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ABSTRACT

o A novel method uses Hesperidin (HSP) with
PLA/PBAT MMMs to remove oil by
simulating oily wastewater.

o RSM and ANOVA were applied to enhance
the technique's large-scale effectiveness.

e The impact of HSP NPs content, oil
concentration, and pressure on MMMs
performance was optimized.

o PLA/PBAT/HSP-based MMMs had optimal
efficiency with 121 LMH flux and 98.53%
oil rejection.

e Optimal conditions for HSP MMMs were
0.03 wt% HSP, 15828 ppm oil
concentration, and 3.5 bar pressure.
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This study aims to optimize the operational variables influencing the
incorporation of Hesperidin nanoparticles (HSP NPs) into poly(lactic
acid)/poly(butylene adipate-co-terephthalate) (PLA/PBAT) for manufacturing
mixed matrix membranes (MMMs) for oily wastewater treatment. An
optimization method was employed to determine the optimal values for key
process factors to achieve specific flux and rejection rates exceeding required
levels. Statistical techniques such as response surface methodology (RSM) and
analysis of variance (ANOVA) were used to enhance performance on a larger
scale. This research investigated the impact of operating parameters on the flux
and oil rejection of PLA/PBAT/HSP membranes across all samples. The
variables studied included HSP NPs content (0-0.05 wt.%), oil concentration
(100-300 ppm), and transmembrane pressure (1.5-3.5 bar). A mathematical
model for calculating flux and rejection (%) was developed. The findings
indicated that the PLA/PBAT/HSP-based MMMs demonstrated optimal
efficiency, achieving a flux of 121 LMH and oil rejection of 98.53%. The
optimal conditions for the HSP MMMs were 0.03 wt.% HSP, an oil
concentration of 158.28 ppm, and a pressure of 3.5 bar yielded the best response.
The results show that the PLA/PBAT/HSP membranes exhibited enhanced flux
and separation properties, making them suitable for treating oily wastewater in
various applications.

1. Introduction

The availability of clean water is an essential requirement for humanity, and as the global population continues to expand,
the demand for freshwater is steadily rising [1,2]. However, the supply of freshwater resources is diminishing steadily, raising
concerns that these resources may not meet the daily demand for fresh water in the near future. Therefore, the global focus on

the accessibility of clean water has significantly increased [3-5].

The problem of oily wastewater has long been recognized as a significant concern in water pollution. Industries release
substantial quantities of oily wastewater discharges into rivers [6,7]. Upon reaching the water, these substances have a
detrimental effect on ecosystems and organisms. The sources of this pollution encompass several industries, such as oil and

gas, textile, food, metals, and petrochemical manufacturing [8-10].
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The uncontrolled release of oily wastewater has numerous negative effects on the surrounding environment, such as the
contamination of surface and groundwater, the pollution of marine and soil ecosystems, and the release of hydrocarbon
compounds and oil evaporation into the atmosphere, leading to air pollution [11,12]. In addition to its toxicity, oily wastewater
can inhibit the growth of animals and plants and increase the possibility of cancer in humans [13,14]. Various methods have
been developed to separate oily wastewater, such as flotation, coagulation, biological treatment, adsorption, and membrane
separation [15-17].

Membrane filtration is regarded as a highly promising method for separating oil-water emulsions. The membranes display
several advantages compared to other technologies, including but not limited to their superior ability to separate fine oil-water
emulsions, the lack of need for more chemicals, great separation ability, cost economy, small size, and equipment flexibility
[18,19]. Although membranes provide some benefits, they are affected by fouling and show little stability throughout the
separation operation [20,21]. Modifying and functionalizing membrane surface enhances its characteristics and improves its
performance, like selectivity and flux, hence improving its use [22-24]. One of the major developments in improving the
hydrophilic nature of polymers biodegradability was achieved by incorporating nanomaterials into the polymeric matrix [25-
27], such as metal oxides (Al,O3, TiO,, SiO,, ZnO, MgO, Fe,03, and zeolite) [28,29].

A variety of green nanoparticles have been produced using eco-friendly and cost-effective techniques to use them in
wastewater treatment applications like Acacia gum [30], Ginger extract [31], fibers of bamboo [32], gum Arabic [33], and a
very wide range of natural materials [34-36]. From various green additives, hesperidin (HSP NPs) has been investigated for its
possible utility to enhance membrane properties such as stability, flux, and rejection.

Considerable endeavors have been undertaken to improve the efficiency of MMMs to achieve optimal permeate flux, high
rejection, and processing long-term viability. These demands identify the most favorable operating parameters for this process.
Several parameters were selected for appropriate working conditions, including pressure, pH, feed concentration of solutes,
incorporating additive quantity, and others. Meenakshi et al. [37] studied the impact of various operational factors on removing
selenium from drinking water, including pH, feed concentration, cross-flow rate, and transmembrane pressure. The studied
module achieved a high level of selenium separation (more than 98%) by using optimum operating parameters based on
response surface methodology. Additionally, it maintained a consistently high flux of 140 LMH at an operating pressure of 14
bar.

Response surface methodology (RSM) optimizes processes when multiple elements and interactions influence the intended
outcomes. Response surface methodology (RSM) is a valuable statistical and mathematical technique employed to enhance
and optimize the experimental procedure influenced by multiple elements [38]. Therefore, RSM not only determines the most
favorable value for each variable but also evaluates the relationships between them and their influence on one or more
measurable outcomes [39-41].

The present study examines the optimization of operational parameters in the ultrafiltration process utilizing Hesperidin
mixed matrix membrane. The investigation applied response surface methodology (RSM) and variance analysis (ANOVA).
Herein, the study focused on optimizing different operating parameters such as HSP-NPs content (0-0.05 wt.%), oil
concentration (100-300 ppm), and transmembrane pressure (1.5-3.5 bar), using Design-Expert® software. These experiments
aimed to determine their impact on the membrane flux and oil rejection %. In addition, the study investigated how operating
factors interact to optimize PLA/PBAT/HSP-based membrane performance.

2. Experimental

2.1 Reagents

Hesperidin (HSP) (MW 610.56) was purchased from Santa Cruz Biotechnology, USA. Dichloromethane (DCM) is
obtained via Merck KGaA, a German company. PLA MW 80,000) and PBAT (MW 120,000) had been ordered from New
Material Inc., Hubei BlueSky—Sodium Decyl Sulfate (SDS) obtained by India, HIMEDIA. Diesel oil is supplied from Al-
Daura Refinery, Irag/ Baghdad.

The solvent-nonsolvent (coagulation water bath) exchange rate during the phase inversion method. This leads to new pores
forming

2.2 PLA/PBAT/HSP-based membrane manufacturing

The mixed matrix membranes (PLA/PBAT/HSP) were synthesized using a process of non-induced phase separation, the
rate at which solvents and nonsolvents (coagulation water baths) exchange in the phase inversion process. As noted in our
previous work, this leads to new pores forming [42]. Table 1 shows the entire membrane composition. The PLA and PBAT
polymers were dried at 50°C to eliminate residual moisture—next, 14 wt.% PLA and 4 wt.% PBAT were mixed in DCM
solvent and stirred in a covered flask for a day [43]. Hesperidin concentrations ranging from 0 to 0.05 wt.% were employed
during the preparation. Bath sonication was used to disperse the desired content of HSP in the cast solution, resulting in a
homogeneous cast mixture. The gases were removed from the cast solution at a vacuum and cast utilizing a machine knife with
a clearance spacing of 150 um. After 4 min of evaporation, the glass surface was submerged in a water bath at 23+2 °C for 30
min. to complete the phase separation process. When removing the membrane, it was thoroughly rinsed in DI water to remove
any residual solvent. These membranes were immersed in containers containing DI water and kept at ambient temperature till

they were characterized, as shown in Figure 1.
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Table 1: The composition of the membrane

Membrane code PLA% PBAT% HSP% DCM%
MRI1 14 4 0 82
MR2 14 4 0.0125 81.9875
MR3 14 4 0.025 81.975
MR4 14 4 0.05 81.95

Casting Solution

knife coating Cast membrane
S S = |
PLA/PBAT/HSP
Membrane Water Coagulation Bath

Figure 1: A schematic diagram of membrane preparation

2.3 Mixed matrix performance

The performance of the manufactured MMMs was assessed using a cross-flow filtering system with a membrane cell fitted
with an active area of 24 cm?. Firstly, DI water was utilized for compressing all membranes for 30 minutes at 2 bars, and then,
the pressure decreased, and the flux was recorded at specified intervals using Equation 1 follows [44,45]:

J=% (1)

where J refers to the flux (L/m%h), Q is the total volume (L), t is the time (h), and A is the effective surface area (m?).

Three different diesel oil concentrations (100, 200, and 300 ppm) were utilized to determine the efficiency of the prepared
MMMs. When a feed solution was supplied through each membrane, the flux was recorded, and Equation 2 was employed for
calculating the retention values as shown below [46,47]:

R% = ( —g—]’j)x 100% @)

Cp and Cf are the oil concentrations in the permeate and feed solutions.

2.4 Experimental design

Response surface methodology (RSM) is a statistical and mathematical technique to develop a test series. The objective is
to enhance the response, influenced by several independent factors [48,49]. Another advantage of the RSM design is the
decreased trial requirement compared to a complete experimental design at an equivalent level. Furthermore, RSM's ultimate
goal is to find the optimal conditions for the system's operation or to identify the region that meets the operating parameters.
Regarding the "one factor at a time" approach, RSM helps reduce material costs and time [50-52].

The analyses were conducted using Design-Expert® software. The present study focused on optimizing different
operational parameters, such as the concentration of HSP-NPs (0 to 0.05%), the transmembrane pressure (1.5 to 3.5 bar), and
the oil feed concentration (100 to 300 ppm), to assess their impact on the flux and rejection percentage of the membranes.

Moreover, the study examined the combined influence of operational factors on the outcome. ANOVA is a statistical
method that allows researchers to assess the effectiveness of developed models by providing statistical findings and diagnostic
tests [38]. Table 2 shows the experimental information and variable symbols. A series of experiments were conducted utilizing
the ultra-filtration membrane method, with each test modifying a single element to find the required operational parameters
while keeping the remaining variables the same.

The optimization technique known as Response Surface Methodology aimed to investigate 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 to model and optimize the flux and rejection of ail.
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Table 2: Code and levels of factors

Variables Coded Unite Low level High level
Oil concentration A Ppm 100 300
Pressure B Bar 1.5 35
Additive conc. C wt.% 0 0.05

Table 3: Experimental data points and response

Run Conc. (ppm) (A) Press. (bar) (B) Addi. Conc. (wt.%) (C) R (%) F (LMH)
n 200 1.5 0.025 99 87
2 200 2.5 0.025 98.9 95.2
3 300 3.5 0.05 95.9 32
4 200 2.5 0.025 98.9 95.2
5 100 1.5 0.05 94.9 44.1
6 200 2.5 0.05 95.4 36
7 300 1.5 0 88.7 11.2
8 200 2.5 0.025 98.9 95

9 200 2.5 0 88.2 243
10 200 3.5 0.025 98.8 115
11 300 1.5 0.05 96.2 25
12 200 2.5 0.025 98.9 95.2
13 100 3.5 0 85 75.7
14 100 1.5 0 88 28.6
15 100 3.5 0.05 94.5 73.2
16 200 2.5 0.025 98.9 95.2
17 100 2.5 0.025 98 121
18 200 2.5 0.025 98.9 95.2
19 300 3.5 0 88.5 214
20 300 2.5 0.025 99 82

3. Results and discussion

3.1 MMM s filtration cross-flow evaluation

Each mixed matrix membrane (MMM) exhibited a higher pure water flux (PWF) than the pure membrane. The addition of
green additives substantially impacted the flux characteristics, even with a small amount of HSP NPs. The findings indicated
that the flux of water improved from 62 (LMH) for the initial membrane (MR1) to 102.7 (LMH) when 0.0125% of HSP-NPs
were introduced. With the use of HSP-NPs, the PWF exhibited a significant increase, and the highest recorded value of 220.5
LMH was achieved for MR3.

As mentioned earlier, the rise in PWF was in line with the hydrophilicity measurements, porosity, and pore size of the
prepared MMMs. The pure water flux was dropped by around 75.5 (LMH) after adding 0.05% (HSP-NPs). The high
concentration of HSP-NPs has resulted in the blockage of the pore, leading to a decrease in PWF [53].

3.2 Regression models equation and ANOVA Analysis

The ANOVA analyses were performed using Design-Expert®. The analysis of variance (ANOVA) results for the flux and
rejection (%), based on the HSP NPs wt.%, oil concentrations, and transmembrane pressure values, are presented in Table 3.
Each predictor variable in the design layout has a corresponding specific p-value in the table of ANOVA results

These results were analyzed to predict a mathematical equation. The regression model equations for flux and rejection (%)
are written as Equations 3 and 4 for mixed matrix membranes regarding the actual variables.

F=49566-17.10A+12.14B+491C-7.37 AB+ 1.43 AC- 2.65 BC+ 5.09 A2 + 4.59 B2- 66.26 C2 3)

R (%) =+98.89+0.79A-041B+3.85C+ 036 AB-0.1 AC+ 0.31BC-0.38 A2+ 0.023 B2-7.08 C? 4)

Where F is the flux (LMH), R% is the rejection %, A is the oil concentration (ppm), B is the transmembrane pressure (bar),
and C is the HSP NPs wt.%.

In Equation 3, positive factor terms indicate their positive impact, while negative factor terms indicate their negative
impact on the flux. In Equation 4, a positive sign in the factor term indicates a positive impact, whereas a negative sign
indicates a negative impact on the rejection.

The flux and rejection% models had a correlation coefficient R? value of 99.76% and 99.64%, respectively. Furthermore,
the (adjusted) R? values were 99.54% and 99.32%, respectively. It is suitably elevated and in strong concurrence with the
values of R? These data demonstrate that the flux and rejection% models are valid for statistics and can accurately predict UF
MMMs performance. The regression analysis of the permeate flux and rejection% models demonstrates that the model's
accuracy fits the information provided with good precision [54].
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Furthermore, the predicted correlation coefficient R? (pred.) values closely align with the (adj.) correlation coefficient R?
with each model, as indicated in Table 4. Consequently, both mathematical models incorporated important terms.

Table 4: ANOVA analysis of the flux and rejection

Membrane Flux Rejection

Source DF SS MS F-Value P-value SS MS F-Value P-value

Model 9 23624.01 23624.01 454.41 <0.0001 424.42 47.16 310.31 <0.0001

Significa Significa
nt nt

Oil Conc 1 2924.10 2924.10 506.20 <0.0001 6.24 6.24 41.07 <0.0001

Press 1 1473.80 1473.80 255.14 <0.0001 1.68 1.68 11.06 0.0077

Add Conc 1 241.08 241.08 41.73 <0.0001 148.22 148.22 975.35 <0.0001

conc*press 1 435.13 435.13 75.33 <0.0001 1.05 1.05 6.92 0.0252

conc*add 1 16.24 16.24 2.81 0.1245 0.28 0.28 1.85 0.2036

press* add 1 56.18 56.18 9.73 0.0109 0.78 0.78 5.14 0.0468

conc*conc 1 71.27 71.27 12.34 0.0056 0.39 0.39 2.58 0.1396

press* press 1 57.96 57.96 10.03 0.0100 1.420E-003 1.420E-003 9.347E-003 0.9249

add* add 1 12073.23 12073.23 2090.05 <0.0001 137.74 137.74 906.37 <0.0001

Residual 10 57.77 57.77 1.52 0.15

Lack of Fit 5 57.73 57.73 1.52 0.30

Pure Error 5 0.033 0.033 0.000 0.000

Cor Total 19 23681.78 425.94

Model Summary Std. Dev. R’ Adj. R? Pred. R? Std. Dev. R? Adj. R? Pred. R
2.40 0.9976 0.9954 0.9638 0.39 0.9964 0.9932 0.9389

3.3 Effect of Pareto chart

The influence of the independent parameters and how they interact are illustrated in Pareto charts in Figure 2. The diagram
illustrates the effect of many parameters on the oil/water flux and the rejection %. These factors include the concentration of
oil (ppm) (referred to as factor A), the transmembrane pressure (referred to as factor B), and the concentration of additives
wt.% (referred to as factor C) and, several interaction factors. Figure 2a demonstrates that the square term of the additive
concentration (C?) has a major impact on flux, followed by the effects of terms (A and B). The terms AB, C, A% B2 BC, and
AC have a lower effect on flux. Figure 2b illustrates that the additive concentration terms (C and C?) have the greatest impact,
whereas the terms (A, B, AB, A%, BC, and AC) have a smaller effect on rejection (%). The (B?) term does not have any
potential influence.

The percentage contributions (PC%) were determined by utilizing Equation 5 [55]:

PC% = () x100% (5)
where SS represents the sum of the squares for these variables, as seen in Table 5.

Based on the data shown in Table 6, it can be observed that the sequence of the factors' percentage contributions to the flux
and rejection is consistent with the findings depicted in the Pareto chart.

B2 mEm 633 | B2 ||020
£ /2 [ 115 E /2 551
F© BC 624 £ 565 il
§ AC W 337 ;3 AC m 276
§Ae—1939 -§Aa’|—534
'g c _ 1292 .E C ‘— 6246
é B — &K 5 B |_ 5,‘;5
A — 4139 4 |_: 179
0.00 2000 40.00 60.00 80.00 100.00 000 1000 2000 3000 4000 5000 6000  70.00
a) Standardized Effect Estimate b) Standarized Effect Estimate

Figure 2: Pareto chart for (a) flux and (b) rejection (%)
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Table 5: The (PC%) of variables for flux and rejection (%)

Source A B C AB AC BC Al B’ C?
Flux 16.85 8.49 1.38 2.50 0.09 0.32 0.41 0.33 69.59
Rejection 2.10 0.56 50.01 0.35 0.09 0.26 0.13 0.0004 46.47

3.4 Main effects plot

Figures 3, 4, and 5 show how Design-Expert® software analyzed the impact of the experimental parameters and their
interactions. One variable was changed to investigate the factor's impact, while the others remained unchanged. When varying
the factor from the low to the high level, a zero slope indicates that the variable has a grace effect. Still, a slope of one indicates
that the variable positively impacts the response.

Figure 3 depicts the connection between flux and rejection (%) for MMMs with a constant transmembrane pressure (3.5
bar) and the concentration of additive (0.03 wt.%). The flux was reduced with a rise in oil concentration (100 - 300 ppm). The
accumulation of oil molecules over the membrane decreased flux Figure 3a [56,57]. Whereas the rejection (%) for MMMs
grew when the oil content rose using (100 - 300 ppm). The presence of oil molecules over the membrane surface can create a
thin, compact layer, raising the total rejection rate Figure 3b [58,59].

One Factor One Factor
150 10—
- I
. \“\‘\_\\ . _-_.:_____—-—_
- g
g, g
> _ £ 41—
g )
a
o
a5 8 —
10 —| 85 —
T I T T T T T T T T
100 158 200 50 300 100 150 00 = 100
a) Qil conc, [ppm) b) Qil cone. (ppm)

Figure 3: The oil concentration effect on (a) flux and (b) rejection% for MMM s at constant pressure is 3.5 bar, and the additive
concentration is 0.03 wt.%

Figure 4 depicts how changing the pressure from 1.5 to 3.5 bar affects the flux and rejection % of MMM s at a constant oil
concentration of 158.28 ppm and additive concentration of 0.03 wt.%. Flux increased as the pressure increased from 1.5 to 3.5
bar. With the diffusion and solution model, flux directly connects with the pressure differential through the membrane Figure
4a [60,61]. However, as shown in Figure 4b, the rejection % for the membrane decreased slightly as the pressure rose from 1.5
to 3.5 bar.

One Factor One Factor
130 ] 100 =] PH\M
100 — J// T
£ = g
: 5
=
§ m E 025 -]
- o
o
0 — 815 —
it —| 85 —|
T T T T T
14 2 i 3 33 ' : 28 N 33
a) Pressure (bar) b) Prassurs (bar)

Figure 4: Transmembrane pressure affects (a) flux and (b) rejection% for MMMs at constant oil concentration 158.28 ppm and
additives concentration 0.03 wt.%
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Figure 5 demonstrates the effect of additive concentration on membrane flux and rejection % at a constant oil content at
158.28 ppm and 3.5 bar pressure. Figure 5a shows that the flux increased when the additive concentration rose by 0.03 wt.%.
Increasing the concentration of HSP-NPs in the PLA/PBAT cast solution enhanced the membrane's porosity, average pore size,
and hydrophilicity. On the other hand, raising the number of additives to 0.05 wt.% reduced the flux due to the HSP-NPs
agglomeration on the surface of PLA/PBAT membranes, resulting in lower porosity, pore size, and hydrophilicity; that
agglomeration was thought as the source of the flux decrease [62,63]. When obtaining the rejection % for MMMs, it was
observed a rise in rejection as the additive concertation increased. This tendency might have been linked to hydrophilic HSP-
NPs that improve membrane surface hydrophilicity [64].

Furthermore, as the concentration of HSP-NPs was elevated to 0.05 weight percent, the rejection of (oil-water) emulsion
reduced Figure 5b. The decrease in oil rejection could be related to rising HSP-NP aggregation levels. It causes some faults to
be created during the membrane fabrication process, which might have an adverse effect on the rejection of the membrane
[65].

One Factor One Factor

T T

00— 5% —

=

Flux [LMH)
Rejection (%)

8% —

T T T T T
T T T T
%0 oo 0 om 085 00 o 0 T 005

a} additives cone. [wt.%) b} additives conc. (wt.%)

Figure 5: Additives concentration effect on (a) flux and (b) rejection% for MMMs membrane at constant oil concentration 158.28
ppm and pressure 3.5 bar

3.5 Effect of oil concentration, pressure, and HSP additives on oil response flux and rejection %

The oil response flux and rejection % may be represented like a solid with three dimensions. Figures 6, 7, and 8 show the
permeate and rejection % flux with the two parameters. The primary goal of the response surface plot aims to determine the
optimal operation factors, which can be expressed by the oil concentration, pressure, and additives concentration HSP NPs
(Wt.%), resulting in the maximum flux of permeate and rejection % for the oil/water emulsion. Figure 6a shows the response
surface plot, illustrating the influence of oil concentration and pressure on the oil/water flux.

Figure 6a indicates that when the pressure is reduced and the oil concentration increases, the oil/water flux is reduced. A
decrease in the pressure from 3.5 to 1.5 resulted in a substantial reduction in the flux, although a rise in the oil concentration
was less effective than the pressure and resulted in a minor decrease in the flux. Figure 6b response surface plot shows how
pressure and oil concentration affect the oil/water rejection %. Increasing the pressure caused a small reduction in membrane
rejection, which had a negative impact on rejection. Thus, a rise in pressure can lead to some deformation in the polymer
chains and increase pore size [61]. As a result, the rejection rate decreased at greater pressures, whereas increasing the oil
concentration is increased by the rejection %. The increase in rejection can be attributed to the oil molecules on the membrane
surface, which can create a thin, compact layer, raising the total rejection rate. Even so, the absence of interaction between
these factors is attributed to the parallel straight lines structure of the contour plots.

Figure 7a displays a response surface plot illustrating the impact of oil concentration and additive content on the oil/water
flux at a constant pressure.

The oil/water flux response demonstrated a reduction in the oil concentration and a rise in the additive concentration to
0.03wt.% resulted in higher flux. The greatest flux was recorded over 117 LMH with 0.03 wt.% of HSP NPs added. Increasing
the concentration of HSP-NPs in the PLA/PBAT cast solution enhanced the membrane's porosity, average pore size, and
hydrophilicity.

On the other hand, raising the content of additives to 0.05 wt.% reduced the flux due to the HSP-NPs agglomeration on the
surface of PLA/PBAT membranes, resulting in lower porosity, pore size, and hydrophilicity [62]. The oil rejection% response
indicated that increasing the additive content to 0.03wt.% and decreasing the oil concentration resulted in a lower rejection% at
constant pressure, as illustrated in Figure 7b. The elliptical contour plots indicate an interaction between the oil content and
additive concentration.

Figure 8a displays a three-dimensional plot of the response surface illustrating the impact of the coupling of the interaction
between the additive concentration and the pressure on the oil/water flux at a constant oil concentration of 158.28 ppm and
increasing the additive content to 0.03wt.% increased the oil/water flux more than the pressure. In general, an increase in flux
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is caused by the combined effect of increasing the HSP-NPs content in the PLA/PBAT solution, increasing the hydrophilicity,
average pore size, and porosity of the membrane, and raising the pressure, the permeate flux is increased due to higher shear
stress on the surface of the membrane [63].

The response surface plot in Figure 8b depicts the influence between additive concentration and pressure on rejection % at
constant oil concentration. Increasing the additive concentration to 0.03 wt.% enhanced rejection while increasing the pressure
decreased rejection. However, raising the additive concentration to 0.03 wt.% enhanced rejection, even under high pressure.

Additionally, the elliptical form of the contour plots leads to a noticeable interaction between the additive concentration and
the pressure.
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Figure 8: Effect of additive concentration and pressure for (a) flux and (b) rejection (%) at oil concentration 158.28 ppm
3.6 Prediction of membrane performance

A linear regression function was used in Design-Expert® software to generate a prediction of the flux and rejection %.
Figure 9 depicts the predicted and actual findings for the flux of permeate and rejection of oil %.

Thus, the membrane flux and rejection % of actual and predicted values are in strong mathematical agreement as shown in
Figures 9a and 9b, respectively. The above finding and the high R2 (i.e., 99.76% and 99.64% of flux and rejection%) of the
HSP membrane show the model's significant potential for predicting and optimizing flux and rejection percentages [66].
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3.7 Optimization and validity of the UF process

The desired function technique is one of the most prominent methods for optimizing various response processes within
applied engineering and science domains. The method combines the responses to individual desirability from a single value
within a scale ranging from one to zero. Because one value reflects the optimum scenario, values closer to one are chosen
when defining the optimal conditions for operation. In contrast, when the result is near zero, all or some responses fall outside
the intended range [67]. So, the desirability function for the two present responses (flux and rejection %) was determined
utilizing Design-Expert® software, integrating the individual desirability to a single value, as seen in Figure 10. Since it had
been estimated that the three of these variables were to significantly enhance the flux of oil/water and rejection factor, the
following figure contains the optimal operating conditions tested (i.e., oil concentration, pressure, and additive concentration).

Furthermore, the flux and rejection % experiments were conducted at the suggested optimal operation conditions using the
model to validate it. Table 6 indicates a 2.89% error between the predicted flux (121 LMH) and the experimental value (117.6
LMH) for membranes. Additionally, there was a 0.93% error between the predicted rejection % (98.53) and the experimental
value (97.62). The small percentage error proves the significance and applicability of the created RSM model [68].
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Figure 10: Desirability ramp for the numerical optimization of three chosen factors

Table 6: Predicted versus experimental values of the flux and rejection % under optimum conditions

Oil conc. Press. Add. conc. R. (%) R. (%) Error F(LMH)Pred. F(LMH) Error
(ppm) (bar) (wt.%) Pred. Exp. %o Exp. Y%
158.28 3.5 0.03 98.5316 97.62 0.93 121 117.6 2.89

4. Conclusion

The present research studied the influence of incorporated HSP NPs into PLA/PBAT MMMs for removing oil using
simulating oily wastewater. Response surface methodology (RSM) and variance analysis (ANOVA) have been used as
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statistical and mathematical methods to improve the technique's efficacy at a larger scale. An optimization study was
conducted to determine the influence of operational variables on the flux and rejection of oil of PLA/PBAT/HSP membranes in
the ultrafiltration method. The factors indicated that the highest effect on the flux and rejection of oil included the HSP NPs
wt.%, oil concentration, and transmembrane pressure. The experimental design enabled the investigation of the effects of three
oil concentrations. The flux and rejection % were analyzed using Design-Expert® software. A mathematical methodology for
determining the flux and rejection % was developed. The findings indicate that factors have combined impacts on flux and
rejection %. The optimized parameters display the membrane flux is 121 LMH and rejection % is 98.5316, at an HSP wt.% of
0.03%, an oil concentration of 158.28 ppm, and a pressure of 3.5 bar.
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