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ABSTRACT

The filtration efficiency of the jatropha polyurethane (JPU) membrane, enhanced with bio-based
carbon dots (CDs) derived from oil palm empty fruit bunch carboxymethylcellulose, was evaluated
for real-world applications, specifically for the removal of lead (Pb(Il)) ions. Using a central
composite design (CCD) within response surface methodology (RSM), the parameters for JPU/CD
membranes with a 0.65 wt% carbon-dot loading were investigated and optimized. Pressure of range
1.5-2.5 bar, feed concentration from 100 to 200 ppm, and solution from pH (9 to 13 were fed into
the RSM. An optimum Pb(II) ion removal of 82% was predicted at conditions of pH 11, 135 ppm,
and 2 bar, while the validated experimental result recorded 67% Pb(II) ion removal. A statistically
non-significant term was excluded from the analysis through backward elimination to improve the
model’s accuracy. The quadratic regression model was significant (R? = 0.90) for the optimization
prediction. Therefore, the results from the reduction model implied a satisfactory membrane

performance, offering a better prediction for

Pb(IT) ions removal. The addition of CDs alters

the membrane structure and properties, leading
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INTRODUCTION

Water resources are important for humans as water is a basic necessity for existence. The
sudden exponential growth of the human population, along with industry advancement,
affects the demand for freshwater reserves. For instance, in Malaysia, the demand for
freshwater was projected to increase from 15,285 m*/d in 2010 to 20,338 m*/d in 2020, and
the freshwater reserves per capita per day are decreasing at 5.8% per year, resulting in a
projection that it to be diminished (Low et al., 2016). In addition, heavy metal contamination
in water sources has become a health and environmental concern due to its persistence
and toxicity. Pb(Il) ions are highly toxic even at low concentrations, posing serious risks
to aquatic ecosystems and human health. Sources of Pb(II) pollution include industrial
discharge, mining activities, battery production, and metal plating processes (Fang et al.,
2022; Wan Yaacob et al., 2009; van der Kuijp et al., 2013). Conventional methods for
Pb(II) removal, such as ion exchange, chemical precipitation, and adsorption, often incur
high operational costs with limited efficiency and secondary waste production. As a result,
membrane-based filtration systems have gained attention as an effective water purification
method due to their high selectivity and energy efficiency.

Membrane filtration systems have emerged as a key technology in water and wastewater
treatment, offering efficient and environmentally friendly solutions for contaminant removal.
These systems operate based on selective permeability, allowing water molecules to pass
through while retaining suspended solids, pathogens, and dissolved contaminants such
as heavy metals and organic compounds. Additionally, membrane processes are scalable,
making them suitable for both small-scale applications and large industrial systems. One
advanced configuration commonly employed is the crossflow filtration system, in which
the feed water flows tangentially across the membrane surface rather than directly through
it. This design significantly reduces fouling by minimizing the buildup of retained particles
on the membrane, enhancing both operational efficiency and membrane lifespan (Poerio et
al., 2022). The shear force generated by the crossflow also helps maintain a stable permeate
flux, making it ideal for long-term continuous operation.

In addition, recent advancements in bio-based membranes have provided promising
solutions for removing heavy metals, emphasizing both sustainability and cost-
effectiveness. Successful fabrication of green sustainable biomaterials, such as those
from cellulose, vegetable oil, and others, has heightened the interest (Idress et al., 2021;
Marlina et al., 2017). Jatropha oil, a renewable and biodegradable resource, has emerged
as a suitable precursor for polyurethane membrane synthesis due to its high hydroxyl
content and compatibility with polymerization processes. Previous work by Harun et
al. (2020) reported successful synthesis of bio-based membrane from jatropha oil with
and without graphene oxide (GO) and its applications for filtration (Harun et al., 2022).
However, this work needs further investigation to provide an insightful understanding of
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the role of additives in tailoring the properties of the synthesis of bio-based membranes.
Furthermore, optimizing membrane performance for efficient heavy metal removal remains
a challenge, necessitating modifications that enhance adsorption capacity, permeability,
and mechanical stability.

Nanomaterials like CDs have demonstrated excellent physicochemical properties,
including high surface area, tunable functional groups, and superior adsorption capabilities
(Gao, 2019). Integrating CDs as additives into polymer membranes has shown potential in
improving heavy metal ion removal through enhanced surface interactions and increased
hydrophilicity (Harun et al., 2020; Sgreccia et al., 2024).

In this study, JPU membrane was modified with bio-based CDs derived from the
carbonization of oil palm empty fruit bunch (EFB) carboxymethylcellulose (CMC). The
aim here was to assess its effectiveness in removing pollutants, particularly Pb(Il) removal.
This research employs a central composite design (CCD) within the RSM framework
to investigate the effects of key process variables, namely feed concentration, operating
pressure, and pH, on Pb(II) removal performance. The findings are significant to the growing
field of bio-based membrane technology and offer a sustainable approach to removing
heavy metals from aqueous solutions.

MATERIALS AND METHODS
Materials and Reagents

Crude jatropha oil (CJO) and CMC of oil palm EFBs were purchased from Bionas Sdn. Bhd.
(Malaysia) and Waris Nova Cove Company (Malaysia), respectively. Glacial acetic acid
was obtained from Fisher Scientific (Malaysia), while Amberlite™ IR-120, hexamethylene
diisocyanate (HDI), and 30% hydrogen peroxide (H,0,) were supplied by Sigma-Aldrich
(Malaysia). Sodium carbonate (Na,COs;), Lead nitrate (Pb(NO3),), and methanol were
obtained from R&M Chemicals (Malaysia). Lastly, anhydrous sodium sulfate (Na,SO,)
was attained from PC Laboratory Reagent (Malaysia).

Synthesis of CDs

The method for producing CDs followed the process obtained from Issa, Abidin, Pudza,
et al. (2020). An amount of 0.2 g of fine CMC was mixed with 30ml of polyethylene
glycol (PEG, Sigma-Aldrich, Malaysia, 400 of molar mass 380-420 g/mol) (Sigma-Aldrich,
Malaysia). The mixture was dissolved in 25 ml of deionized water and placed into a
Teflon-lined stainless steel reactor, which was then tightly sealed. The reactor was then
placed in an oven (ECOCELL®, MMM Group, Germany) and heated to 270°C for 6 hr to
facilitate hydrothermal reactions. Subsequently, the liquid was cooled to room temperature
and centrifuged (Biosan LMC-3000, Fischer Scientific, Latvia) at 11,200 x g for 15 min.
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Finally, the mixture was filtered through a 2 pm Whatman filter paper to isolate the CDs
from the remaining components.

Synthesis of Epoxidized Jatropha Oil (EJO), Jatropha Oil-based Polyol (JOL), JPU/
CDs Membrane

EJO was synthesized via an epoxidation reaction following a previously reported method
(Harun et al., 2020). CJO and glacial acetic acid were mixed in a 1 L reaction flask, with
Amberlite™ IR-120 ion-exchange resin added as a catalyst at 16 wt% relative to CJO.
The reaction mixture was heated to 65°C in a water bath under continuous stirring at 900
rpm. Once the temperature stabilized, 30% H202 was gradually introduced in a dropwise
manner, maintaining a molar ratio of 6:1:1.7 of glacial acetic acid, carbon double bond
(C=C), and H202. The temperature subsequently increased to 75°C and was maintained
for 5 hr to ensure complete epoxidation. Following the reaction, the catalyst was removed,
and the mixture was quenched with excess water in three consecutive cycles at 90, 20, and
90°C, respectively, facilitating efficient acid removal. The separation process resulted in
the formation of two distinct layers: an upper epoxy-rich layer and a lower aqueous phase,
which was discarded at the end of each cycle. To remove residual moisture, Na:SO4 was
added at a 1:0.15 (m/m) ratio, and the mixture was dried at 80°C for 12 hr. The dried solid
desiccant was then separated by decantation, yielding the final EJO product.

The obtained EJO underwent ring-opening hydrolysis to produce JOL. Ina 1 L reaction
flask, water (10% of the EJO weight), methanol (5:1 ratio to water), and sulfuric acid (0.3%
of the total reaction mixture) were combined and heated to 64°C under continuous stirring
at 800 rpm. Once the reaction temperature was stabilized, 100 g of EJO was added, and the
reaction proceeded for 30 minutes. To neutralize the reaction, Na2COs was introduced, and
the mixture was allowed to cool. The resulting polyol phase was separated by discarding
the precipitate. Residual water and methanol were subsequently removed through vacuum
evaporation at 45°C, continuing until the final JOL product was obtained, confirmed by
the absence of visible aqueous residues.

CDs were incorporated into jatropha-based polymer membranes by dispersing CDs
into the JOL solution using a Branson M 1800 sonicator (SonicsOnline, USA). Based
on preliminary screening, only the JPU/CDs membrane with 0.65 wt% CD loadings
was subjected to detailed filtration evaluation. To make JPU, HDI was introduced into
the mixture in a 5:5 (v/v) ratio with JOL (Harun et al., 2020). The reaction mixture was
stirred at 600 rpm while maintaining a temperature range of 90—100°C for 1 hr to ensure
homogeneous mixing and polymerization. The resulting solution was cast onto a glass
Petri dish, forming a membrane layer with a thickness of 0.5 mm, as measured using a
caliper. The membrane was then subjected to thermal curing in an oven (ECOCELL®,
MMM Group, Germany) at 150°C for 8 hr. Upon completion of the curing process, the
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JPU/CDs composite membrane was carefully exfoliated from the Petri dish using a spatula
and used in filtration.

Filtration Method

A crossflow system was used to perform the filtration process to test the JPU/CDs (0.65
wt%) membrane. The results from the filtration process were analyzed using inductively
coupled plasma optical emission spectroscopy (ICP-OES, Optima 7300 DV PerkinElmer,
USA) to measure the amount of remaining Pb(II) after the filtration. Results obtained from
the ICP were then computed to determine the flux (Jw) and the amount of Pb(II) ions
rejected (R), using Equations 1 and 2.

4

gy: a

Jw

where V7 is the permeate (L), 4 is the effective surface area (m?), J, is the water flux
(L/m2.h), and ¢ is the time taken for filtration (min).

C
R = <1 — —”) x 100% [2]
Cr

where C, and Cyare the Pb(II) ion concentrations in the permeate and the feed,
respectively.

Screening Parametric by Single Factor Experiment Studies

In this experiment, preliminary screening was conducted to determine the appropriate range
of factors that influence the experiments, which was essential to decide the best range to be
entered in RSM. Three different factors, acidity, pressure, and concentration, were tested to
find the optimal conditions, with the corresponding studied ranges of 100-250 ppm, 1.5-2.5
bar, and pH 9-13, respectively. The tests examined the effects of each component on the
removal of Pb(Il) ions, varying one factor at a time (OFAT), within their corresponding
parameter ranges. Then, based on these results, the ranges were verified to be appropriate
for optimization studies.

Optimization by RSM

Pb(II) ion feed concentration, solution pH, and pressure were three independent variables,
used in RSM to create and optimize the experimental design for optimizing Pb(II) removal
from the aqueous solution (Table 1) and the interaction between variables. From the CCD,
17 trial experiments were performed, with three repetitions at the center points. The CCD
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was used to reduce the number of experiments, as it can gather information on data fitting
with fewer experimental trials for the optimization process (Chee et al., 2021; Harun et
al., 2022).

Table 1
RSM experimental design for Pb(Il) removal using JPU/CDs 0.65 wt% membrane

Symbol Parameters Low High
X, Concentration (ppm) 100 200
X, Pressure (bar) 1.5 2.5
Xs Acidity (pH) 9 13

Note. RSM = Response surface methodology; Pb(Il) = Lead ions; JPU = Jatropha polyurethane; CDs = Carbon
dots; X, = Concentration; X, = Pressure; X; = Acidity

Then the response was fitted into a second-order polynomial model, as shown in
Equation 3:

k k ) K k-1
}’=ﬁo+z_ .&'%‘"‘z, Bii X +22 - By xix 3]
i=1 i=1 = j=i+1

where y is the dependent variable (Pb(II) rejection); x; and x; are the independent
variables that influence the response y; £, B, B and B; are the coefficients of intercept,
linear term, quadratic term, and interaction, respectively, and & is the number of variables.
In this case, k= 2.

Determination of Zeta Potential at Different Solution pH Values

A particle size analyzer, Zetasizer (LA-960V2, HORIBA, Japan), was used to measure
the zeta potential of the sample. The solution pH was adjusted from 9 to 13 using sodium
hydroxide (NaOH, 1.0 mol/L, Sigma-Aldrich, Malaysia). The zeta potential, which arises
as an electrical double layer developed at the solid—liquid interface, describes the surface
charge of a membrane. It is influenced by the functional groups on the membrane surface,
the ions in the feed solution, and the pH (Deshmukh & Childress, 2001; Hu et al., 2023).

RESULTS AND DISCUSSION
Screening Factors by OFAT Experiments

Preliminary screening through OFAT was conducted to determine the range of parameters
affecting the performance of Pb(II) removal. These ranges served as a feeder for the
subsequent optimization work using RSM. The range of values studied was as follows:
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(a) feed concentration (100, 150, 200, and 250 ppm); (b) water pressure (1, 1.5, 2.0, and
2.5 bar); and (¢) pH values (3, 4, 5, 9, 11, and 13).

Effect of Feed Concentration on Pb(II) Rejection

In studying the effect of feed concentration, experiments were conducted at a constant
pH of 7 and a pressure of 1.5 bar. Based on the results obtained, as shown in Figure 1,
the rejection trend initially increased until it reached a peak of 32% at 150 ppm, and then
decreased as the initial feed concentration was further increased. This may be explained
by changes in membrane charge density that can be affected by the bulk ion concentration.
This influences both the selective ion adsorption on the top membrane surface and within
the pore. The build-up of ions near the membrane surface increases the membrane charge
density and thus increases the rejection of Pb(Il). However, the excess concentration of
solute on the surface of the membrane can repulse the solvent from passing through the
membrane. This scenario can be attributed to concentration polarization, in which the solute
accumulates at the membrane surface, thereby increasing the local osmotic pressure and
reducing Pb(II) rejection (Idress et al., 2021). Hence, the 100 to 200 ppm concentration
range was selected for implementation in the optimization using RSM.

40 -+
30
=
S
820
&
= 10 4
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100 150 200 250
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Figure 1. The lead ions (Pb(Il)) rejection at different feed concentrations

Effect of Feed Pressure on Pb(Il) Rejection

For studying the effect of pressure, the value was tested from 1 to 2.5 bar with an increment
of 0.5 bar at a constant feed concentration of 100 ppm and pH 7. The rejection of Pb(II)
increased as the pressure increased, reaching its highest value at 2.5 bar (Figure 2). The
peak of the rejection was not found due to the system operation constraints and limitations.
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Therefore, the pressure range of 1.5-2.5 bar was used in the following optimization process.
High pressure exerts more force to carry solute to the membrane surface and causes solute
accumulation on the membrane surface, which may contribute to concentration polarization
(Emamjomeh et al., 2019). Meanwhile, the increased variability observed in the error bars
at higher operating pressures (2.0 and 2.5 bar) can be attributed to intense mechanical
stress on the membrane, potentially causing minor structural shifts or compaction, which
can lead to inconsistent flow rates and separation performance (Stade et al., 2013). It may
also be due to the inherent randomness and heterogeneity of the bio-based material used
in membrane fabrication (Morales-Jiménez et al., 2023).

40

30

20 A

Pb(II) rejection (%)

0 T T T
1 1.5 2 25

Pressure (bar)

Figure 2. The lead ions (Pb(Il)) rejection at different feed pressures

Effect of Solution pH on Pb(Il) Rejection

A constant pressure of 1.5 bar and a feed concentration of 100 ppm were selected to
investigate the effect of pH. The investigation in acidic conditions was conducted from pH
3 to pH 5, showing an increment from 17 to 69% rejection at pH 3 and pH 5, respectively,
with no optimum peak observed (Figure 3a). Further testing in basic conditions showed an
increase in the rejection from pH 9 to pH 11, and started to decrease at pH 13. The optimum
peak was only found at pH 11 at 76% rejection (Figure 3b). Although the error bars at pH
4 and 5 may appear more prominent visually, the standard deviations at pH 3, 4, and 5 are
relatively similar, ranging from approximately 11 to 13%. This indicates that the variability
in measurements across these pH values is consistent and within an acceptable range. The
apparent difference in error bar size is not due to increased variability at specific pH levels
but rather sometimes reflects the normal fluctuation expected from the use of bio-based
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membrane materials, which can exhibit minor structural or compositional differences across
samples. pH values ranging from 6 to 8 were excluded from this study, as operating near
neutrality better reflects natural waters and minimizes charge-related interferences that can
compromise membrane performance. Previous work has shown that polymer membranes
perform most effectively under strongly acidic or basic conditions, where surface charges
are maximized (Harun et al., 2022; Khamis et al., 2023). In the near neutral range (pH
6-8), however, the zeta potential approaches the membrane’s isoelectric point, lowering
surface-charge density and, consequently, diminishing electrostatic interactions with Pb(II)
ions (Duclos-Orsello et al., 2004).

80 -

PBL(IT) rejection (%)
4= [=))
(=1 =]
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~ 100 -
>
g 80
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9 11 13
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Figure 3. The Pb(II) rejection at (a) acidic and (b) basic conditions, respectively
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Because pH alters the membrane’s surface-charge density and thus its zeta potential,
the filtration mechanism and overall efficiency are correspondingly affected. To clarify this
relationship, the zeta potential of the JPU/CDs membrane in both distilled water and an
aqueous Pb(II) solution across the relevant pH range was measured. As shown in Figure 4,
the JPU/CDs 0.65 wt% membrane in distilled water exhibits a negative zeta potential of -41,
-32,and -32 mV atpH 9, pH 11, and pH 13, respectively. This indicates that the JPU/CDs
membrane possesses a negatively charged surface under alkaline conditions. Generally, at
high pH, the concentration of H" ions decreases, leading to the deprotonation of functional
groups such as hydroxyl (-OH) and carboxyl (-COOH), thereby increasing the negative
charge on the membrane surface. Conversely, under low pH conditions, the abundance
of H" ions promotes protonation of these functional groups, resulting in a more positive
surface charge. However, at pH 11 to 13, zeta potential started to plateau as the surface
functional group has fully deprotonated, nearing surface saturation (Junker et al., 2023).

—e-JPU/CDs in distilled water ~—8—JPU/CDs in aqueous Pb(II) solution
20 -

—
(=1 =
1

b
= (=]
L

Zeta potential (mV)

o)

=)

D
V]

;\

Figure 4. Zeta potential on jatropha polyurethane (JPU)/carbon dots (CDs) 0.65 wt% membrane at different
pH levels in distilled water and in lead ions (Pb(II)) solution

In aqueous Pb(II) solution, the zeta potential values were measured to be 9, -19, and
-29 mV atpH 9, pH 11, and pH 13, respectively. Notably, at pH 9, the value significantly
shifted from -41 mV (in distilled water) to 9 mV (in Pb(II) solution). This can be attributed
to the charge reversal caused by the adsorption of Pb(II) ions onto the negatively charged
membrane surface. Under basic conditions, deprotonation of surface functional groups
increases the negative surface charge density, facilitating strong electrostatic attraction
between the membrane and lead (Pb?") ions. As Pb*" ions accumulate and bind to these
sites, they effectively neutralize or even overcompensate for the negative charge, leading
to a net positive zeta potential. (Figures 5 and 6).
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As the pH increased, with the progressive addition of NaOH, the zeta potential changed
back toward more negative values (-19 mV at pH 11 and -29 mV at pH 13). This trend
suggests that at higher pH, Pb(II) ions may experience precipitation as lead hydroxide
(Pb(OH)2) and reduced electrostatic interactions with the membrane surface, thereby
restoring the negative charge (Figures 5 and 6). Additionally, the presence of excess
hydroxyl (OH") ions may have contributed to charge repulsion effects, leading to a more
negative zeta potential. However, at pH 13, the competition between Pb(Il) and counter
ions (such as sodium ions [Nat] and others) screens the negatively charged membrane
surface, reducing the electrostatic attraction of Pb** and thereby lowering Pb(Il) removal
efficiency (Figure 6). This highlights the pH-dependent nature of the membrane’s surface
charge in the removal of heavy metals.

Lead ions Counter ions Water particles
L
“%Qe P 0“
Q‘Oﬂ L o “ ‘o “0
%“ ii “d‘iiﬁ* o L AN
—M A %‘5}°

@ (b)

Figure 5. lllustration of the mechanisms where (a) favorable adsorption of lead ions (Pb(I)); (b) concentration
polarization on the membrane surface

e (0] e S Counter-ion competition
\ o ,!!\ \ o v U;‘:}:ﬂ:mn l (charge shielding)
o o ~- _ )
OH OH
QA_ _3_ OA_ G i o _Ptf"_ Na* Na*
pHO pH 11 pH 13

Figure 6. Schematic illustration of the possible binding mechanism at pH 9, pH 11, and pH 13, respectively
Note. Pb** = Lead ions; OH- = Hydroxide ions; Na* = Sodium ions

CDs have long been recognized as effective polymer modifiers, substantially enhancing
physical, chemical, and thermal stability (Feng et al., 2021). These improvements impart
the material with distinctive functional attributes, which in turn promote high rejection
efficiencies for target compounds (Kegili et al., 2020). In addition, the presence of abundant
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hydroxyl groups on CDs increases the membrane’s hydrophilicity and adsorption capability,
enabling stronger interactions with lead ions via hydrogen bonding or coordination
(Petrovi¢, 2008; Shabbir et al., 2023; Xia et al., 2023). The use of additives like CDs also
modifies surface characteristics and pore structures, yielding a more uniform distribution
of smaller pores that enhances the size exclusion of heavy metal ions (Cruz et al., 2023;
Harun et al., 2022; Khdary et al., 2023; Xia et al., 2023). Altogether, these enhancements
result in a membrane with superior rejection capabilities for heavy metals, especially Pb(II)
ions in this study, and improved overall operational efficiency.

Membrane fouling is an inherent phenomenon in pressure-driven separations,
inevitably diminishing filtration performance. While this study did not explicitly quantify
fouling, the progressive decline in permeate flux serves as indirect evidence, indicating
the increasing hydraulic resistance caused by solute deposition on or within the membrane
during operation, as similarly reported by other studies (Abu-Zurayk et al., 2023). This
accumulation is expected to impact long-term membrane performance by reducing available
binding sites and potentially increasing filtration resistance. The retained contaminants
are expected to contribute to progressive fouling of the filtration medium (Al-Rashdi
et al., 2013; Shi et al., 2014; Zularisam et al., 2007). On the other hand, the improved
hydrophilicity imparted by CDs' functional groups has been reported to facilitate better
water permeability while reducing fouling, thus supporting sustained filtration performance
(Mamba et al., 2021; Xia et al., 2023).

In short, based on OFAT studies, the suitable range for performing RSM optimization
analysis was effectively determined to be as follows: feed concentration (100, 150, and
200 ppm), pressure (1.5, 2.0, and 2.5 bar), and pH values (9, 11, and 13).

Optimization of JPU/CDs Membrane Filtration

The experiment was further optimized by utilizing the OFAT findings, which were then
fed into the RSM software to investigate the relationship between all the parameters. RSM
software implemented a mathematical model (CCD) to minimize the amount of testing
needed to achieve the output. The input parameters were feed concentration (ppm) (A),
pressure (bar) (B), and acidity (pH) (C). The results are shown in Table 2.

Table 2
RSM simulation data when utilizing CCD and face-centered alpha

No. Concentration Pressure Acidity Pb(II) rejection (%)
(ppm) (bar) (PH)
1 100 1.5 9 16
2 200 1.5 9 45
3 150 2 9 62
4 100 2.5 9 41
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Table 2 (continue)

No. Concentration Pressure Acidity Pb(II) rejection (%)
(ppm) (bar) (pH)
5 200 2.5 9 53
6 150 1.5 11 43
7 100 2 11 56
8 150 2 11 91
9 150 2 11 80
10 150 2 11 98
11 200 2 11 63
12 150 2.5 11 64
13 100 1.5 13 51
14 200 1.5 13 19
15 150 2 13 69
16 100 2.5 13 66
17 200 2.5 13 14

Note. RSM = Response surface methodology; CCD = Central composite design; Pb(Il) = Lead ions

Model Fitting

Using RSM, experimental data were analyzed by fitting them into four different models:
linear, two-factor interaction (2FI), quadratic, and cubic, to determine the regression
equation. The models were evaluated based on the F-test value and p-value obtained from
analysis of variance (ANOVA), as summarized in Table 3. The fitting process was based
on polynomial models, including linear, quadratic, and cubic equations. In general, model
selection was guided by the highest-order polynomial that was not aliased (Behera et al.,
2018; Issa, Abidin, Sobri, et al., 2020).

Table 3
RSM response data using CCD using face-centered alpha

Source Sum of squares  Df Mean square F-value p-value Remarks
Prob>F
Mean 50996.37 1 50996.37 - -
Linear 534.83 3 178.28 0.27 0.8479
2F1 2197.60 3 732.53 1.13 0.3827
Quadratic 5594.76 3 1864.92 14.82 0.0020 Suggested
Cubic 199.86 4 49.97 0.22 0.9112 Aliased
Residual 681.18 3 227.06 - -
Total 60204.62 17 3541.45 - -

Note. RSM = Response surface methodology; CCD = Central composite design; Df = Degree of freedom;
Prob = Probability; p-value < 0.05 denotes significance; The underline means quadratic is the most fitted and
the selected model
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Additionally, to further assess model compatibility, the lack-of-fit (LOF) value was
evaluated. The reliability of the model depends on the significance of the LOF value, which
is influenced by midpoint replication. A model is considered reliable when the LOF value
is non-significant (p-value > 0.005). Based on this assessment, the quadratic model, with
a LOF value of 0.4061, was identified as the best fit for the experimental data and deemed
non-significant.

ANOVA

To evaluate the significance of the fitted model, an ANOVA was conducted. As shown in
Table 4, the coefficient of determination (R?) for the predicted model is 0.9043, indicating
a strong correlation between the experimental data and the model predictions. Since R?is
close to 1, it suggests a good model fit. However, R? alone may not be a reliable measure

Table 4
RSM response data using CCD using face-centered alpha

Source Sum of Df Mean square F-value p-value
squares Prob > F
Model 8327.197 9 925.244 7.351 0.008
A - Concentration 130.287 1 130.287 1.035 0.343
B - Pressure 403.528 1 403.528 3.206 0.116
C-pH 1.01792 1 1.018 0.008 0.931
AB 164.294 1 164.294 1.305 0.291
AC 1966.542 1 1966.542 15.624 0.005
BC 66.765 1 66.765 0.530 0.490
A? 604.735 1 604.735 4.805 0.065
B? 1108.574 1 1108.574 8.807 0.021
c? 213.961 1 213.961 1.699 0.234
Residual 881.047 7 125.864
Lack of fit 715.297 5 143.059 1.726 0.406
Pure error 165.750 2 82.875
Cor total 9208.244 16
Statistical analysis of the regression equation
R-squared 0.904 Std. Dev. 11.22
Adj R-squared 0.781 Mean 54.77
Pred R-squared 0.579 CV% 20.48
Adeq precision 8.189 PRESS 3870.81

Note. RSM = Response surface methodology; CCD = Central composite design; Df = Degree of freedom;
Prob = Probability; AB = Concentration-pressure; AC = Concentration-pH; BC = Pressure-pH; Adj R-squared
= Adjusted R-squared; Pred R-squared = Predicted R-squared; Adeq precision = Adequate precision;
Cor total = Corrected total; Std. Dev. = Standard deviation; CV = Coefficient of variance; PRESS = Residual
error sum of squares
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of model quality, as it can be artificially inflated by adding additional terms, regardless of
their statistical significance.

To account for this limitation, adjusted R? (adj-R?) and predicted R? (pred-R?) provide
more robust assessments of model performance (Halim et al., 2021). Adj-R? accounts for
the number of predictors in the model, ensuring that only significant terms contribute
meaningfully to the model. Meanwhile, predicted R? evaluates the model's predictive
capability, helping to identify potential overfitting.

In this study, the adj-R? value of 0.7813 suggests that the model effectively describes
the relationship between experimental data and model predictions. However, the pred-R-?
value of 0.5796 indicates a potential need for model refinement, as a lower pred-R? may
suggest overfitting or the presence of non-significant terms that should be reconsidered.
Therefore, further model optimization, such as reducing non-essential terms, may be
necessary to improve its predictive accuracy.

In addition to that, the model’s validity was improved based on other statistical
characteristics such as adequate precision (Adeq precision), coefficient of variations
(CV%), and residual error sum of squares (PRESS). The results of these data are shown
above in Table 4. The Adeq precision assesses the signal-to-noise ratio that compares the
range of the predicted values at the design points to the average prediction variance (Halim
et al., 2021). That is, the ratio higher than 4 shows adequate model discrimination. The
Adeq precision value obtained is 8.189, suggesting that the ratio is adequately accurate. In
addition, the CV% value represents the degree of dispersion of the data points around the
mean value. A lesser value (10%) indicates good reproducibility of the model. However, the
obtained CV% from this model is 20.48. This shows the standard deviation is high relative
to the mean. Apart from that, the PRESS value describes the model's capacity to fit each
point in the design by fitting the model to all design points, excluding the predicted one
(Halim et al., 2021). The residual values are then squared and added to yield the PRESS
value reported in ANOVA. A lower value is preferred, indicating a high pred-R? score.
However, the PRESS value generated from this is 3870.81, which is quite large, and can
be associated with the low pred-R? value.

To further enhance the accuracy of the predicted model, additional steps were taken to
eliminate a statistically non-significant term from the analysis using a reduction method.
This process was carried out incrementally through backward elimination, starting with
the least significant term, until a higher pred-R? value was achieved. The analysis revealed
that removing terms with a p-value greater than 0.5 provided the best prediction for Pb(II)
ion rejection. As a result of this reduction method, the pred-R? value improved to 0.8878
(88.78%), indicating strong predictive capability for the refined model.

Additionally, the adj-R? value saw a slight increase to 0.7941 (79.41%). The reduced
model also showed improvements in the LOF and adequate precision, with values rising
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to 0.438 and 8.532, respectively. Furthermore, the CV% and PRESS values decreased to
19.87% and 3572.71, respectively. These results demonstrate that the model's precision
and predictive performance were enhanced. The final empirical models, after excluding
the insignificant terms (BC) and (y), are presented in Equation 4. This equation highlights
the inclusion of both linear effects and interactions between parameters for predicting
Pb(II) ion rejection.

y =80.83 —3.61 (4) + 6.35(B) + 0.32 (C) — 4.53 (4B) — 4
15.68 (AC) — 15.02 ( A%) — 20.34 (B%) — 8.94 (C?) [4]

where A4 represents the feed concentration (ppm), B denotes pressure (bar), and C stands
for the solution's pH value. A positive sign in the equation signifies a synergistic effect,
whereas a negative sign reflects a resistive effect, based on the factors involved.

In the above equation, the coefficient of 4 (feed concentration) is -3.61, indicating that
an increase in Pb(Il) feed concentration negatively impacts removal efficiency. This can
be attributed to saturation of adsorption sites on the membrane, where excessive Pb(II)
ions exceed the membrane’s capacity, reducing overall rejection. The coefficient of B
(pressure) is +6.35, suggesting a positive correlation between pressure and Pb(II) removal.
Increased pressure enhances convective mass transport, driving more Pb(II) ions toward
the membrane and improving rejection efficiency through size exclusion and electrostatic
repulsion. Finally, the coefficient of C (pH) is +0.32, indicating a minor positive effect of
pH on Pb(II) removal. At higher pH, Pb(Il) may form insoluble hydroxides (Pb(OH).),
facilitating precipitation and improving removal. However, since the effect size is small,
the membrane's role in rejection may dominate over precipitation.

The negative interaction between feed concentration and pressure (coefficient -4.53)
implies that at higher Pb(Il) concentrations, increased pressure does not proportionally
enhance removal efficiency. This could be due to concentration polarization effects, where
excessive Pb(Il) ions accumulate near the membrane surface, creating a diffusion barrier
that limits the process. The strong negative effect of the feed concentration—pH interaction
(-15.68) suggests that increasing pH at higher Pb(II) concentrations significantly reduces
removal efficiency. This may be due to Pb(I1l) complexation or increased ionic competition,
which alters electrostatic interactions between Pb(Il) and the membrane.

For the quadratic effect, the negative coefficient of -15.02 feed concentration
(42 =-15.02) indicates a nonlinear decrease in Pb(II) removal at higher concentrations.
Beyond an optimal point, adsorption sites become overwhelmed, resulting in a sharp decline
in removal efficiency. The strongest quadratic effect is observed for pressure (B?=-20.34),
suggesting that after an optimal pressure level, further increases reduce efficiency. This
could be due to membrane compaction, which alters pore size and permeability, negatively
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affecting Pb(II) rejection. Lastly, the negative quadratic effect of pH (C? = -8.94) implies
that while moderate pH improves removal, excessive pH shifts the equilibrium towards
Pb(II) precipitation rather than membrane adsorption, reducing effectiveness.

Residual Analysis

Residual analysis is used to evaluate the distribution of the residuals, normality, and
presence of outliers (Nobre & da Motta Singer, 2007). To further investigate four diagnostic
graphs, predicted responses versus observed responses, normal probability plot, residuals
versus predicted responses, and residuals versus run order were examined as depicted
in Figure 6. Based on the plots analyzed, from Figure 7a, the predicted response versus
observed response shows that the prediction deviation does not deviate far from the normal
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Figure 7. The residuals analysis diagnostic plots for (a) predicted against observed responses, (b) normal
probability plot, (c) residuals against predicted responses, and (d) residuals against run order

Note. Red lines refer to the studentized residual limits
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line. On top of that, similar plotting can be seen in Figure 7b, which shows the validity of
the ANOVA results (Tiwari et al., 2017). Apart from that, the residual plot versus predicted
response shows the variance homogeneity based on the distribution of residual plots
randomly on both sides of the normal line, which denotes the consistency of the variance
(Halim et al., 2021). In addition to that, the scattered residual points from diagnostic plots
in Figure 7¢ exhibit no outliers; that is, the residual points are only distributed randomly
within the upper and lower limit lines (Vining, 2010). Similarly, the residuals plot versus
run order, as shown in Figure 7d, shows residual plot inside the upper and lower limit lines,
and residual points were scattered randomly about the normal line with no discernible
patterns, indicating that the residuals are independent of one another and hence obey the
ANOVA assumptions. The ANOVA assumptions were met because of the residuals analysis,
and it can be said that the regression model produced unbiased coefficient estimates with
minimum variance.

Effect of Filtration Factors Based on the Response Surface Plots Analysis

The interaction between the independent factors and the responses was visualized using
response surface plots, presented as both two-dimensional (2D) contour plots and three-
dimensional (3D) surface plots, as shown in Figure 7. Based on the polynomial model
from Equation 4, the 3D surface plots were generated by analyzing the combined influence
of two factors at a time, with the third factor maintained at its mid-level value. The color
gradients in the plots, ranging from red to green to blue, represent the highest, moderate,
and lowest levels of Pb(II) ion rejection, respectively.

The CCD—RSM surfaces and contour plots (Figures 8a—d) show a single broad optimum
for Pb(II) rejection (R1) as a quadratic function of feed concentration (A), pressure (B),
and pH (C). Along the A-B plane (Fig. 8a and 8c), rejection rose when concentration
increased from 60 to 135 ppm and pressure from 1.6 to 2.0 bar, reaching a predicted
maximum of ~82% at A=135 ppm and B=2.0 bar, after which R1 declined towards the
design-space edges. The initial increase reflected stronger electrostatic exclusion and
favorable convective transport at moderate loading, whereas the downturn at higher A and/
or B was consistent with concentration-polarization/fouling that diminished the effective
driving force and apparent selectivity (Bowen & Mohammad, 1998; Donnan, 1995; Tsuru
etal., 1991; Abdullah et al., 2018; Qadir et al., 2017). On the A—C plane (Figures 8b and
8d), rejection improved with increasing alkalinity and peaked at a pH of approximately 11
at a feed concentration of A= 135 ppm, attributable to the deprotonation of surface groups
on the JPU/CDs and enhanced electrostatic repulsion of Pb(II). At lower pH, protonation
screens charge and reduces Donnan exclusion (Elimelech & Childress, 1996; Marecka-
Migacz et al., 2020). These interactions highlight that moderate concentration, moderate
pressure, and mildly alkaline conditions acted synergistically, whereas pushing any factor
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to extremes triggered polarization/compaction consequences (Amin et al., 2011; Jamalludin
et al., 2021; Yaroshchuk, 2008).

RSM optimization predicted an optimum Pb(II) rejection of around 82% for the JPU/
CDs (0.65 wt% CDs) at A= 135 ppm, B =2 bar, and C = pH 11. Relative to pristine JPU
(33% rejection), the incorporation of CDs elevated performance to the 80% class under
these operating conditions, confirming the efficacy of the carbon-dot modification.
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Figure 8. Response-surface (a, b) and contour (c, d) plots for Pb(Il) rejection (R1) by JPU/CDs (0.65 wt%
CDs): (a, ¢) concentration—pressure (A—B) interaction and (b, d) concentration—pH (A—C) interaction. A dome-
shaped optimum occurs near A = 135 ppm, B = 2.0 bar, and C = pH 11 (predicted R1 = 82%)

Note. JPU = Jatropha polyurethane; CDs = Carbon dots; A = Concentration; B = Pressure; C = pH;
CCD = Central composite design, RSM = Response surface methodology

Optimization and Model Validation

The optimization aims to maximize the Pb(II) ions rejection at the suggested conditions.
Based on the results obtained, the optimum condition was proposed at 135 ppm, 2 bar,
and at pH 11 to obtain the maximum Pb(II) ions rejection (82%), based on the desirability
function of 0.8, which indicates the reasonable approximation of the prediction point.
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However, in an actual filtration process, JPU/CDs 0.65 wt% replicated with the same
optimum condition showed a 67% rejection with 18% error. Pb(II) rejection performance
is fairly good compared to the others.

Table 5 compares the filtration performance of pristine JPU, JPU modified with 0.50
wt% GO, and JPU blended with 0.65 wt% CDs. In terms of water permeability, the CD-
modified membrane shows a step-change with its preliminary water flux of 873 L/m?2.h,
which is almost 4 times that of pristine JPU (223 L/m?.h) and 1.7 times that of the GO
composite (523 L/m*.h). The likely reason is that the nano-sized CDs create additional
porosity and hydrophilic nano-channels, reducing hydraulic resistance. By contrast, the GO
membrane more than doubles the pristine flux (+135 %, from 223 to 523 L/m?2.h); its plate-
like sheets introduce hydrophilic pathways but also increase tortuosity, so the permeability
boost is significant but not as dramatic as with CDs (Harun et al., 2020).

For heavy metals removal applications, the GO composite delivers the highest
selectivity of 71.6 % in the preliminary test for copper ions (Cu?") removal, rising to 82 +
6% after optimization (Harun et al., 2022). In this study, the CD membrane targets Pb** and
achieves 69% rejection in the preliminary run and 67 + 18% under optimized conditions,
which is roughly double the performance of pristine JPU (33%), but 15% below the GO
membrane. Direct quantitative comparison is limited by the different target ions (Cu?* vs.
Pb?"), yet the data still illustrate the contrasting strengths of each nanofiller.

With its much higher flux (767 L/m? h at optimum) and moderate Pb>* rejection, the
CD membrane offers the greatest treated-water throughput, which is advantageous for
high-flow applications or a multi-stage polishing strategy. The GO membrane appeared to
excel in rejection and is therefore better suited to single-stage operations for application
with stringent heavy-metal limits. In summary, nanoparticle functionalization is essential
for upgrading JPU membranes.

Table 5
Filtration performance of pristine jatropha polyurethane (JPU), JPU with graphene oxide (GO), and
JPU with carbon dots (CDs)

Unmodified pristine Modified JPU with JPU/CDs with
JPU 0.50% wt GO 0.65wt% CDs
(this study)
Preliminary water flux 223! 523! 873
(L/m%.h)
Preliminary heavy metal 33! 71.6! 69
rejection (%)
Heavy metal rejection 33%) 87% (£ 6% error)? 67% (£ 18% error)
% and flux (L/m?.h) at
optimum conditions 223 L/m>.h Not mentioned* 767 L/m”.h

Note. 'Harun et al. (2020); *Harun et al. (2022)
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Other studies on the implementation of RSM for nanomaterial-incorporated membranes
in filtration have demonstrated varying levels of heavy metal rejection. For instance, an
optimized metal oxide membrane incorporated with a nanocomposite achieved a copper
ion (Cu(Il)) rejection of 49% following RSM optimization (Zahed et al., 2019). Similarly,
a polysulfone membrane embedded with cellulose nanofilters exhibited a chromium (VI)
ion (Cr(VI)) rejection of 79.85% after optimization through RSM (Gasemloo et al., 2019).
Additionally, JPU/GOs membrane filtration, when optimized via RSM, resulted in a Cu(II)
rejection of 73.60% while adsorption-based optimization via RSM has demonstrated
Pb(II) rejection efficiencies as high as 99% and 92% (Alipour et al., 2020; Harun et al.,
2020; Zaferani et al., 2019). Other removal methods, such as cation exchange resin and
chemical precipitation, also gave higher removal of Pb(Il) at 99% and 97% (Chen et al.,
2018; Lalmi et al., 2018). In short, the preliminary Pb(II) rejection performance of JPU/
CD membranes appeared to be relatively lower than other reported methods. Nevertheless,
despite the lower rejection efficiency compared to other established methods, JPU/CD
membranes still offer potential advantages, such as low cost and sustainability for heavy
metal removal, and require further optimization.

CONCLUSION

Aregression model was developed based on the experimental design to optimize Pb(II) ion
removal efficiency. Under the identified optimal conditions of 135 ppm feed concentration,
2 bar pressure, and pH 11, the model predicted an 82% removal rate. The analysis indicated
that lower feed pressure and solution pH had a more pronounced eftfect on Pb(II) removal,
whereas an increase in feed concentration initially enhanced removal efficiency. However, at
excessively high feed concentrations, a decline in rejection efficiency was observed, likely
due to concentration polarization effects. To refine the predictive accuracy of the model, a
reduction approach was applied by eliminating statistically insignificant terms (p > 0.05).
The resulting quadratic regression model demonstrated statistical significance, confirming
its suitability for optimization predictions. These findings highlight the effectiveness of
the developed model in optimizing Pb(II) removal and provide a foundation for further
improvements in membrane-based heavy metal remediation strategies.
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