/NMP ratio 1 21.6600 40.69% 21.6600 21.6600 27.85 0.006 
Error 4 3.1114 5.85% 3.1114 0.7779   
Total 7 53.2301 100%     

Selectivity PSF concentration 1 11.454 39.04% 11.454 11.454 9.01 0.03 
Evaporation time 1 2.077 7.08% 2.077 2.077 1.63 0.257 
THF/NMP ratio 1 9.450 32.21% 9.450 9.450 7.43 0.041 
Error 5 6.357 21.67% 6.357 1.271   
Total 8 29.338 100%     

DF refers to degree of freedom; Adj SS refers to the adjusted total of squares; Adj MS refers to the adjusted average. 
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increased to 25 wt%, the length of macrovoids decreases. Similarly, with a polymer concentration of 30 wt%, the macrovoids become 
even shorter. Therefore, there is an inverse relationship between the polymer concentration and the length of the macrovoids [32]. It is 
important to note that the specific relationship between macrovoid length, permeance, and selectivity can vary depending on the 
membrane material, polymer concentration, and other factors. 

3.4. Effect of evaporation time on gas separation 

The permeance and selectivity of the PSF membranes were observed to change depending on the evaporation periods. When 
membranes were prepared using pure NMP, the low volatility of NMP allowed for a reduction in the evaporation period [59]. This 
resulted in high permeance but low selectivity in membranes such as PSF-1, PSF-6, and PSF-8. As the polymer concentration increased, 
the effect of evaporation length on the properties of the PSF membranes became less significant, as observed for PSF-7 and PSF-9. 
Interestingly, it was found that even with a longer evaporation period using the solvent THF, the membrane PSF-3 exhibited high 
selectivity for CO2/N2 despite having a lower polymer concentration. On the other hand, membranes PSF-6 and PSF-8 showed lower 
selectivity compared to PSF-3, PSF-7, and PSF-9. This suggests that the presence of THF in the casting solutions had an impact on 
selectivity, possibly due to the influence of evaporation time [27]. 

3.5. Effect of solvent ratio on gas separation 

Table 3 clearly demonstrates the influence of solvent strength on separation system. Increasing the concentration of THF in the 
casting solution resulted in an enhancement of CO2/N2 selectivity. The selectivity of each membrane followed the order of THF/NMP 
solvents: 35/65 > 17.5/82.5 > 0/100. Across all membranes, there was an improvement in selectivity as the polymer concentration 
increased. Specifically, selectivity increased from 2.94 to 3.91 for pure NMP, from 3.62 to 6.43 for 17.5/82.5 THF/NMP, and from 5.75 
to 8.92 for 35/65 THF/NMP solvent ratios. The asymmetric PSF selectivity is enhanced by THF solvent, which facilitates the creation of 
the perfect skin layer, leading to an improvement in selectivity [30]. Among the membranes, PSF-7 exhibited the highest selectivity. 
Membranes prepared using a THF/NMP (35/65) solvent ratio had the lowest CO2 and N2 gas permeance values. These findings indicate 
that membranes produced with an THF/NMP (35/65) solvent ratio performed better due to their higher concentrations. Membranes 

Fig. 9. Interaction plots of (a) permeance and (b) selectivity.  
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like PSF-7 and PSF-9 show that as the polymer concentration increased, the impact of evaporation time on casting solutions decreased. 
This was essentially because the cohesive forces between the polymer molecules in the solution were stronger and the solution had a 
higher viscosity. But, the PSF-3 membrane demonstrated excellent selectivity when evaluated at a lower concentration and longer 
evaporation time. Since THF has a more noticeable effect on slowing down mixing in the coagulation bath, this has a greater impact on 
membrane immersion [27,60]. 

3.6. Statistical evaluation 

3.6.1. Interaction plots 
The interaction plots for CO2 permeance and selectivity as a result of the three factors investigated in this work are given in Fig. 9(a 

and b). The lines that appeared in this interaction plot were not parallel, showing an excellent connection between the variables and 
the values of CO2 permeance and selectivity [61]. 

The interaction plot between the PSF concentration and the evaporation time shows that the maximum permeance was seen when 
concentration in the dope solution was 20 wt% at the evaporation time of 0 min. The minimum permeance was seen when the PSF 
concentration was 30 wt% and the evaporation time was 0 min. According to the plot depicting the relationship between PSF con-
centration and solvent ratio, permeance drops dramatically with increasing solvent ratios across all PSF concentrations. Based on the 
data from the graph of PSF concentration versus evaporation time, the doped casting solution with 30 wt% PSF had the best selectivity. 
On the contrary, a lower selectivity for a 20 wt% concentration was observed at the same evaporation time in both cases. Even though 
the interaction between PSF concentration and solvent ratio showed that selectivity increased as solvent ratio went up for all PSF 
concentrations, setting the parameter to 30 wt% PSF concentration and 35/65 solvent ratio gave a higher selectivity at 0 min. 

3.6.2. Probability plots 
In order to evaluate the dispersion of experimental results for CO2 permeance and selectivity of PSF membrane, and importantly, in 

statistical analysis, the assumption of normality can be tested with these plots [62]. For the assumption of normality to be valid, all data 
points in a probability diagram must fall on a straight line. Finding outliers with this sophisticated statistical technique of normality 

Fig. 10. Normal probability plots of (a) permeance and (b) selectivity.  
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testing of the experimental data is depicted in Fig. 10 (a, b). A normal distribution can be inferred from the data because the constant 
values of AD have been minimal and the p-value calculated by the test exceeds 0.05 [63]. 

3.6.3. Analysis of variance (ANOVA) 
ANOVA with a 95% confidence interval was performed to examine the main influence of input parameters on individual responses. 

Table 3 illustrates the ANOVA results for CO2 permeance and selectivity. In terms of responses, a parameter is considered statistically 
significant if its p-value is below 0.05 [64]. The most important parameters impacting CO2 permeance were PSF concentration and 
solvent ratio, which contributed 52.35% and 40.69%, respectively. The parameters with greater influence on selectivity response were 
also PSF concentration and solvent ratio, with 39.04% and 32.21% contributions, respectively. Based on p-values higher than 0.05, the 
evaporation time had little effect on permeance or selectivity. 

3.6.4. Predicted fitted line plot 
Minitab program was applied to predict CO2 permeance and selectivity using a linear regression technique. The accuracy of the 

model was determined by comparing the predicted and experimental values, as shown in Fig. 11(a, b). The figures show that the 
calculated and experimental permeance and selectivity values for membranes are in close numerical agreement. The high R-square 
values of the model (99.03% for selectivity and 96.11% for permeance) and these findings demonstrate that the model has enormous 
potential for accurate prediction and optimization of permeance and selectivity [65]. 

3.6.5. Main effects plot 
A plot displaying main effects is a graphical representation of the mean value of response for each level of a design parameter 

associated with a membrane. In this plot, changes in the mean responses can be clearly observed, facilitating the evaluation of the 
effect of varying levels of the parameter on the performance of membranes. Fig. 12 demonstrates that CO2 permeance decreases as PSF 
concentration and solvent ratio rise from low to high values. As shown in Fig. 12(a)–as the evaporation time increases from a low to an 
intermediate value, the permeance increases, then decreases at a higher value. The PSF concentration clearly had the biggest impact on 

Fig. 11. The relationship between actual and predicted for (a) permeance and (b) selectivity.  
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selectivity, followed by the solvent ratio, while evaporation time has a larger effect on selectivity than CO2 permeance, as exhibited in 
Fig. 12(b). 

3.6.6. Taguchi method of optimization 
Fig. 13(a and b) depicts the plots illustrating the main effects of different parameters on the signal-to-noise ratios of CO2 permeance 

and selectivity. These factors include concentration of polymer, solvent ratio, and evaporation time. By calculating the average S/N 
ratios for each response at every level, the optimal values are determined; high S/N ratios indicate excellent outcomes. Muhammad 
et al. [34] investigated the combination of parameters of membranes using various compositions. By utilizing the signal-to-noise ratio 
(S/N), they analyzed how outcomes were influenced by different parameters and levels of permeance and selectivity, as shown in 
Fig. 13(a and b). 

The variation in the levels of the selected parameters demonstrates that CO2 permeance has a strong correlation with both PSF 
concentration and solvent ratio. Increasing the concentration of the casting solution increases the skin thickness of the membranes, 
while the pore size and porosity decrease [17]. These membranes have low permeance and high selectivity. PSF concentrates at the 
polymer/non-solvent interface before being immersed in the coagulation bath. 

Accordingly, delayed phase inversion between solvent and nonsolvent creates membranes with lower porosity. This phenomenon 
can occur when the THF content increases. An increase in THF concentration reduces permeability because NMP diffuses less in water 
when immersed in a coagulation bath. After the casting film is quenched in the solvent-exchanging system, the solvent is exchanged 
more slowly, leading to reduced pore sizes. Additionally, experiments in casting solution have shown that more THF leads to a suf-
ficiently dense membrane with a longer evaporation time. The research results in this study are consistent with results discussed 
elsewhere [27,54,55], while the dense layer decreases at lower evaporation times, leading to increased permeability. Table 4 sum-
marizes the CO2 permeance and selectivity values with a high signal-to-noise ratio. 

The results showed that selectivity and permeance depend on the membrane fabrication parameters in the order of PSF concen-
tration > solvent ratio > evaporation time. The PSF concentration has a profound effect on the membrane permeance and selectivity, 
followed by just as important the solvent ratio, while the evaporation time has an effect that depends on the THF content of the pouring 
solution. Table 5 presents the data obtained from the optimal parameter of the membrane system, which exhibits favorable CO2 
permeance and selectivity. The membrane prepared with optimal parameters, composed of 20 wt% PSF, fabricated using the THF/ 
NMP ratio of 17.5/82.5 and a casting evaporation time of 4 min, demonstrates separation performance compared to all other 
membranes prepared in this study. The results from the Taguchi investigation showed CO2 permeance (8.12 ± 0.34 GPU) and 

Fig. 12. Main effect plot of concentration of polymer, evaporation time, and solvent ratio on (a) permeance and (b) selectivity.  
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selectivity (6.43) of the membrane. 

3.7. Comparison with other membrane 

This section compares different manufacturing and operational conditions for the separation of CO2 from N2 or CH4 through the use 
of PSF membranes, as displayed in Table 6. Previous studies examined membranes using pure gas permeability. Direct comparisons 
with existing literature are difficult due to differences in several key parameters. These include film thickness, solvent type, evapo-
ration time, and coagulation bath conditions such as composition and temperature, as well as gas temperature and pressure. The 
membrane selectivity was acceptable despite these differences. The membrane designed in this work could be suitable for CO2 capture 
at a temperature of 35 ◦C. 

Fig. 13. The mean (S/N) ratio values for (a) permeance and (b) selectivity.  

Table 4 
S/N ratio value for CO2 permeance and selectivity.  

Parameter (S/N) Selectivity (S/N) Permeance (S/N)total = (S/N)Selectivity + (S/N)Permeance 

L1 L2 L3 L1 L2 L3 L1 L2 L3 

PSF concentration 11.15 12.37 15.67 17.738 14.019 8.973 28.888 26.389 24.643 
Evaporation time 14.45 11.80 12.94 11.600 14.806 14.324 26.05 26.606 27.264 
Solvent ratio 10.35 14.09 14.75 17.385 13.903 9.442 27.735 27.993 24.192  

Table 5 
Parameter optimization in membrane production.  

Number Factor Optimal condition (L) Value (L) 

1 PSF concentration L1 20 
2 Evaporation time L3 4 
3 Solvent ratio L2 17.82/82.5  
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4. Conclusions 

Taguchi method was carried out to optimize membrane generation and analyze the effects of variables on their morphology and 
transport properties. Using an orthogonal array L9 (33), the effect of process factors on variable behavior was studied by looking at 
three parameters with three levels: PSF concentration, solvent ratio, and evaporation time. Optimization methods were utilized to find 
the appropriate parameters in order to increase the permeance and selectivity of membranes. 

According to analysis of variance (ANOVA), the p-values for response for the PSF concentration and solvent ratio in these studies 
were both under 0.05, which were the most significant parameters to influence the CO2 permeance and selectivity, but the evaporation 
time of the casting solution had a slight influence on the CO2 permeance and selectivity. 

The data points appear close to a linear pattern and are arranged uniformly. It has a normal distribution, according to probability 
plots. CO2 permeance of the membrane ranged from 1.25 ± 0.04 to 8.47 ± 0.51 GPU, while selectivity was 2.95–8.92. The design of 
the experiments also facilitated the determination of the optimal values for the three factors through several trials. Based on these 
experiments, the optimum parameters were found to be PSF concentration of 20 wt%, THF/NMP ratio of 17.5/82.5, and an evapo-
ration time of 4 min. These values were identified as the most favorable for achieving desired outcomes. To improve the performance of 
the membrane, it is recommended that the temperature and chemical composition of the coagulation bath be changed further. 
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