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ARTICLE INFO ABSTRACT
Keywords: In order to manufacture mixed matrix membranes (MMMs) for the treatment of dye-contaminated wastewater,
Bismuth ferrite this work intends to optimize the operational and manufacturing factors influencing the incorporation of (Bis-

PES/BiFeO3 membrane
Response surface methodology
Optimization

muth Ferrite) nanoparticles (BiFeO3 NPs) into Poly(ether-Sulfone) (PES/BiFeO3). A regression model for the
investigation of permeate flux and percentage removal was developed using response surface methods (RSM) and
analysis of variance (ANOVA). A set of experimental runs for the ultrafiltration (UF) setup was constructed
utilizing the central composite design of experiment method. This study examined how operating and prepa-
ration conditions affected PES/BiFeOs; membrane permeate flux and MB rejection for all membrane samples.
BiFeO3 NPs content (0-0.4 wt.%), MB dye concentration (5-12.5 ppm), and transmembrane pressure (1 to 4) bar
were among the variables examined. The operational parameters were further optimized for the intended
removal conditions using the developed models. For maximal permeate flux (63.5 LMH) and 97.974 % Congo red
dye removal, the optimum operating and preparation parameters were determined to be 0.25, 10 ppm, and 2.57
bar for BiFeOs concentration, initial dye concentration, and operation pressure, respectively. After being tested
under experimental conditions, the developed model was determined to be the best fit. The PES/BiFeO3 mem-
branes shown improved flux and separation capabilities, according to the optimization findings, which makes
them appropriate for treating hazardous dye wastewater in a variety of applications.

1. Introduction activities and treat the produced wastewater pollution to overcome the
problems of water scarcity and pollution, population growth, and

Water is an essential element of life, and the lack of clean water is a increased demand for water due to various industrialization [2,3]. These
problem. Water is one of the most critical natural resources. Because of elements inspired scientists to develop contemporary, sophisticated,
the ongoing development of industrial activities, on the other hand, the sustainable, and clean technology to treat wastewater and provide fresh
wastewater is polluted by different chemicals with increasing produc- water, thereby addressing the above listed issues. Due to a vastly large
tion volume, which affects the lives of all living beings [1]. It is essential number of industrial pollutants that are discharged into sewage in
to provide fresh water for all humans developing industrial and urbane various industrial sectors, particularly, the discharged dyes and
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Fig. 1. Bismuth Ferrite (BiFeOs3).

Table 1
Membranes composition.
Sample PES (wt.%) BiFeO3 (wt.%) DMF (wt.%)
Table 2
SMO 20 0 80 Code and levels of factors.
SM1 20 0.1 79.9
SM2 20 0.2 79.8 Variables Coded Unite Low level High level
SM3 20 0.3 79.7 Add. Conc. A wt.% 0 0.4
SM4 20 0.4 79.6 Dye Conc. B ppm 5 12.5
Press. C bar 1 4
Valve Yo Pressure Gauge
l — -— - — G
Retentate
Prossure Gauge Valve
| p |

I Membrane Module

|
; ol |

T - I Feed Pump

Graduated Cytinder
Feed Tank

Scheme 1. Schematic diagram of the UF cross-flow filtration system.



S.K. Jawad et al.

Table 3
Experimental data points and response.
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Run  Add Con. Feed Con. Press  Exp. Flux (LMH)  Pred. Flux (LMH)  Flux Abso. Error %  Exp. Rejection (%)  Pred. Rejection (%)  Rejection Abso. Error %

1 0.30 5.00 1.00 39.7 40.93 3.11 99 99.78 0.79

2 0.30 5.00 4.00 63.5 64.46 1.51 95.5 95.82 0.32

3 0.30 5.00 3.00 60.3 59.57 1.21 97.1 96.73 0.38

4 0.30 5.00 3.00 60.3 59.57 1.21 97.1 96.73 0.38

5 0.30 5.00 3.00 60.3 59.57 1.21 97.1 96.73 0.38

6 0.30 12.50 3.00 58.4 59.85 2.48 99 100.39 1.40

7 0.30 5.00 3.00 60.3 59.57 1.21 97.1 96.73 0.38

8 0.00 10.00 4.00 18.1 17.68 2.33 76.2 76.18 0.02

9 0.40 12.50 4.00 38.2 36.36 4.81 99 97.38 1.64

10 0.30 5.00 3.00 60.3 59.57 1.21 97.1 96.73 0.38

11 0.00 10.00 1.00 9.7 8.82 9.04 85.4 85.14 0.31

12 0.30 5.00 3.00 60.3 59.57 1.21 97.1 96.73 0.38

13 0.30 10.00 3.00 58.4 54.14 7.29 98 97.77 0.3

14 0.40 12.50 1.00 17.2 17.27 0.40 96.1 96.44 0.35

15 0.40 10.00 4.00 34.3 35.65 3.92 93.2 94.67 1.57

16 0.40 10.00 1.00 14.9 14.10 5.44 95.5 94.61 0.93

17 0.40 5.00 3.00 28.8 30.10 4.53 93.1 93.80 0.76

18 0.00 12.50 4.00 15.2 15.07 0.89 80.1 79.96 0.17

19 0.00 12.50 1.00 8.2 8.62 5.18 88 88.02 0.03

20 0.00 5.00 3.00 22.4 23.29 3.97 75.8 76.19 0.52

Mean absolute error % 3.11 0.57

Predication accuracy % 96.89 99.43

Table 4 Table 5
Analysis of variance (ANOVA) of membrane permeate flux. ANOVA analysis of the rejection.

Source Sum of df Mean F Value p-value Source Sum of df Mean F p-value
Squares Square Prob > F Squares Square Value Prob > F

Model 8322.61 9 924.73 517.33 < 0.0001 significant Model 1072.70 9 119.19 119.69 < 0.0001 significant

A-A 90.55 1 90.55 50.66 < 0.0001 A-A 310.92 1 310.92 312.22 < 0.0001

B-B 3.13 1 3.13 1.75 0.2151 B-B 2.76 1 2.76 2.77 0.1271

c-C 418.65 1 418.65 234.21 < 0.0001 c-C 37.52 1 37.52 37.68 0.0001

AB 36.64 1 36.64 20.50 0.0011 AB 3.56 1 3.56 3.57 0.0880

AC 81.49 1 81.49 45.59 < 0.0001 AC 41.10 1 41.10 41.27 < 0.0001

BC 19.02 1 19.02 10.64 0.0085 BC 2.32 1 2.32 2.33 0.1580

A? 2307.43 1 2307.43 1290.87 < 0.0001 A? 127.71 1 127.71 128.24 < 0.0001

B? 1.16 1 1.16 0.65 0.4387 B? 6.67 1 6.67 6.70 0.0271

c? 21.60 1 21.60 12.08 0.0060 c? 0.40 1 0.40 0.40 0.5388

Residual 17.88 10 179 Residual 9.96 10 1.00

Lack of 17.88 5 3.58 Lack of 9.96 5 1.99

Fit Fit
Pure 0.000 5 0.000 Pure 0.000 5 0.000
Error Error

Cor Total ~ 8340.49 19 Cor Total ~ 1082.66 19

Std. Dev. 1.34 R-Squared 0.9979 Std. Dev. 1.00 R-Squared 0.9906

Mean 39.44 Adj R-Squared 0.9959 Mean 92.82 Adj R-Squared 0.9825

CV. % 3.39 Pred R-Squared 0.9656 CV. % 1.08 Pred R-Squared 0.8928

PRESS 286.73 Adeq Precision 59.028 PRESS 116.05 Adeq Precision 34.309

pigments permeate several sectors of everyday life, such as textiles,
paints, cosmetics, pharmaceuticals, food, and printing industries.
Consequently, dark wastewater must be treated to eliminate colors
alongside other contaminants [4-6]. It is estimated that about 10-15 %
of these dyes are released in the form of liquid waste during the dyeing
process [7].

Dyes are categorized into three primary classifications: (a) Cationic:
all basic dyes, (b) Anionic: directly and reactively acidic and (c) Non-
ionic: dispersed dyes [8-10]. Because of their poisonous nature and
triggering many major ailments like cancer, skin disorders, and allergies,
dyes and their metabolic products seriously threaten the environment,
particularly living entities [11,12]. The stability of these dyes makes
them non-biodegradable, and therefore they exhibit stability in water,
and some variants are challenging to treat because of their intricate
architecture. Therefore, it is essential to treat and recycle wastewater to
save the environment and fulfill certain industrial water needs and/or
repurpose dyes [13,14].

Dye removal may be accomplished using a variety of methods,
including physical, chemical, and biological processes, which are used in

wastewater treatment in order to fulfill the standards that are already in
place. One of these procedures is known as an adsorption process [15],
deposition by chemical agents [16], and biological means, such as white
mold fungus [17], ion exchange [18,19], electrocoagulation [20], and
flocculation [21,22] are some of the approaches that have been used.
There are some drawbacks associated with these methods, such as the
fact that almost all of them do not achieve the required level of dye
removal. For instance, biological treatment is an excellent method that is
also cost-effective. However, it is not successful in eliminating pollutants
that are resistant to heat and microorganisms that may be killed by the
toxicity of dyes. The chemical ion exchange process is expensive and can
only extract a single compound [23]. Adsorption has garnered signifi-
cant attention owing to its simplicity, cost-effectiveness, and efficacy in
eliminating various dyes from aqueous solutions. Researchers are
looking for cost-effective adsorbents with outstanding efficacy in
pollution removal. Thus far, to eradicate reactive contaminants from
aqueous solutions, various mono and composite adsorbents have been
used for this purpose [24], such as GO [25], ZnO [26], MnOx-CeO2 [27],
Ag/TiOy/Fe3s04  [28], MgO/C3Ns [29], TiOz/Fey03  [30],
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Fig. 2. Predicted and actual results for the (a) membrane flux and (b) rejec-
tion %.

CdSe/BiaM00g/g-C3Ns [31], Ag/AgsV04/AgVOs modified with GO
[32], chitosan-based MWCNTSs/CNCs [33] and CuO/BC [34].

The process performance of adsorption processes is typically influ-
enced by physical and chemical factors, including the reactivity of dye
absorbent materials, the surface area of adsorbents, particle size, tem-
perature, pH, contact time, and height maintenance costs, and it de-
creases after multiple uses. Activated carbon is the most common
material used in these processes. Water-soluble dyes are also frequently
subjected to flocculation and coagulation [35]. Sometimes, it is chal-
lenging to identify the appropriate coagulant to combat the contami-
nants that result from discoloration [36,37]. Certain procedures
necessitate lengthy durations and secondary treatments, while others
necessitate a substantial footprint and high energy consumption,
resulting in a high cost [38,39].

The effluent of textile industries is challenging to treat due to the
presence of complex pigment molecules and their resistance to aerobic
digestion, oxidants, light, and heat [40,41]. The advantages and disad-
vantages of dyes removal have been discussed in nearly all references
and studies. In addition to the aggravation of the freshwater crisis and to
meet the increasing global demand for its provision, led researchers
have to search for advanced new methods and develop new techniques
for removing pigments. Among these methods, membrane filtration
technology has gained increasing interest over time due to its various
advantages [42-46] such as easy to operate, high separation efficiency,
no/low need for additional chemicals, reduced energy usage, low
running costs, continuous character mode, separation in mild settings,
ability to be hybridized with other processes, minimal footprint, and
ecologically friendly. Furthermore, membrane filtering technology
makes the recovery possibility to remove artificial color from industrial
wastewater one of the finest accessible solutions for treating this kind of
industrial wastewater [47].

Reverse osmosis (RO), nanofiltration (NF), ultrafiltration (UF), and
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Fig. 3. At constant MB dye concentration 7.5 ppm and pressure 2.5 bar, ad-
ditives affect a) membrane flux and b) rejection%.

microfiltration (MF) fall into four varieties [48-50]. UF is an efficient
method of ultrafiltration membrane separation for the macromolecule
and particle removal from a solution. It has been routinely used as a
treatment approach for wastewater discharge from manufacturers
including food industry, chemical and pharmaceutical companies [51].
Operating pressure, pore size, separation technique, and membrane
feature roughly combine UF membrane with strong rejection, high
permeation flow, and low energy usage [52-55]. It has attracted a lot of
attention for separating many ions, heavy metals, and dyes [56-58].
Polymers are the most often utilized materials for UF membrane prep-
aration. Sometimes sulfonate-containing polymers, such as poly-
ethersulfone (PES) and polysulfone (PS), are the most used [59-62].

The quality of separation, the expulsion of undesirable particles, the
need for less energy, the high mechanical, chemical, thermal, and hy-
draulic stability of PES-based membranes are among the many advan-
tages [63-67]. In addition, the membrane’s hydrophobic nature may
result in the surface and apertures being exposed to pollution and
obstruction as a result of various foulants. This can result in a reduction
in permeability and flow, thereby reducing the membrane’s perfor-
mance efficiency [68-76].

At ambient temperature, bismuth ferrite-BiFeOg (BFO) (Fig. 1.) is an
inorganic, single-phase, type-1 category multiferroic material with both
ferroelectric and magnetic characteristics. Because of their characteris-
tics, BiFeO3 nanoparticles were selected for this study. BiFeO3 may be
used as photocatalytic materials in addition to its possible magneto-
electric uses. As has been extensively shown in semiconductors, this
narrow bandgap also permits carrier excitation in BiFeOs using
commercially accessible femtosecond laser pulses, allowing us to create
ferroelectric ultrafast optoelectronic devices. Regarding the photo-
catalytic activity of BFO, it was shown that SrTiO3 coated BFO
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wt.%.

nanoparticles may generate Hy when exposed to visible light, but pure
SrTiOs only reacts to UV irradiation. This is another significant feature.
The capacity of BiFeOs nanowires to oxidize (generate oxygen) was
found more recently, indicating that BiFeO3 nanostructures might be
helpful for the photocatalytic breakdown of organic pollutants [77-79].

Probably the only substance that is both magnetic and strong ferro-
electric at normal temperature is BiFeOs;. With hundreds of papers
published in the last several years, it has therefore had an influence on
the area of multiferroics equivalent to that of yttrium barium copper
oxide (YBCO) on superconductors [80]. Few authors have designed
trials to optimize the UF membrane for process factors in
dye-contaminated wastewater treatment. The combination of simulta-
neous optimization and non-linear regression analysis for response
prediction has not been investigated previously. In order to optimize
process variables for the elimination of MB dye in the UF membrane
filtration process, in this study, the central composite design (response
surface technique) was used. Response surface methodology (RSM) and
variance analysis (ANOVA) were used in the study. Herein, the study
focused on optimizing different operating parameters such as
BiFeO3—NPs content (0-0.4 wt.%), MB dye concentration (5-12 ppm),

and transmembrane pressure (1-4 bar), using Design-Expert® software.
The purpose of these tests was to ascertain how they affected the MB dye
rejection percentage and membrane flux. The study also looked into how
operating parameters work together to maximize the performance of
PES/BiFeO3-based membranes.

2. Materials and methods
2.1. Materials

The base polymer for membrane manufacture was polyethersulfone
(PES) with a molecular weight of 30,000 g/mol, which was obtained
from Solvay Advanced Polymers in Belgium, methylene blue (MW =
319.85 g/mol), Di-methyl-formamide (DMF) solvent were obtained
from HIMEDIA India Company. Congo red dye Congo red dye (Mw =
696.66 g/mol, excitation wavelength is 497 nm.) used for membrane
rejection test were purchased from Nanjing Duly Biotech Co., China.
Iron nitrate nonahydrate (Fe (NO3)3-9H20) was purchased from CARLO
ERBA Reagents, France, Bismuth (III) nitrate pentahydrate (Bi
(NO3)3-5H20) was purchased from thermos scientific, Hungary,
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Absolute Ethanol (EtOH) was ordered from VWR International Ltd.,
Hungary and Ethylene glycol (EG) was obtained from Sigma-Aldrich
(Switzerland). Bismuth Ferrite (BiFeO3) was used as an additive
loaded in the polymer casting solution.

2.2. Preparation of BiFeO3 nano additives

Bismuth ferrite (BiFeO3) nanoparticles were prepared using the hy-
drothermal method as described in [81]. Briefly, 0.7 g of Bi (NO3)3-5H20
dissolved in 50 mL of an EtOH and EG mixture solution with (1:9) ratios,
respectively. Then 0.58 of Fe (NOs) 3.9H-0 was added to the solution and
stirred for 30 min. The solution transferred to a stainless-steel Teflon
autoclave and thermally treated for 24 h at 180 C. After that, the solid
product obtained washed several times with distilled water using vac-
uum filtration and dried at 75 °C overnight. Finally, the powder form
product calcinated for 2 h at 500 °C.

It is possible to postulate the following for the NP formation kinetics
in HE processes as:

Bi(NO3)3—Bi*® + 3NO;3~ @

Fe(NO3)3—Fe™® + 3NO3~ 2

Bi**-30H" + Bi(OH), 3
Fe™—30H  + Fe(OH), (€]
2Bi(OH)3—Bi*® + 3H20 6))
2Fe(OH)3—FeOs3 + 3H20 (6)
Bi,03—Fe,0; + 2BiFe; @)

2.3. Preparation of UF membranes

Phase inversion method utilized to produce all the flat sheet UF
membranes. The PES polymer powder was oven-dried at 50 °C overnight
to eliminate moisture before the casting solution was prepared. Towards
the pristine preparation of PES membranes, then, the solvent Di-methyl-
formamide (DMF) was used to create the solution in a glass beaker at
ambient temperature. Separately included were BiFeO3 NPs at 0, 0.1,
0.2, 0.3, and 0.4 wt percent. and agitated the solution for two hours with
a magnet stirrer until homogenized. Adding 20 wt. % of PES polymer
and the stirring process continues for 8 h to obtain a suitable dispersion.
The solution was subjected to an ultrasonic immersion for a duration of
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30 min. Prior to commencing the casting procedure, the solution was
pre-treated in an oven preheated to 40 °C for an hour in order to elim-
inate any residual bubbles. Then, using the casting machine with a 200
nm air gap casting knife, the homogenous solution is poured onto a flat
glass. The flat glass is submerged in a room temperature bath of distilled
water once the pouring is stopped, and the knife is dragged over it.
Casting solution composition of different membranes are given in
Table 1.

3. Membrane performance

A cross-flow filtering system Scheme 1. with an effective area of 16
cm? was used to evaluate the membrane performance at room temper-
ature. The analysis of membrane penetration was conducted using a
pure water flux (PWF) and solutions of 50, 100, and 200 ppm MB. The

permeate flow (J) was determined using Eq. (8) [82-84]:

. Q
TAxt ®
where Q is the permeate collected (m®) with the () time, and the
effective membrane area (m?) is A in the filtration cell. The rejection of
the MB dye solution was calculated utilizing Eq. (9) [85]

R(%) = (1 f&)xloo 9)
Cs

4. Experimental design

A set of tests can be created using a statistical and mathematical
approach through response surface methodology (RSM). The Central
Composite Design (CCD) of Response Surface Methodology (RSM) was
applied, not the Box-Behnken Design. CCD was selected due to its ability
to efficiently fit a second order (quadratic) model and explore both
linear and interaction effects of the variables across a wide range. Unlike
the Box-Behnken Design, CCD includes axial points, allowing for a more
thorough investigation of factor extremes. This made it particularly
suitable for studying and optimizing the effects of MB dye concentration,
transmembrane pressure, and BiFeO3 concentration on membrane per-
formance. The goal is to improve the reaction, which is affected by
several separate elements. A further benefit of using the RSM design is
that it requires less trials than a full experimental design at the same
level. Additionally, the ultimate objective of RSM is to determine the
area that satisfies the operational parameters or the ideal operating
circumstances for the system. RSM drastically lowers time and material
costs as compared to the "one factor at a time" method [86].

Design-Expert® Software was used to perform the analyses. To
evaluate their effects on the flux and rejection percentage of the mem-
branes, the current study concentrated on optimizing various opera-
tional parameters, including the concentration of MB dye (5 to 12.5
ppm), the transmembrane pressure (1 to 4 bar), and the BiFeO3 con-
centration (0 to 0.4 wt. %). Additionally, the research looked at how
operational variables collaborated to affect the result. ANOVA is a
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statistical technique that offers diagnostic tests and statistical results,
enabling researchers to evaluate the efficacy of created models. The
experimental data and variable symbols are shown in Table 2. In order to
determine the necessary operating parameters, a number of tests were
carried out using the ultrafiltration membrane technique, each of which
changed a single component while maintaining the same values for the
other variables.

The aim of the optimization technique known as Response Surface
Methodology was for investigating the impact of different parameters
(predictors) on the flux and rejection percentage process. The specific
information on the historical data of the 20 runs is provided in Table 3.
These data points are utilized as design points for the purpose of
modeling and optimizing the flux and rejection of dye. The advantage of
historical-data RSM design is that it affords the user the opportunity to
define the design points using all or some of the available experimental
data. In contrast to other types of designs in RSM, the quantity of design
elements that may be provided in historical data design is unlimited [67]

5. Results and discussion
5.1. Membrane filtration

To improve membrane performance, Mixed Matrix Membranes
(MMMs) blend polymers with inorganic fillers such as carbon nano-
tubes, metal-organic frameworks, and zeolites. Here is a summary of
their benefits and drawbacks in relation to traditional (pure polymer)

membranes. The improved permeability and selectivity are two benefits
of mixed matrix membranes. By eliminating the trade-off between
permeability and selectivity seen in traditional membranes, inorganic
fillers may provide more rapid and selective transport channels. Fillers
often strengthen the polymer matrix, improving mechanical and thermal
stability and increasing MMM’ resistance to temperature, pressure, and
chemical deterioration. MMMs may endure longer in challenging con-
ditions if they have improved fouling and deterioration resistance [85].
Each PES/BiFeO3; membrane exhibited a higher pure water flux (PWF)
than the neat membrane. The addition of nano additives substantially
impacted the flux characteristics, even with a small amount of BiFeO3
NPs. The findings indicated that the flux of water improved from 22.6
(LMH) for the initial membrane to 32.4 (LMH) when 0.4 % of
BiFeO3NPs were introduced. With the use of BiFeOs;_NPs, PWF
exhibited a significant increase, and the highest recorded value of 52.5
LMH was achieved for SM3. As mentioned earlier, the rise in PWF was in
line with the hydrophilicity measurements, porosity, and pore size of the
prepared membrane. The pure water flux dropped after adding 0.4 %
(BiFeO3—NPs). The high concentration of BiFeO3 NPs has resulted in the
blockage of the pore, leading to a decrease in PWF [87].

5.2. Regression equation, ANOVA, and predicted fitted line plot

ANOVA analyses were carried out using Design-Expert®. Tables 4
and 5 show the analysis of variance (ANOVA) findings for the flow and
rejection (%) depending on the BiFeO3 NPs weight percentage, MB dye
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Fig. 9. A desirable ramp is used for numerically optimizing three selected parameters.

concentrations, and transmembrane pressure values. The ANOVA results equations. Egs. (9) and 10 for membranes relate the textual form of the

table includes a particular p-value for each predictor variable in the regression model equations for flow and rejection (%) about the actual
design arrangement. These findings were used to forecast mathematical variables.
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Table 6
Pred. versus exp. values of the flux and rejection % under optimum conditions.
Add. conc. (wt.%) Dye conc. (ppm) Press. (bar) R. (%) Pred. R. (%) Exp. Error % F(LMH) Pred. F(LMH) Exp. Error %
0.25 10 2.57 97.974 96.85 1.16 63.5 64.9 2.15
Table 7
Comparisons between the separation results of membranes in this work and other works in literature.
No. Membrane Dye Dosage wt.% Rejection % Flux LMH Reference
1. PES/eggshell: SiO, (4:1) Remazol Brilliant Blue R 50 80.38 - [96]
2. PSf/TiOo/MWCNT Acid black 1 1 99 270 [97]
3. PSf/Gallium Reactive blue 4 Rhodamine B - 66 - [98]
80
4. PSf/ACS MB 7 91.13 1.89 [99]
5. Am-MSNs/PVDF RB5 0.6 96.57 23.87 [100]
6. 4A-zeolite/PVA MB 20 87.41 - [101]
7. PES/MOFs MB 5 ~ 70 190 [102]
MO ~ 80
8. PES/BiFeO3 MB 0.25 97.974 63.5 This work

a slope of one suggests that the variable has a positive effect on the
Flux = +3.35563 + 383.81696 A - 0.83135 B + 13.73830 C + 3.41817 response.

AB + 10.56878 AC - 0.33788 BC - 1038.94379 AZ + 0.048970 B2 - Fig. 3.a. illustrates that the flux increased as the additive concen-
1.47560 C> (10) tration increased by 0.2 wt.%. The membrane’s porosity, average pore

size, and hydrophilicity were improved by increasing the concentration
Rejection (%) = +93.18892 + 124.60550 A - 1.59898 B - 5.17221 C - of BiFeOs in the PES cast solution. Conversely, the flux was reduced as a
1.06515 AB +7.50549 AC + 0.11795 BC - 244.42064 A” + 0.11727B” + result of the BiFeO3 NPs agglomeration on the membrane surface, which
0.20163 C? an led to a decrease in porosity, pore size, and hydrophilicity, when the

additive content was increased to 0.4 wt.%. Additionally, the impact of
additive concentration on membrane flux and rejection percentage is
illustrated in Fig. 3.b., which shows the effect of constant MB dye con-
centration at 7.5 ppm and 2.5 bar pressure [90].

The rejection percentage for membranes increased as the additive
concertation increased. This tendency may have been associated with
hydrophilic BiFeO3—NPs, which enhance the hydrophilicity of the
membrane surface. Additionally, the percentage of MB dye that was
rejected decreased as the concentration of BiFeOs—NPs increased to 0.4
wt.%.

The relationship between flux and rejection (%) for membranes with
a constant transmembrane pressure (2.5 bar) and a 0.2 wt.% additive
concentration is shown in Fig. 4.a and b., respectively. As the concen-
tration of dye increased (5-12.5 ppm), the flux decreased. The flux
decreased due to dye molecules accumulation over the membrane.
Meanwhile, the membrane’s rejection rate (%) increased as the dye
concentration increased from 5 to 12.5 ppm. The total rejection rate can
be increased by the formation of a thin, compact coating over the
membrane surface due to the presence of dye molecules [91,92].

Fig. 5. a and b. show how adjusting the pressure from one to four bars
impacts the flow and % membranes rejection, at a constant MB dye
concentration of 7.5 ppm and additive concentration of 0.2 wt.%. Flux
increased as the pressure increased from 1 to 4 bar. With the diffusion
and solution model, flux has a direct connection with the pressure dif-

Where A is the BiFeO3—NPs wt.%., B is the MB dye concentration
(ppm), and C is the transmembrane pressure (bar). Negative factor terms
indicate their negative influence on the flux, while positive factor terms
indicate their positive impact in Eq. (9). A positive indication in the
factor term in Eq. (10) indicates a positive impact, while a negative sign
indicates a negative impact on the rejection. The correlation coefficient
R-Squared values of the flux and rejection% models were 99.79 % and
99.59 %, respectively. On top of that, the results were 99.06 % and 98.25
%, respectively, for the corrected R-Squared. It is appropriately
increased and strongly agrees with the values of R-Squared. These re-
sults show that the flow and rejection% models are statistically reliable
and appropriately predict UF membrane performance. The model’s ac-
curacy is demonstrated by the regression analysis of the permeate flux
and rejection% models, which is quite precise in its fit with the infor-
mation provided [88].

Tables 4 and 5 show that the projected correlation coefficient R-
Squared (pred.) values nearly match the adjusted correlation coefficient
R-Squared for each model. As a result, both mathematical models con-
tained crucial terms.

The flux and rejection % were predicted to use a linear regression
function in the Design-Expert® software. Fig. 2.a. depicts the predicted
and actual findings for the flux of permeate and rejection of dye %. Thus,
the membrane flux and rejection % of actual and predicted values are in
strong mathematical agreement as shown in Figs. 2.b. The above finding . o
and the high R-Squared (i.e., 99.79 % and 99.59 % of flux and rejection ferential thrPugh the membrane. But the rejection % for membrane
%) of the PES membrane show the model’s significant potential for decreased slightly as the pressure rose from 1 to 4 bar.
predicting and optimizing flux and rejection percentages [89]. Also,

Table 3 shows that approximately all the predicted values fall within the

+7.29 % and +1.64 error margins for flux and rejection % respectively. 5.4. Effect of BiFeOs additives concentration, MB dye concentration and

pressure, on flux and rejection %

5.3. Main effects plot The dye response flux and rejection percentage may be shown as a

three-dimensional solid. Figs. 6, 7, and 8 show the permeate flux and MB

The impact of the experimental parameters and their interactions is dye rejection % with the two parameters. The primary goal of the

analyzed by Design-Expert® software, as illustrated in Figs. 3, 4, and 5. response surface plot aims to determine the optimal operation factors,

The impact of the factor was investigated by altering one variable, while which can be expressed by the additives conc. (wt.%), dye concentration

the others were left unaltered. A zero slope suggests that the variable has and pressure, resulting in the maximum flux of permeate and rejection %
grace effect when the factor is adjusted from low to high level. However, for the dye.
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The permeate flux at a constant pressure is illustrated by a response
surface diagram in Fig. 6.a, which depicts the effect of dye concentration
and additive content. A decrease in the dye concentration and an in-
crease in the additive concentration to 0.2 wt.% were shown to result in
a higher flux in the permeate flux response. With 0.2 wt.% of
BiFeO3—NPs added, the highest flux was observed over 52.5 LMH. The
membrane’s porosity, average pore size, and hydrophilicity were
improved by increasing the concentration of BiFeO3—NPs in the PES cast
solution. Conversely, increasing the additive concentration to 0.4 wt.%
decreased the flow owing to the aggregation of additives on the surface
of PES membranes, leading to reduced porosity, pore size, and hydro-
philicity. Furthermore, the MB dye rejection dropped to around 92 %
when the BiFeOs—NPs concentration increased to 0.4 wt percent. A
significant quantity of BiFeO3—NP aggregation may be the cause of the
decrease in dye rejection. The proportion of membrane rejection may
suffer as a result of the sporadic defects that are created throughout the
membrane manufacturing process. Similar results have also been re-
ported by researchers, suggesting that increasing the concentration of
nanofillers results in a reduction in dispersion within the polymer matrix
and the production of agglomerates. The observed decrease in rejection
might be explained by this phenomenon [93]. As shown in Fig. 6.b, the
dye rejection% response showed that lowering the dye concentration
and increasing the additive amount to 0.2 wt.% produced a smaller
rejection% at constant pressure. Plotting of elliptical contours shows
interaction between additive amount and dye feed concentration.

At a constant dye concentration of 7.5 ppm, Fig. 7.a. illustrates the
three-dimensional plot of the response surface, which illustrates the
impact of the coupling of the interaction between the additive concen-
tration and the pressure on the permeate flux. The permeate flux
increased more than the pressure when the additive content increased to
0.4 wt.%. The permeate flux is generally increased as a result of the
combined effect of increasing the BiFeO3 NPs content in the PES solu-
tion, increasing the hydrophilicity, average pore size, and porosity of the
membrane, and increasing the pressure. This is due to the higher shear
stress on the membrane’s surface [94,96].

Fig. 7.b. shows a response surface plot that also shows how the
amount of additives and pressure affect the rejection rate when the dye
content stays the same. The rejection was improved by increasing the
additive concentration to 0.2 wt.%, while the rejection was decreased by
increasing the pressure. Nevertheless, the rejection was improved, even
under high pressure, when the additive concentration was increased to
0.4 wt.%. Furthermore, the contour plots’ elliptical shape results in a
discernible interaction between the additive concentration and the
pressure.

The response surface diagram, depicted in Fig. 8.a., illustrates the
impact of dye concentration and pressure on the permeate flux. The
permeate flux is diminished when the dye concentration increases, and
the pressure is decreased. The flux was significantly reduced by a
decrease in pressure from 4 to 1, while a minor decrease in flux was the
result of a rise in the dye concentration, which was less effective than the
pressure. The dye rejection percentage is also influenced by the pressure
and dye concentration, as illustrated in Fig. 8.b. response surface plot.
The rejection rate was adversely affected by the slight decrease in
membrane rejection that resulted from the increase in pressure. Conse-
quently, the rejection rate decreased at higher pressures, while the
rejection percentage increased as the pigment concentration increased.
The dye molecules on the membrane surface can generate a narrow,
compact layer, which in turn increases the total rejection rate, which is
the cause of the increase in rejection. Nevertheless, the parallel straight
lines structure of the contour maps is the reason for the lack of inter-
action between these factors.

5.5. Validity and optimization of the UF procedure

One of the most prominent methods for optimizing a variety of
response processes in the applied engineering and science domains is the
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desired function technique. The method integrates the responses to in-
dividual desirability from a singular value within a scale that spans from
one to zero. The optimal conditions for operation are established by
selecting values that are closest to one, as one value represents the op-
timum scenario. Conversely, when the outcome is near zero, all or a
portion of the responses are outside the intended range [95]. The
desirability function for the two present responses (flux and rejection %)
was determined using Design-Expert® software, which integrated the
individual desirability into a single value, as illustrated in Fig. 9. The
optimal operating conditions tested (i.e., MB dye concentration, pres-
sure, and additive concentration) are depicted in the accompanying
figure, as it was estimated that the three variables would substantially
improve the permeate flux and rejection factor. Additionally, the model
was validated by conducting the flux and rejection % experiments at the
optimal operation conditions that were recommended. Table 6 indicates
a 2.15 % discrepancy between the experimental value (64.9 LMH) and
the predicted flux (63.5 LMH) for membranes. Furthermore, the
experimental value (96.85) was 1.16 % lower than the predicted
rejection rate (97.974). The significance and applicability of the RSM
model that was developed are demonstrated by the minor percentage
error. To highlight the novelty of the present work, Table 7 shows the
comparison between the results found in this work and the other works.

5.6. Development prospects

The worldwide demands for energy efficiency, environmental sus-
tainability, and innovative materials have led to notable improvements
in the area of membrane separation, but there is still a great deal of room
for further optimization. The growth potential may be examined from a
number of important angles: Designing and preparing new membrane
materials is one of the most promising approaches. This includes mixed
matrix membranes (MMMs), and nanocomposite membranes.
Enhancing permeability, selectivity, and resistance to fouling or dete-
rioration is the goal of these developments. There may be synergistic
advantages to combining membrane separation with other methods.
More accurate forecasts of membrane performance are now possible
because of developments in computational tools such as machine
learning, process modelling software, and molecular dynamics simula-
tions. These technologies are critical for optimizing membrane designs
under practical operating circumstances and speeding up development
cycles. High-performance membrane manufacture on a commercial
scale is still difficult. To guarantee long-term sustainability, opportu-
nities include the creation of recyclable or biodegradable membranes,
green production techniques, and enhanced lifetime evaluations. Over-
all, there are a lot of exciting opportunities for membrane separation
optimization advancement, driven by both basic research and business
demands. The next generation of high-performance membrane systems
will probably be developed via multidisciplinary cooperation, where
material science, engineering, and data science come together.

6. Conclusion

A new polyethersulfone (PES) membrane was produced through the
implementation of a phase inversion method. To improve the mem-
brane’s characteristics, including permeability, selectivity and resis-
tance to contamination, hydrophilic additives of novel BiFeO3 NPs were
introduced to the majority of the PES membrane. Based on the positive
outcomes from this study, employing BiFeO3 NPs was strongly advised
nanocomposite ultrafiltration membranes to eliminate MB dye.

Variance analysis (ANOVA) and response surface methodology
(RSM) have been applied as mathematical and statistical tools to raise
the general effectiveness of the approach. The impact of operational
variables on the permeate flux and rejection of MB dye of PES/BiFeO3
membranes in the ultrafiltration technique was investigated in an
optimization sense. The factors shown to have the most impact on the
flux and rejection of oil were transmembrane pressure, oil
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concentration, and BiFeO3 NPs wt.%. The effects of three MB dye feed
solution concentrations may be investigated thanks to the experimental
design. Design-Expert® software was used to analyze the flow and
rejection percentage. A mathematical approach was created to calculate
the rejection percentage and flow. The results show that a combination
of factors affect both rejection percentage and flux. With an Add. conc
(wt.%) of 0.25, a dye concentration of 10 ppm, and a pressure of 2.57
bar, the optimized parameters show that the membrane flux is 63.5 LMH
and the rejection percentage is 97.974.
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