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ABSTRACT: Polyvinylidene fluoride (PVDF) membrane has shown potential for CO2 
capture due to their chemical stability and mechanical strength. The coating process using 
polypropylene (PP) influenced the CO2 flux. This study optimises the coating parameters 
on the PVDF membrane using Box-Behnken Design (BBD). Key factors examined 
were methyl ethyl ketone (MEK) concentration, operating time and coating cycles. The 
investigated PVDF membrane was employed in the membrane gas adsorption (MGA) 
to examine the CO2 flux. Experimental data were fitted to a second-order polynomial 
quadratic model, yielding an R2 value of 0.9028, indicating a strong fit. The optimisation 
revealed that 25% MEK concentration, 30 min of operating time and single coating cycle 
obtained the highest desirability score of 0.945. Significant factors include the MEK 
concentration (p-value of 0.0228), operating time (p-value of 0.0018) and coating cycles 
(p-value of 0.0164). This model effectively captures the linear and interaction effects of 
the variable on the CO2 flux. The optimised parameters significantly enhance the CO2 
flux, contributing to the development of a high-performance membrane for CO2 capture.  
The application of the optimised PVDF membrane in MGA system demonstrates its 
efficiency in CO2 separation. This study advances membrane technology, providing a 
robust framework for future research in CO2 separation. 

Keywords: CO2 capture, PVDF membrane, coating parameters, interaction parameter, 
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1. INTRODUCTION

The ever-increasing levels of carbon dioxide (CO2) emission have raised 
significant concerns on global climate change. Efficient CO2 capture and separation 
technologies are crucial to mitigate these environmental issues. Membrane 
technology has emerged as a promising solution owing to its energy efficiency, 
operational simplicity, tunable formulation and scalability.1,2 Among various 
membrane materials, polyvinylidene fluoride (PVDF) has shown considerable 
potential for CO2 capture due to their chemical stability, mechanical strength 
and processability.3,4 The performance of PVDF membranes in CO2 capture can 
be significantly influenced by the membrane fabrication process particularly 
involved in the coating process.5,6

The coating process is crucial in determining the structure and properties of PVDF 
membranes, directly impacting their effectiveness in gas separation applications. 
Coating involves forming a thin, uniform film on substrate. The quality of this 
film is crucial to achieve desirable membrane characteristics. Polypropylene 
(PP) was found to be an excellent coating agent due to its chemical resistance 
and hydrophobic properties. Several studies found that PP dissolved in non-
solvent such as methyl ethyl ketone (MEK) resulted on homogenous solution, 
forming a uniform coating mixture and enhance the hydrophobic properties of 
the membrane.7,8 On the other hand, coating parameters such as concentration of 
coating solution, duration of coating process and number of coating cycles play 
vital roles in defining membrane morphology, flux and selectivity. Finding the 
interaction of these parameters is essential to enhance the performance of PVDF 
membrane for CO2 separation. 

The primary aim of optimising coating parameters is to improve the hydrophobicity 
of PVDF membrane, which is essential for enhancing CO2 in membrane gas 
adsorption (MGA). To systematically explore the effect of coating parameters 
and their interaction on CO2 flux, Box-Behnken Design (BBD), a robust statistical 
tool for response surface methodology (RSM). Among various RSM techniques, 
the BBD stands out due to its efficiency and reduced number of experimental runs 
required compared to Central Composite Design (CCD) or Full Factorial Design 
(FFD).9–11 BBD allows for the exploration of quadratic relationships without the 
need for a large number of experimental trials, making it cost-effective and time 
efficient. By leveraging the BBD, this study aims to identify the optimal coating 
parameters that maximise the CO2 flux of PVDF membranes. The findings from 
the current work are expected to contribute significantly to the development of 
high-performance membranes for CO2 capture and separation offering viable 
solutions to address the pressing issue of CO2 emissions. 
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2. METHODOLOGY 

2.1 Materials

Commercial PP (Sigma Aldrich, Darmstadt, Germany, > 99% purity) was used 
as a coating solution. A commercial hollow fiber, PVDF (MSFUF1040) obtained 
from IT Tech Research, Malaysia was used a support for coating solution.  
MEK (> 99.55 purity, Merck) is a non-solvent and act as additive to enhance 
the surface hydrophobicity of the PVDF. Xylene (purity > 99%) obtained from 
Merck, Germany was used as polymer solvent to dissolve commercial PP. 
Industrial grade CO2 (purity > 99%) was employed throughout the MGA process. 
Distilled water and 0.001M sodium hydroxide (NaOH) (> 99% purity) was used 
for the measurement of CO2.

2.2 Experimental

The experimental procedure was followed to the method in the previous published 
work.7 The hydrophobic coating solution was prepared in the beaker and poured 
into a 250 mL measuring cylinder. PVDF hollow fiber was sealed with epoxy 
to prevent coating solution entering the membrane. The PVDF hollow fiber 
membrane was initially dipped into the MEK followed by immersion in the 
dissolved PP. Subsequently, the sample was cured under vacuum at a constant 
temperature range (40°C–50°C) for 3 h. The modified PVDF membrane was 
placed in the module for the MGA process to measure the flux of CO2. The process 
conducted was in the countercurrent mode where the gas flowed in the lumen side 
(120 mL/min) meanwhile liquid phase flowed (100 mL/min) in the shell side.  
The flowrate of liquid phase made up by distilled water was measured using a 
flowmeter. All the experiments were conducted at room temperature. Figure 1 
shows the schematic illustration of the coating experiment and MGA process. 
The CO2 flux (mol/m2.s) was measured using Equation (1) and Equation (2) as 
described by Hassan et al.7

JCO2
 = 

Qln × C
(1)

A

C = 
MWCO2

 × NaOH molarity × Volume of NaOH titrated (L)
(2)

Volume of distilled water sample (L)

Where Qln is the flowrate of distilled water (m3/s), C is CO2 concentration  
(mol/m3), A is effective are of membrane module (m2) and MWCO2

 is molecular 
weight of CO2. 
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Figure 1: Schematic illustration of coating and MGA process.

2.3 Box-Behnken Design

BBD was employed using Design Experts 13. The key parameters were selected 
for optimisation was MEK concentration, operating time and coating cycles. These 
parameters were chosen based on their significant influence on the membrane 
morphology and CO2 flux. The MEK concentration effects the dissolution and 
distribution on coating material (PP), the operating time determines the interaction 
duration between PVDF and coating solution. The number of coating cycles 
impacts the uniformity and thickness of coating layer. Table 1 shows the design 
matrix for the selected parameters.

Table 1: Experimental conditions for BBD

Run MEK concentration  
(mg/L)

Operating time  
(min) Coating cycles

1 25 30 1
2 25 30 3
3 40 60 1
4 25 60 2
5 25 90 3
6 25 60 2
7 25 60 2
8 25 90 1
9 10 30 2

10 40 90 2
11 10 60 1

(Continued on next page)
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Run MEK concentration  
(mg/L)

Operating time  
(min) Coating cycles

12 40 60 3
13 10 60 3
14 25 60 2
15 40 30 2
16 10 90 2
17 25 60 2

The experimental data obtained from the BBD were analysed using statistical 
software to develop a response surface model. This model was used to identify 
the optimal conditions for maximising CO2 flux. The adequacy of the model was 
evaluated using analysis of variance (ANOVA) and the significance of model 
terms was determined.

3. RESULTS AND DISCUSSION

3.1 Effect of MEK Concentration

Figure 2 shows the effect of MEK concentration of CO2 flux. It is evident that 
CO2 flux varies significantly with changes in MEK concentration. Initially, as 
MEK concentration increases, CO2 flux rises, reaching an optimum point before 
declining at higher concentration. The initial increases are attributed to the 
enhanced dissolution and uniformity of the PP coating solution. MEK effectively 
disperses the PP facilitating a more homogenous and thin coating layer on the 
PVDF membrane. However, beyond a certain MEK concentration, the CO2 flux 
decreases. This phenomenon may be due to the excessive solvent presence, 
leading to overly dense or thick coatings that hinder gas diffusion.12 High MEK 
concentrations can cause aggregations of the PP molecules, creating a more 
compact and less porous layer that restricts CO2 pathway.13

Table 1 (Continued)
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Figure 2: Effect of MEK concentration on the CO2 flux.
Note: Operating time = 30 min; Coating Cycle = 1

3.2 Effect of Operating Time

Operating time is varied to determine the effect on the CO2 flux of PVDF 
membrane, as illustrated in Figure 3. As the operating time increases, the flux 
decreases. This trend suggests that optimal interaction between PVDF and the 
coating solution occurs within a specific time frame. As the operating time 
extends, the PVDF surface becomes formed excessive dense layer caused by 
overcoating.14 Overcoating causes the membrane pores to become narrowed and 
blocked, hindering CO2 diffusion through the membrane.15 Therefore, identifying 
and maintaining optimal operating time is crucial for achieving high CO2 flux. 
The findings align with the theoretical understanding that excessive exposure to 
coating solution can deteriorate membrane performance by compromising pore 
structure and increase resistance to gas flow.
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Figure 3: Effect of operating time on CO2 flux. 
Note: MEK concentration = 25 mg/L; Coating Cycle=1
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3.3 Effect of Coating Cycles

Figure 4 illustrated the relationship between number of coating cycles and CO2 
flux in PVDF membrane. As the number of coating cycles increases, a clear 
decrease in CO2 flux is observed. This trend can be attributed to the accumulation 
of PP layer on the membrane surface. With each additional coating cycle, the 
thickness of the coating layer increases, which can lead to several issues that 
negatively impact the flux.16 The first coating cycle helps in forming a uniform 
and defect-free coating, enhancing selective layer that facilitates CO2 transport. 
However, as the coating cycles increase, the coating layer becomes excessively 
thick, creating a dense layer. Excessive coating thickness led to the blockage of 
pores. The dense layers formed after multiple cycles can obstruct the gas pathways,  
increasing the transport resistance thus lowering flux. 
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Figure 4: Effect of coating cycle on CO2 flux.
Note: MEK concentration = 25 mg/L; Operating time = 30 min

3.4 ANOVA

By using BBD, this study investigated the optimisation of coating parameters by 
evaluating three input parameters; MEK concentration, operating time and coating 
cycles. The BBD approach resulted in 17 experimental runs as shown in Table 2. 
The centre point for BBD model was selected based on the preliminary study 
which are 25% MEK concentration, 60 min operating time and 2-time coating 
cycle. For instance, 25% MEK concentration is within optimal range result high 
CO2 flux. While the centre point for operation time and coating cycle did not 
result in the highest CO2 flux but both parameters serve as a balanced point that 
allows for a comprehensive analysis of parameter space. The experiments were 
conducted systematically, and the flux was measured for each run. ANOVA has 
been conducted using built-in function in Design Expert 13.
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Table 2: Experimental runs using BBD approach

Run MEK concentration  
(mg/L)

Operating time  
(min)

Coating  
cycles

Flux  
(mol/m2.s)

1 25 30 1 1.70
2 25 30 3 1.40
3 40 60 1 1.38
4 25 60 2 1.38
5 25 90 3 1.28
6 25 60 2 1.38
7 25 60 2 1.38
8 25 90 1 1.42
9 10 30 2 1.42

10 40 90 2 1.00
11 10 60 1 1.40
12 40 60 3 1.30
13 10 60 3 1.38
14 25 60 2 1.38
15 40 30 2 1.38
16 10 90 2 1.36
17 25 60 2 1.38

In this study, the RSM was employed using a BBD design to optimise coating 
parameters of the PVDF membrane for CO2 flux. The experimental data were 
fitted to a second-order polynomial quadratic model. The quadratic equation 
representing the relationship between the CO2 flux and the independent variable 
A, B and C is given by Equation (3).

Flux = 1.38 − 0.0625A − 0.1050B − 0.0675C 
− 0.0800AB − 0.0150AC + 0.0400BC 
− 0.0875A2 − 0.0025B2 − 0.0725C 2

(3)

Where A, B and C are the factors being studied such as MEK concentration, 
operating time and coating cycles, respectively. This model allows for the 
evaluation of both linear and interactional effects of the variables on the CO2 flux, 
providing a comprehensive understanding of the optimisation process. 

The ANOVA analysis results for the model fitting the optimisation of coating 
parameter for CO2 flux using BBD reveal several key insights (see Table 3). 
The model has a significant F-value of 7.22 and p-value of 0.0081, indicating 
that the model is statistically significant. The R2 value of 0.9028 suggests that 
approximately 90.28% of the variability in the CO2 flux can be explained by the 



Journal of Physical Science, Vol. 35(2), 19–32, 2024 27

model, which demonstrates a good fit. The adjusted R2 of 0.7778 accounts for 
the number of predictors in the model and suggests a slight lower but substantial 
explanatory power. However, the negative predicted R2 of –0.5553 implies 
potential issues with the model ability to predict new observation accurately, 
which may be due to overfitting or an adequate model structure. According to 
Arimie et al., the significant gap between adjusted and predicted R2 (R2 > 0.2) 
caused by the presence of outliers leading to an inaccurate representation of 
the underlying relationship.17 Among the individual terms, operating time (B) 
shows the highest significant with an F-value of 23.84 and p-value of 0.0019, 
indicating a strong effect on CO2 flux. MEK concentration (A) and coating cycle 
(C) also significantly impact the response, with p-values of 0.0228 and 0.0164, 
respectively. The quadratic terms A2 and B2 are significant, indicating that the 
relationship between these factors and the response is not purely linear. The 
interaction terms AB, AC and BC with p-value above 0.05, are not significant, 
suggesting that the interaction between these parameters do not significantly 
affect CO2 flux within the studied range. The model adequacy is supported by 
the adequate precision ratio of 13.2897, which is well above the threshold of 4, 
indicating a desirable signal-to-noise ratio and the model’s capability to navigate 
the design space effectively. The relatively low standard deviation 0.0608 and 
coefficient of variation 4.43% further confirm the model reliability and precision 
in predicting the response variable. Overall, the analysis suggests that while the 
model is significant and fits the data well, further refinement may be needed 
to improve its predictive power, particularly addressing the negative predicted 
R2. This could involve exploring additional factors, expanding the experimental 
range or employing different modelling approaches. 

Table 3: Summary of ANOVA

Source Sum of 
squares df Mean 

square F-value p-value

Model 0.2405 9 0.0267 7.2200 0.0081 significant
A-MEK concentration 0.0313 1 0.0313 8.4500 0.0228
B-Operating time 0.0882 1 0.0882 23.8400 0.0018
C-Coating cycles 0.0365 1 0.0365 9.8500 0.0164
AB 0.0256 1 0.0256 6.9200 0.0339
AC 0.0009 1 0.0009 0.2432 0.6370
BC 0.0064 1 0.0064 1.7300 0.2299
A² 0.0322 1 0.0322 8.7100 0.0214
B² 0.0000 1 0.0000 0.0071 0.9352
C² 0.0221 1 0.0221 5.9800 0.0444

(Continued on next page)
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Source Sum of 
squares df Mean 

square F-value p-value

Residual 0.0259 7 0.0037
Lack of fit 0.0259 3 0.0086
Pure error 0.0000 4 0.0000
Cor total 0.2664 16
Fit statistics

Std. dev. : 0.0608 R² : 0.9028
Mean : 1.37 Adjusted R² : 0.7778
C.V. % : 4.43 Predicted R² : −0.5553

Adeq. precision : 13.2897

3.5 Interaction between Coating Parameters

The 3D contour plots illustrate the interaction between different studied 
parameters affecting the CO2 flux of PVDF membrane. Figure 5(a) shows the 
interaction between MEK concentration and operating time. The flux increases 
initially with both parameters, reaching an optimal range before declining. This 
indicates a synergistic effect where moderate MEK concentration and operating 
time jointly enhance the membrane flux towards CO2. The increase in MEK 
concentration improves the dissolution and even distribution of PP solution. 
However, the contours indicate a peak followed by a decline, signifying that 
beyond a certain level, either an increase in MEK concentration or operating time 
led to over-coating, which reduces CO2 flux. This behaviour is a saddle point, 
where an optimal region exists for maximum flux, beyond which performance 
deteriorates.18

Figure 5(b) shows the interaction between coating cycle and MEK concentration. 
The CO2 flux rises when increase in the coating cycles and MEK concentration 
and then decreases. This suggests that a balanced number of coating cycles with 
an optimal MEK concentration yields the best result. Too many coating cycles 
lead to thick and denser coatings. The contour lines form ellipses, indicating 
that maintaining MEK concentration within an optimal range while controlling 
the number of coating cycles can prevent over-coating and ensure permeable 
membrane structure.19

Figure 5(c) depicts the interaction between operating time and coating cycles. 
CO2 flux increases initially with moderate operating time and coating cycles, 
reaching an optimal point before declining. This behaviour underscores 
the importance of finding a balanced combination of these parameters.  

Table 3 (Continued)



Journal of Physical Science, Vol. 35(2), 19–32, 2024 29

The contour lines show that shorter operating times and fewer coating cycles are 
preferable to avoid excessive coating thickness. Prolonged operating times with 
multiple coating cycles can lead to dense and impermeable coatings, reducing 
membrane efficiency.20

Figure 5: Interaction parameters between (a) MEK concentration and operating time, 
(b) coating cycle and MEK concentration and (c) operating time and coating 
cycles.

3.6 Optimisation and Desirability Analysis

In this study, the optimisation of coating parameters for PVDF membrane was 
carried out using Design Expert software. The goal was to maximise the CO2 
flux using RSM with a BBD. The desirability function approach was employed 
to identify the optimal combination of factors that satisfy the multiple response 
criteria. The individual response goals were defined, and their respective 
importance weights were assigned. The optimisation analysis yielded several 
solutions, each with a corresponding desirability score, indicating the overall 
suitability of the solution in meeting the desired objectives. Among the various 
solutions, the combination of 25% MEK concentration, an operating time of 
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30 min and 1 coating cycle was found to result in the highest desirability score of 
0.945. This indicates that this specific set of conditions provides the best balance 
between the responses. 

4. CONCLUSION

This study focused on optimising the coating parameter for PVDF hollow fiber 
membrane for CO2 flux using BBD, examining MEK concentration, operation 
time and coating cycles. Results demonstrated that each parameter significantly 
impacts the CO2 flux. MEK concentration ensures homogenous distribution of PP 
coating solution, appropriate operating time allows sufficient interaction without 
over-coating and a balanced number of coating cycles enhance the structure 
without resulting in dense coating. Contour plot revealed quadratic relationships, 
highlighting the need to fine-tune each parameter to achieve maximum CO2 
flux. The use of BBD enables efficient exploration of the coating parameters. 
Further work should be undertaken for further investigation of the applicability to 
different separation processes and membrane configurations, ensuring continued 
advancements in CO2 capture technology.
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