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Abstract

This study aimed to mimic and optimize polyethersulfone (PES) membrane performance for dye separation applications. Bulk
modification was conducted, harnessing titanium dioxide nanowire/iron oxide (TiO, NW/Fe,0,) to improve water flux, dye removal
efficiency, and antifouling properties. Membranes were fabricated with varying nanostructure concentrations (0.1-0.7 g) and examined
under different pH levels (3-12) and dye concentrations (25-100 mg/L). Utilizing the response surface methodology (RSM), the process
conditions optimized with ANOVA confirmed the adopted model reliability (R? = 0.9668 for flux, 0.9809 for rejection). Experimental
results revealed that 0.7 g of TiO, NW/Fe,O, achieved the highest performance, recording 93 L/m*h flux and >99% naphthol blue black
dye rejection. Besides, increasing nanostructure content has enhanced the membrane porosity and hydrophilicity. Meanwhile, acidic
conditions (pH 3-5) facilitated stronger dye-membrane interactions, while alkaline pH reduced the retention efficiency. Simulation
results validated the experimental findings, bestowing deeper insights into the dye separation mechanisms. These findings highlighted
the potential of TiO, NW/Fe,O,-modified PES membranes as a promising candidate for wastewater treatment applications.
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1 Introduction

Wastewater dye contamination has become recognized as using substantially more water than many other industrial

an urgent ecological issue, particularly due to its prevalence
in effluents from industries like textiles, food production,
paper manufacturing, and printing. These industrial pro-
cesses release dye-laden wastewater, which, if not properly
treated, can lead to numerous adverse effects on aquatic
ecosystems and water usability. Elevated dye concentra-
tions in water not only impair its suitability for industrial
and domestic purposes but also decrease light penetration,
thereby inhibiting aquatic plant growth and natural self-pu-
rification processes. Furthermore, dyes in wastewater pose
serious risks to aquatic life, particularly fish [1]. The textile
industry is especially notorious for its water consumption,

sectors [2]. The wastewater generated is rich in pollutants,
necessitating proper treatment prior to discharge. With over
100000 commercially readily available dyes and an annual
production exceeding 700000 tonnes, dye wastewater poses
a unique challenge due to the chemical resilience of these
compounds. Their complex synthetic structures make them
resistant to fading from light exposure, water, and various
chemicals, complicating their breakdown in the environ-
ment. Dyes are classified into several categories — acidic,
basic, disperse, azo, anthraquinone, diazo, and metal-com-
plex — each presenting its own challenges for decolorization
and decomposition. Without adequate treatment, these dyes
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can significantly harm the environment [3, 4]. Consequently,
meeting stringent environmental regulations has driven
researchers to seek effective and economical methods for
treating dye-contaminated wastewater.

Significant research has been dedicated to developing
innovative techniques for dye removal, ranging from adsorp-
tion and oxidation processes to photocatalysis, biologi-
cal treatments, and membrane separation technologies [5].
However, conventional separation techniques such as ozona-
tion, hydrogen peroxide/UV, bleaching, and electrochemical
have proven inadequate as a result of the complex aromatic
structures of many textile dyes, which are highly resistant
to degradation. These compounds are particularly stable
against light exposure, oxidizing agents, and aerobic diges-
tion. As a result, there has been increasing interest in pres-
sure-driven separation membrane processes. They enable
the potential of water reuse and the recovery of important
waste substances, besides too high dye removal efficiency,
such as dyes. Recent advances in both technology and
cost-efficiency have further solidified membrane systems as
a viable option for industrial wastewater treatment [1].

Membrane processes have gained widespread use in tex-
tile wastewater treatment due to their advantages over con-
ventional methods [2]. Nonetheless, all membrane processes
have to deal with a scenario of deteriorating permeate flux
induced by foulant buildup on the membrane surface [6].
This phenomenon, known as concentration polarization,
exacerbates membrane fouling. To address this, various
strategies have been proposed, including membrane sur-
face modification, physical cleaning techniques, optimiza-
tion of operating conditions, the use of antifouling agents,
hybrid membrane processes, feed water pretreatment,
advanced cleaning techniques, and dynamic membranes.
These approaches focus on modifying the bulk or surface
properties of membranes to improve their performance.

With the advent of nanotechnology, surface modification
using nanomaterials has garnered significant attention for
enhancing membrane characteristics and imparting desirable
hydrophilic properties [7, 8]. Membranes containing nano-
materials such as carbon nanotubes, zinc oxide, graphene
oxide, copper, silver, and titanium dioxide have demon-
strated the potential to overcome limitations associated with
traditional membrane processes [8—10]. The incorporation
of nanofillers into polymeric membranes has been shown
to enhance hydrophilicity, improve dye rejection efficiency,
increase fouling resistance, and boost thermal and mechan-
ical stability [11-14]. Notably, combining multiple nano-
materials into a single nanocomposite structure has yielded

further improvements in membrane performance. Studies
indicate that these composite materials not only retain the
properties of individual nanomaterials but also exhibit
novel functionalities. For example, TiO,/Fe,O, nanocom-
posites have demonstrated superior photocatalytic activity
for decolorizing dyes such as titan yellow (TY) and methyl
orange (MO) under UV light [15]. Similarly, biosynthesized
ZnO/CuO nanocomposites have shown effective removal
of congo red (CR) dye, achieving a removal capacity of
90.14 mg/g [16]. These findings suggest that nanocomposite
materials offer cost-effective and environmentally sustain-
able solutions for industrial wastewater treatment, particu-
larly in water purification and pollution control applications.

Despite the advanced state of nanocomposite membrane
fabrication, the need for optimizing the operation vari-
ables is crucial for an efficient and sustainable application.
Optimized operational parameters can diminish mem-
brane fouling and enhance membrane characteristics and
life span indeed [17-20]. Considering the many variables
and interactions influencing membrane performance, the
design of experiment (DOE) approach can endow a signif-
icant solution to achieve these desired results. Such a pow-
erful example harnessed to optimize process parameters is
response surface methodology (RSM) [18, 21]. RMS is an
excellent resource for minimizing the number of tests and
optimizing process parameters to bestow minimal time and
material expenses. It generates results that are particularly
reliable and effective and are statistically anticipated [21].
As a mathematical and statistical approach, RMS can deal
with multiple factors and endow significant improvement
to any membrane process application through developing
and optimizing the experimental process if compared to
the "one-factor at a time" method [22]. As a result, RSM
determines relationships among variables and the impact
they have on one or more measured responses alongside
offering the optimal level for each variable [23].

This work presents an extension to our previous work,
which explored the potential of using hybrid TiO, nanowires
and Fe,O, nanoparticles as a single nanocomposite to mod-
ify polyethersulfone (PES) membranes and improve dye
separation performance for naphthol blue black (NBB) dye.
The current study integrated RSM approaches to optimize
the modified membranes' performance. This was conducted
by applying RSM to assess the impact of TiO, NW/Fe O,
loading, pH, and dye concentration on the final performance
of nanocomposite membranes, aiming to optimize opera-
tional conditions for maximum dye rejection and water flux.
By incorporating a range of hybrid nanostructures into the



polymeric matrix, we aim to optimize the amount of com-
posite material used in the membrane modification pro-
cess. The integration of RSM into membrane development
for wastewater treatment not only accelerates experimental
workflows but also leads to statistically validated models
that guide the fabrication of high-performance membranes
tailored for specific dye contaminants.

2 Experimental

2.1 Preparation of nanostructure and hybrid
nanocomposite membranes

Detailed information on the adopted synthesis process of
the composite nanostructure can be found elsewhere [24].
Besides, a full characterization confirming the success-
ful fabrication of the TiO, NW/Fe,O,, including pore size,
FTIR, SEM and EDX and XRD analysis, are provided in
our recently published work [25].

Meanwhile, the traditional phase inversion approach has
been adopted to fabricate neat and TiO, NW/Fe,O,~PES
nanocomposite membranes. Briefly, 2 wt.% of polyeth-
ylene glycol (PEG) and a certain amount of TiO, NW/Fe,O,
were dispersed in dimethylformamide (DMF) solvent
via sonication for 1 h. Later, 20 wt.% of PES was added
to the solution and stirred continuously for 5 h at 50 °C.
The obtained casting solution was then degassed under
vacuum conditions to eliminate air bubbles. The dope cast-
ing solution was then cast onto a clean glass substrate with
a 200 pm clearance gap using an automatic thin film appli-
cator. The membranes were directly placed in a water bath
for coagulation. Finally, the membranes were rinsed with
deionized (DI) water and stored for future use.

Table 1 lists the specific membrane compositions har-
nessed in the current work.

Table 1 Casting solutions for the neat PES and TiO, NW/Fe,0,

modified membranes

Membrane PES PEG DMF TiO, NW/Fe O,
codes (Wt%) (Wt%) (Wt%) (2)
MO 20 2 78 0
M1 20 2 77.99 0.01
M2 20 2 7797 0.03
M3 20 2 77.95 0.05
M4 20 2 77.93 0.07
M5 20 2 77.9 0.1
M6 20 2 717 0.3
M7 20 2 77.5 0.5
M8 20 2 773 0.7
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2.2 Characterization

2.2.1 Membrane performance

The pure water flux (PWF) of both pristine and TiO,
NW/Fe,O, functionalized PES membranes was evalu-
ated using a custom-built crossflow filtration system [26].
The effective membrane filtration area was 13.69 cm?.
Before conducting filtration experiments, each membrane
was compacted with DI water for at least 30 min under
4 bar until a stable flux was achieved. The pressure was
reduced to 3 bar operating pressure, and the filtration tests
were then performed. To ensure accuracy, the water per-
meability measurements were repeated three times, and
the average values were reported. The PWF, expressed
in L/m?-h, was calculated using the following equation:

PWF = AV /(Atx 4), (D

where A4 refers to the effective membrane area (m?), At
refers to the permeation duration (h), and AV refers to
the volume of permeate collected (L).

In the current study, NBB dye was selected as a model
contaminant for evaluating the membrane performance.
The filtration process was conducted at a constant pres-
sure 1 bar and a temperature 25 + 1 °C, using dye solu-
tions with concentrations 25, 50, 100, and 150 mg/L and
a pH range 3-12. Likewise, the impact of the nanoadditive
amount on the manufactured membranes' performance
was examined. Employing UV-Vis spectrophotometry
(Shimadzu-UV160A, Japan), the dye concentration in the
feed and permeate solutions was measured at a wavelenght
of 620 nm. The following formula was used for estimating
the membranes' dye rejection efficiency:

R(%)zl—[&}loo, )
¢
where G is the solute concentration in the feed, C, is the
solute concentration in the permeate and R (%) is the
membrane rejection rate.

Additionally, the flux recovery ratio (FRR) of the mem-
branes was evaluated using 100 mg/L NBB dye solu-
tions. The FRR, which indicates the membrane's potential
to recover its original permeability after a filtration and
cleaning cycle, was measured as follows:

FRR(%) = (ﬁ}doo, ©)

1

where J, and J, refer to the water flux before and after the
filtration process, respectively.
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Table 2 Experimental design data of TiO, NW/Fe,O,~PES

2.2.2 Simulations nanocomposite membranes for dye removal

In this study, Design-Expert® software [27] was har- Initial dye

Added TiO, Flux Rejection

nessed for experimental design and analysis. A historical Run NW/Fe,0, (2) conentration  pH (Lim*h) %
data RSM design was implemented to connect and opti- (mg/L)
mize three key operation parameters influencing the flux ! 0.01 50.00 300 99:2 44
and rejection efficiency of the control and modified mem- 2 0.01 100.00 3.00 987 40
branes. The historical data design approach permits flexible 3 0.03 25.00 3.00 99.6 48
selection of experimental data points, making it particularly 4 0.03 >0.00 3.00 992 46
advantageous when working with pre-existing data [27-30]. 3 0.03 100.00 3.00 98 4l
Compared to any other RSM design type, historical data 6 0.05 25.00 3.00 99.6 49
design has no constraints on the number of factors that 7 0.0 30.00 3.00 99.2 48
could be employed, which facilitates unlimited analysis and 8 0.05 75.00 300 988 46
optimization of membrane performance. For this study, the 9 0.05 100.00 300 9838 44
three independent variables examined were (A) concentra- 10 0.07 50.00 300 992 49
tion of TiO, NW/Fe,0, (0.1 to 0.7 g), (B) NBB dye concen- 11 0.07 75.00 300 992 48
tration (25-100 mg/L), and (C) pH level (3-12) (Table 2). 12 0.07 100.00 3.00 988 45
The impact of these parameters on membrane flux and 13 0.10 25.00 300 996 52
dye rejection efficiency was analyzed systematically 14 0.10 50.00 3.00 99.6 50
using RSM. The optimal conditions were defined based on 15 0.10 75.00 3.00 99.6 49
their statistical significance and interaction effects. 16 0.10 100.00 3.00  98.8 48
17 0.30 25.00 3.00 99.6 53
3 Results and discussion 18 0.30 50.00 3.00 99.4 52
3.1 Membrane filtration experiment results 19 0.30 75.00 3.00 99.2 50
Fig. 1 presents the PWF data for both the control PES 20 0.30 100.00 3.00 98.4 49
membrane and the nanocomposite membranes incorporat- 21 0.50 25.00 3.00 99.2 56
ing different amounts of TiO, NWs-Fe O,. A clear trend 22 0.50 50.00 3.00 99.6 53
of increasing permeability is observed with higher nano- 23 0.70 25.00 3.00 99.6 77
structure content. The neat PES membrane showcased 24 0.70 50.00 3.00 99.6 73
the lowest PWF at 68 L/m*h. However, incorporating a 25 0.70 75.00 3.00 99.2 70
small amount (0.01 g) of TiO, NWs-Fe O, into the poly- 26 0.70 100.00 3.00 99.6 68
mer matrix resulted in a noticeable improvement, increas- 27 0.01 100.00 3.00 99.5 41
ing the PWF to 60 L/m>h. This trend continued as the 28 0.01 100.00 12.00 89 16
nanostructure content increased, with the M8 membrane, 29 0.03 100.00 3.00 98 44
which contained 0.7 g of TiO, NWs-Fe,O,, demonstrating 30 0.03 100.00 5.00 96 37
the highest PWF of 93 L/m*h. The significant enhance- 31 0.03 100.00 7.00 94 31
ment in water flux can be attributed to the improved sur- 32 0.03 100.00 9.00 92 25
face properties of the nanocomposite membranes, primar- 33 0.03 100.00 12.00 90 18
ily increased hydrophilicity and porosity. 34 0.05 100.00 3.00 98.8 46
35 0.05 100.00 5.00 97 39
3.2 Optimizing of operating conditions 36 0.05 100.00 7.00 95 33
The permeate flux and retention performance following 37 0.05 100.00 9.00 93 25
the incorporation of various concentrations of nanostruc- 38 0.07 100.00 3.00 99.2 48
tures in the membranes were evaluated under different 39 0.50 100.00 3.00 98.4 5]
feed solution concentrations and pH conditions. To deter- 40 0.50 100.00 700 95 e
mine the optimal operating conditions for nanocomposite 41 0.50 100.00 9.00 94 38
membrane performance, NBB dye permeation and sepa- 0 070 100.00 3.00 992 70
ration experiments were performed using feed concentra- 3 070 100.00 5.00 97 66
tions of 25, 50, 100, and 150 mg/l at a pH range of 3 to 12. 44 070 100.00 700 % 55
As shown in Fig. 2(a), permeation flux declined by almost 45 070 100.00 9.00 95 43

one-fifth when filtering a 25 mg/l NBB solution. This trend 46 070 100.00 12.00 93 40
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continued as the dye concentration increased, leading to a
further decrease in flux, reaching about a one-third reduc-
tion when the feed solution was 150 mg/L. The reduction in
permeability at higher dye concentrations can be ascribed
to the membrane surface's compacted dye layer develop-
ment, which introduced additional resistance to water pas-
sage and ultimately resulted in lower permeate flux.

Meanwhile, Fig. 2(b) illustrates the retention perfor-
mance of the membranes against varying NBB dye con-
centrations. The unmodified PES membrane demonstrated
the lowest rejection efficiency, ranging from 81% to 86.5%,
whereas the TiO, NW/Fe O, nanocomposite membranes
exhibited significantly enhanced removal rates, exceed-
ing 98-99.7% for the M1 membrane and 99.2-99.6% for
the M8 membrane, depending on the feed concentration.
Notably, all modified membranes (M1 to MS8) achieved
similar and near-complete dye retention. This increase in
separation efficiency can be attributed to rapid fouling,
particularly even at low dye concentrations. Since NBB
dye molecules are smaller than the membrane pores, they
readily accumulated and caused pore blockage. This led
to the development of a dense "cake layer" on the surface,
which acted as an additional filtration barrier, preventing
further dye penetration. Consequently, the presence of this
layer played a crucial role in the high rejection efficiency
observed in the nanocomposite membranes.

Likewise, the effect of pH solution on the permeation and
removal characteristics of the nanocomposite membranes
prepared with various amounts of nanostructure was illus-
trated in Fig. 3. The results demonstrate a clear impact of
pH on the membrane's performance for NBB removal, with
significant variations in both permeation and rejection rate.
The permeation data (Fig. 3(a)) showcased that water flux
declined with increasing the value of pH, where the highest
permeation was witnessed at pH 3 and the lowest at pH 12.
This could be induced by acidic conditions, which enhanced
membrane hydrophilicity and diminished resistance to water
flow. In contrast, under highly alkaline conditions (pH 12),
membrane fouling and structural degradation can increase
resistance, leading to a significant decline in permeation
rate. These results align with previous studies [31, 32].

The rejection rate (Fig. 3(b)) follows an opposite trend,
where dye removal efficiency is highest at lower pH lev-
els (3-5) and decreases at pH 9-12. This can be ascribed
to the dye molecules' electrostatic interactions with the
membrane surface. As reported by literature [33, 34],
NBB dye molecules are typically anionic, meaning it car-
ries a negative charge in solution under most experimental
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Fig. 3 Effect of NBB Dye solution pH on (a) permeation and (b)
separation characteristics of the nanocomposite

pH conditions. Meanwhile, PES has slight negative charge
under the entire pH range [6], which is also close to what
reported for the nanocomposite in literature [35, 36].
Herein, under acidic pH conditions, membranes with a
slight positive charge increased dye adsorption and rejec-
tion. In contrast, charge repulsion occurs between the mem-
brane surface and the negatively charged dye molecules,
inducing a decline in rejection efficiency at alkaline pH.
Moreover, extreme pH conditions can alter the membrane's
surface properties, influencing pore size and fouling char-
acteristics, which might explain the observed performance
drop at high pH [37]. These modifications likely enhance
rejection rates while maintaining reasonable permeation,
making them more reliable for dye wastewater treatment
applications across different pH conditions. Overall, these
findings reinforce the importance of optimizing membrane

characteristics based on pH conditions to achieve the best
balance between permeation and rejection efficiency.

3.3 Antifouling and long-term performance of
nanocomposite membrane

The FRR, an important indication of irreversible foul-
ing, was harnessed to assess the membranes' antifouling
characteristics. The PWF of the membranes was calcu-
lated both prior to and following NBB dye filtering tests in
order to determine the FRR. Membrane fouling frequently
occurs as a result of solute accumulation during filtration.
Effective antifouling behavior is demonstrated by higher
FRR values in conjunction with relatively high NBB dye
retention. The unmodified PES membrane displayed the
lowest FRR, at 57%, as seen in Fig. 4(a). In contrast, the
FRR of the membranes effectively enhanced the incorpora-
tion of TiO, NW/Fe,O, nanostructures into the PES matrix.
Particularly, the nanocomposite membrane prepared with
0.7 g nanostructure revealed an FRR of 73.4%, referring to
significant enhancement in antifouling performance.

On the other hand, five cycles of prolonged filtration
experiments were carried out for neat PES (M0) and M8
membranes with the objective to establish the best mem-
brane's long-term performance, as shown in Fig. 4(b).
The purpose of these tests was to evaluate the synthetic
membranes' stability and lifespan over a 25 h operating
duration. Every cycle involved measuring the permeation
flux for 5 h, evaluating the reduction in permeation flux
of an NBB dye solution, and then measuring the perme-
ation flux of a backwashing step. After five cycles of filtra-
tion of the NBB dye solution, the permeation flow of both
membranes revealed a gradual decline. After the fifth cycle
of NBB dye filtration, the permeation flux of MO and M8
diminished from 58 to 43 L/m*h and from 93 to 77 L/m*h,
respectively. The accumulation of NBB dye molecules on
the surface of the membrane after extended filtration is
thought to be the cause of this decrease [38]. When com-
pared to the M8 modified membrane, the clean PES mem-
brane showed a noticeable and almost irreversible drop in
flow. The observed variations in the fouling trend demon-
strate how crucial the membrane's surface features — such
as porosity, pore size, and hydrophilicity — are to its anti-
fouling characteristics.

The impact of the presence of TiO, NW/Fe, O, in the poly-
meric matrix on the stability of the PES-TiO, NW/Fe,O,
membranes in the NBB dye removal system is illustrated
in Fig. 4(c). It is apparent that the NBB dye adsorbs onto
the membrane surface, inducing a progressive decrease in
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the membrane's permeance performance over time when it
is made from pristine PES. After 18 h of operation, the best
membrane's permeability, which was fabricated from 0.7 g
of TiO, NW/Fe O, in PES solution, started to stabilize.
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This observation shows that the inserted TiO, NWs-Fe O,
made the fouling more reversible. This could support our
theory that the membrane permeance becomes more sta-
ble when TiO, NW/Fe,O, are embedded in PES solution.
These results generally highlight the PES-TiO, NW/Fe O,
membrane's potential for efficient dye separation and nota-
ble stability under operational conditions.

3.4 Statistical validation of the model (ANOVA analysis)
The analysis of variance (ANOVA) was utilized to validate
the developed mathematical model and assess the statis-
tical significance of the independent variables influenc-
ing flux and rejection efficiency. As presented in Tables 3
and 4, the ANOVA results indicate that the quadratic model
is highly significant, with F-values of 298.76 for flux and
527.15 for rejection, both having p-values below 0.05, con-
firming statistical significance at a 95% confidence level.
The determination coefficients (R? values) of 0.9668 and
0.9809 for flux and rejection, respectively, indicate that the
model accounts for 96.68% and 98.41% of the variability in
dye removal efficiency, leaving only a small fraction unex-
plained. Additionally, the "Pred R-squared" values (0.9582
and 0.9752) were in agreement with the "Adj R-squared"
values (0.9636 and 0.9791), confirming the model's robust-
ness. Furthermore, the "Adeq precision" values of 70.574
and 79.629, which exceed the desirable threshold of 4, con-
firm that the signal-to-noise ratio is sufficient for navigat-
ing the design space. Fig. 5 showcases the predicted ver-
sus actual values for permeate flux and retention. The close
alignment between predicted and experimental values for
both flux and rejection (R? > 0.96) validates the model's
accuracy. However, minor deviations suggest that fac-
tors like membrane fouling or nanostructure aggregation
(observed experimentally) may introduce slight variability.

The quadratic regression equations derived using
Design-Expert® 13 software effectively describe the rela-
tionship between the process variables and responses.
The model equations are as follows:

Flux =+37.57+11.99x A-2.45x B

4
—14.02xC +7.36x A* ¥

Rejection (%) =95.32+0.924-0.43B

®)
-3.90C+0.834xC

where 4 represents the TiO, NW/Fe O, concentration, B is
the dye concentration, and C is the pH.
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Table 3 ANOVA analysis of the flux
Source Sum of squares  Degrees of freedom  Mean square F value p-value prob > F Effect
Model 7199.01 4 1799.75 298.76 <0.0001
Additive concentration (g) 3835.12 1 3835.12 636.64 <0.0001
B-initial conentration 121.44 1 121.44 20.16 <0.0001 o
C-pH 2653.05 1 2653.05 440.41 <0.0001 significant
Square additive concentration 226.98 1 226.98 37.68 <0.0001
Residual 246.99 41 6.02
Lack of fit 233.49 36 6.49 2.40 0.1657
Pure error 13.50 5 2.70
Contour total 7446.00 45
Standard deviation 2.45 R-squared 0.9668 Standard deviation 2.45 signr;?itcant
Mean 47.00 Adjusted R-squared 0.9636 Mean 47.00
Coefficient of variation (CV) (%) 5.22 Predicted R-squared 0.9582 CV (%) 5.22
Press coefficient 311.55 Adequate precision 70.574 Press coefficient 311.55
Table 4 ANOVA analysis of the rejection %
Source Sum of squares  Degrees of freedom  Mean square  F value p-value prob > F Effect
Model 333.39 4 83.35 527.15 <0.0001
Additive concentration (g) 13.74 1 13.74 86.89 <0.0001
B-initial con. 3.80 1 3.80 24.06 <0.0001
C-pH 191.23 1 191.23 1209.53 <0.0001 significant
Additive concentration x pH value 8.26 1 8.26 52.24 <0.0001
Dye concentration x pH value 0.000 0
Residual 6.48 41 0.16
Lack of fit 6.00 36 0.17 1.74 0.2819
Pure error 0.48 5 0.096
Contour total 339.87 45
Standard deviation 0.40 R-squared 0.9809 not significant
Mean 97.57 Adjusted R-squared 0.9791
CV (%) 0.41 Predicted R-squared 0.9752
Press coefficient 8.42 Adequate precision 79.629
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Fig. 5 Predicted and actual results for the (a) flux and (b) rejection %



3.4.1 Effect of independent variables on flux and
rejection

Fig. 6 demonstrates how the effects of the experimen-

tal variables and their interactions were examined using
Design-Expert® software. The One Factor Plot analy-

S1S
€rs

Flux (L/'m3h)

Flux (L/m?.h)

Flux (L/m?.h)

demonstrates that when one factor varies while oth-

remain constant, the slope of the curve determines the

One Factor

77—

B61.75 =

45.5 —

31.25

15 i

T T T T T
0.00 0.17 0.35 0.52 0.70

Additive concentration (g)

(@

T

61.75 —

45.5

31.25

15 —

5

61.75 —

45.5

3125 _|

15

T T T T T
25.00 4375 62.50 81.25 100.00
Dye concentration (ppm)

(©

1 I 1 i ]

3.00 5.25 7.50 9.75 12.00
pH

©

Period. Polytech. Chem. Eng., 69(3), pp. 403-416, 2025

Hussein et al.

| 411

strength of its effect. A slope of one indicates a more pro-

nounced influence on the membrane performance, while a

zero slope suggests minimal impact [39, 40].

Figs. 6(a) and 6(b) show the effect of TiO, NW/Fe,O,

concentration on flux and rejection at a fixed pH of 7.5

and dye concentration of 62.5 mg/L. Increasing the

additive concentration from 0 to 0.7 wt.% resulted in a
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Fig. 6 Influence of variables on the membrane performance: (a) effect of additive concentration (g) on membrane flux; (b) effect of additive
concentration (g) on membrane rejection; () effect of dye concentration (ppm) on membrane flux; (d) effect of dye concentration (ppm) on membrane
rejection; (e) effect of pH value on membrane flux; (f) effect of pH value on membrane rejection



4/] 2 | Hussein et al.
Period. Polytech. Chem. Eng., 69(3), pp. 403-416, 2025

significant increase in flux and rejection. This enhance-
ment is attributed to improved membrane porosity, larger
average pore size, and increased hydrophilicity, which
facilitate higher water permeability and effective dye
rejection. These findings align with previous research that
demonstrated how incorporating nanomaterials into poly-
meric membranes enhances permeability and selectivity
through surface modifications and structural changes.

Figs. 6(c) and 6(d) illustrate the effect of dye concen-
tration on flux and rejection % for membranes at a fixed
pH 7.5 and an additive concentration 0.35 g. As the dye
concentration increased from 25 to 100 mg/L, both flux
and rejection efficiency declined. This reduction in flux
can be explained by the dye molecules that have accumu-
lated on the membrane surface, forming a thin, compact
layer that hinders water permeability.

Meanwhile, the solution pH had a strong influence on both
flux and rejection efficiency, as shown in Figs. 6(e) and 6(f).
As pH increased from 3 to 12, the flux declined from 51.6
to 23.5 L/m*h, while separation decreased from 78.55%
to 38.9%. The significant decline in rejection efficiency
can be determined by the way the NBB dye interacts with
the chemistry of the membrane surface at various pH val-
ues. At acidic conditions (pH = 3), the PES polymer chains
interact strongly with the NBB dye via hydrogen bonding,
electrostatic interactions, and z-7 stacking. The sulfonyle
(-S(=0),) and ether (—O—) groups present in PES act as
hydrogen bond acceptors, while the hydroxyl (~OH) and sul-
fonic acid (=SO,H) groups in NBB serve as hydrogen bond
donors. Additionally, the negative sulfonate (—S;) groups
in NBB interact electrostatically with positively charged
sites on the PES membrane, enhancing rejection efficiency.
Conversely, at alkaline conditions (pH = 12), PES remains
neutral and hydrophobic, while NBB is an anionic dye.
The electrostatic interactions weaken significantly, leading
to reduced dye retention and increased permeability.

3.4.2 Variables combined influence on the flux and
rejection %
The interaction of key operational variables — additive con-
centration, NBB dye concentration, and pH — was systemati-
cally evaluated to optimize membrane performance in terms
of flux and separation percentage. The RSM analysis pro-
vided critical insights into the complex relationships between
these variables and their impact on membrane efficiency.
The combined influence of additive and dye concentra-
tion revealed that flux consistently increased with higher
TiO, NW/Fe O, loading (0.01 to 0.7 g) across all dye

concentrations (Figs. 7(a) and 7(b)). This improvement
can be assigned to the enhancement in hydrophilicity and
porosity resulting from the nanostructures, which facil-
itated greater water permeability. While flux showed a
slight decline at the highest dye concentration (100 mg/L)
due to fouling, the presence of additives helped mitigate
this effect by reducing dye adhesion to the membrane sur-
face. In terms of rejection, the membranes maintained
excellent performance, exceeding 95% rejection across
all conditions. The nanostructures' ability to attract
anionic NBB dye molecules, combined with pore-size
exclusion, contributed to this consistently high rejection
rate, with only marginal improvements observed at the
highest additive loads.

The interaction between additive concentration and pH
demonstrated that while increasing additive loading pos-
itively affected performance at all pH levels, the benefits
were most pronounced under acidic conditions (pH 3-5)
(Figs. 7(c) and 7(d)). At pH 3, both flux and rejection reached
their peak values. This was likely due to the protonation
of membrane surface groups, which enhanced dye adsorp-
tion, and the reduction of electrostatic repulsion between
the anionic NBB dye and the membrane surface. In con-
trast, performance deteriorated significantly under highly
alkaline conditions (pH 12), where rejection dropped to
less than 25% at the lowest additive concentration.

When examining the effects of pH and dye concentra-
tion at a fixed additive loading (0.35 g), the parallel con-
tours in the response surface plots indicated that these two
variables acted independently (Figs. 7(¢) and 7(f)). This
finding suggests that at intermediate additive concentra-
tions, pH is the dominant factor affecting membrane per-
formance, while dye concentration primarily influences
the extent of fouling. The consistent drop in performance
at alkaline pH, even at low dye concentrations, further
underscores the critical role of pH in determining mem-
brane—dye interactions.

3.5 Optimization and model validation

The optimal conditions relied on a desirability value of
one. The optimization process identified 0.7 g additive
loading, 51.54 mg/L dye concentration, and pH 3 as the
ideal conditions, predicting a flux of 71.65 L/m*h and
99.43% rejection (Fig. 8). Experimental validation of
these conditions yielded 72.55 L/m*h and 99% rejec-
tion, demonstrating the model's accuracy (error < 2%)).
However, despite SEM observations of nanoparti-
cle aggregation at the 0.7 g additive, it might still offer
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a better balance between performance and membrane
integrity in practical applications. While pH 3 provided
optimal results, a slightly higher range (pH 3-5) may be
more feasible for industrial implementation.

The RSM analysis has provided valuable insights into
the complex interplay of factors affecting membrane per-
formance. The model's accuracy, as demonstrated by
the close agreement between predicted and experimen-
tal results, supports its use for scaling up membrane pro-
cesses. The findings highlight the importance of carefully
balancing additive concentration and pH to achieve opti-
mal performance while maintaining membrane stability.
For industrial applications, a moderate additive load (0.7 g)
and slightly acidic conditions (pH 3-5) may represent the
most practical compromise between performance and
operational feasibility. These results provide a solid foun-
dation for the development of efficient membrane-based
systems for dye removal from industrial wastewater.

4 Conclusion

The RSM model confirmed that additive concentration and
pH play critical roles in membrane performance. The opti-
mized membrane composition (0.7 g TiO, NW/Fe O,)
manifested high permeability (93 L/m*h) and dye removal
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