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ABSTRACT

A new nanocomposite material based on copper oxide-magnetite/carbonaceous
clinoptilolite (CuO-Fe;0,/Clinoptilolite (CP)) was prepared for the purpose
of removal of sulfur from spent caustic effluents through the method of co-
precipitation in the current study. The structural and morphological features of the
produced sorbent were investigated using FT-IR, SEM, TEM, and BET methods, and
the size of crystalline particles was estimated in the range of 48-98 nm according
to XRD analysis. Optimization of the process parameters such as pH value, contact
time, sorbent dose, and initial concentration of sulfur was carried out with RSM
Email: using Box-Behnken design. It was revealed that the synthesized nanocomposite
ka.mahanpoor@iau.ac.ir CuO-Fe;0,/CP is characterized by high sorption properties concerning removal of
sulfur compounds from refinery wastewater. At pH = 11, sorbent dose 0.3 g/L, and
initial concentration 270 mg/L the efficiency of sulfur removal is 75%. According to
statistical analysis there was a significant interaction among parameters, and the
dose of sorbent and contact time were established as influential parameters in the
sorption process. Moreover, it was found that the mechanism of sulfur adsorption
on this nanocomposite is in accordance with the Langmuir and pseudo-first-order
models.
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1. Introduction Recent research efforts have been centered around

The sulfur compounds present in petrochemical
waste water constitute various difficulties because
they can be toxic, corrosive, and pungent [1, 2].
These caustic effluents are the result of petrochemical
process that consists of various compounds of sulfur
that are usually hard to remove using conventional
methods [3]; therefore, there are risks involved when
disposing of such compounds into the environment
[4].

Even though there are various methods, including
biological and chemical oxidation and adsorption,
have been used for treating sulfur contamination [5,
6], adsorption is one of the most efficient methods
because of its cost-effectiveness and convenience [7].

the use of magnetic adsorbents since these materials
inherently have the property of being magnetically
separable from the liquid phase [8].

Natural zeolites like clinoptilolite (CP) have been
extensively utilized in adsorption operations owing
to their chemical stability, ion-exchange properties,
and high specific surface area [9]. In addition to
increasing the specific surface area, the introduction
of CuO nanoparticles to the CP material provides
active sites which improve interactions between the
adsorbent and sulfide compounds [10]. Moreover,
incorporation of the magnetic Fe304 nanoparticles
allows effective magnetic separation of the composite
thus simplifying the regeneration procedure [11].
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Nevertheless, a development of adsorbents that
combine high affinity towards sulfur, stability and
regenerability is still required. The current methods
of adsorbent development are restricted to synthesis
of magnetic zeolites that do not possess enough
adsorption capabilities for sulfides or metal oxides,
which tend to agglomerate and can be difficult to
separate on an industrial scale [11, 12]. Therefore,
it is essential to determine a method for obtaining a
material that would contain all these qualities.

To address this gap, the present paper reports
the synthesis of a novel ternary CuO-Fe304/CP
nanocomposite aimed at the efficient removal of
sulfur compounds from petrochemical or refinery
wastewater. A unique feature of this research is the
use of a combination of three distinct components,
which overcomes the limitations associated with
mono- and binary-component nanocomposites. In
particular, CP acts as an environmentally friendly
material and as a matrix with a large surface area
that assists in the reduction of the problem of
particle agglomeration found in pure CuO/Fe,O,
nanocomposites. The other advantage associated with
the inclusion of Fe O, is its property of magnetism,
which enables quick separation from the liquid phase
and improved effectiveness of zeolite adsorbents by
solving the problem of separation. In addition, CuO
nanoparticles are used in order to develop active sites
for the chemisorption of sulfur compounds. Unlike
conventional adsorbents, this structure is designed to
overcome inherent drawbacks such as low adsorption
capacity and difficult separation processes.

2. Materials and methods

2.1. Materials

Wastewater from a local petrochemical plant,
having undergone
collected as spent caustic. CP Natural clinoptilolite
was acquired from the company called Afrand Toska.
It was obtained from the natural zeolite mine in

preliminary treatment, was

Semnan province, Iran. Zeolite was then washed using
distilled water and was dried in the oven at 105 °C for
12 hours. Copper oxide was prepared from copper
(IT) nitrate trihydrate, while iron oxide was prepared
from iron (II) chloride tetrahydrate and iron (III)
chloride hexahydrate.

2.2. Preparation of CuO-Fe;0,/CP
effects of the

To evaluate the synergistic
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components, the nanocomposites were synthesized
via a sequential two-step procedure:

Step 1: Synthesis of Fe; O,/CP (Binary Composite).

A solution of pre-treated CP in 100 mL of distilled
water along with the addition of S g of CP was
thoroughly stirred for 30 minutes. Next, 100 mL of
a solution of FeCl,-4H,0 (1.99 g) and FeCl,-6H,O
(5.40 g) in distilled water, which was already degassed
with nitrogen (N) gas, was added to the CP solution.
1 M of NaOH solution was gradually added at 80°C
to increase the pH value to about 10. This mixture was
kept at these conditions for one hour. Finally, Fe,O,/
CP was obtained by drying the product in a furnace at
450°C. Fe;O, particles were also prepared in the same
way, except that no CP was added [13, 14].

The precipitate was maintained under the same
conditions for one hour (aging process). Finally, the
product was dried in a furnace at 450°C to obtain
Fe;0,/CP. Pure Fe,O, particles were also prepared
using a similar method, without the addition of CP
[13, 14].

Step  2: Synthesis of CuO-Fe;O,/CP (Iernary
Composite).

The prepared Fe;O,/CP material was used
as the precursor for the synthesis of the ternary
nanocomposite. A copper nitrate  solution
(Cu(NOs),-3H,0; 1.21 g in 100 mL of distilled
water) was gradually added to the Fe;O,/CP colloidal
solution under continuous stirring at pH 10 and 90°C
for 2 hours, followed by magnetic separation. Finally,
the resulting product was calcined in a muffle furnace
at 450°C [15, 16].

2.3. Characterization of the Adsorbent

The physico-chemical properties of the prepared
nanocomposites were studied. Functional groups
were determined using the FT-IR spectroscopy
technique, whereas surface morphology was observed
through SEM. The BET approach was applied to

study the surface area of the materials.

2.4. Determination of Total Organic Sulfur
The determination of total organic sulfates was
conducted using an oxidization approach which
converts all organic sulfates into sulfate ions. This
was done by oxidizing 10 mL of the wastewater
sample using 2 mL of H,O, (30%) and 1 mL of HCI
concentrated at 100°C for 1 hour. After cooling, the
pH was adjusted and the concentration of the sulfates
determined by measuring the absorption using the
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methylthymol blue (MTB) reagent according to the
standard ASTM E257.

On the other hand, in the colorimetric analysis, 5
mL of sample or the standard solution (containing
SO,” ions between 0 to 20 mg/L) was treated with
0.5 mL of the MTB reagent. The preparation of the
reagent is done by dissolving 0.04 g of MTB and 8 g of
NaClin 10 mL of 1M HCl followed by making up the
solution to 500 mL by distilled water. Furthermore,
0.5 mL of 10% BaCl, solution was quickly added
to the solution after agitation using a vortex mixer.
Absorbance was then determined at 460 nm
wavelength within 10 minutes using distilled water
as blank solution.. Finally, the organic sulfur content
(expressed as S) was calculated based on the difference
between the total sulfur present after oxidation and
the initial (background) sulfate concentration.

2.5. Batch Adsorption Experiments

In batch experiments, the influence of the following
variables was studied:

pH (8 - 11), adsorbent dose (0.1 - 0.3 g/L), and
initial concentration of pollutant (180 - 360 mg/L).
For each variable, certain amounts of adsorbent were
added to 50 ml of organic sulfur solution in 100 ml
Erlenmeyer flasks. pH of the solution was changed by
using 0.1 M HCl and NaOH. Samples were stirred for
180 min at the speed of 200 rpm at the temperature
of 25°C.Upon completion of the process, the mixture
underwent centrifugation and filtration. The residual
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pollutant concentration was measured and analyzed
using UV-Vis spectrophotometry, as described in
previous sections.

The removal efficiency (R%) and adsorption
capacity (q.) were calculated using the following
equations:

R% =Mx100 (1)
CO

(G C)xV 2)
¢ m

Where, C, and C, represent the initial and
equilibrium concentrations (mg/L), respectively; V
represents the solution volume (L); and m represents
the adsorbent mass (g). Removal efficiency (R%)
was used as the response variable for optimization
via the Box-Behnken design (BBD) method. To
ensure experimental reproducibility, all adsorption
studies (isotherms, kinetics, and optimization) were
performed in triplicate (n=3), and data were reported
as mean * standard deviation. Data precision was
assessed using the RSD% index.

2.6. Experimental Design and Statistical Anal-
ysis

The optimization of the adsorption process and
the investigation of the synergistic effects of three
factors were carried out using the Box-Behnken design
(BBD). This design comprised 15 experiments (runs),

Table 1. Box-Behnken design matrix with actual factor levels.

initial

Run PH adsorbent dosage concentration R% R%
0.9 X2) Experimental Predict
(Xs5)

1 9.5 0.2 270 12.10 11.9762
2 9.5 0.3 180 47.22 48.8416
3 11 0.2 360 26.90 26.6779
4 0.2 360 9.30 10.4454
5 0.2 180 19.07 16.8429
6 9.5 0.1 360 33.40 31.8141
7 9.5 0.2 270 11.90 11.9762
8 11 0.3 270 75.60 73.8634
9 8 0.1 270 45.30 47.0009
10 11 0.1 270 18.70 19.2834
11 9.5 0.1 180 15.60 14.9016
12 8 0.3 270 14.30 13.6809
13 9.5 0.3 360 18.40 19.1341
14 11 0.2 180 31.70 33.0754
15 9.5 0.2 270 12.00 11.9762
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including three center points to assess experimental
error. The coded and actual levels of all factors are
presented in Table 1.

Analysis of variance (ANOVA), the coefficient
of determination (R”), and Pareto chart analysis
were employed to identify significant model
terms and evaluate the model’s adequacy. The
correlation between the response variable (Y) and the
independent variables was established using a second-
order polynomial equation (Equation 3):

Y =B, + ZBiXi + ZPuXi® + Zginin +¢(3)

where B, is the intercept, i represents the linear
coefficient of factor Xi, (i denotes the quadratic
coefficient, Bi signifies the interaction coefficient
between factors Xi and Xj, and ¢ is the residual error
[22].

3. Results and Discussion:

3. 1. Characterization of the Adsorbent

The structural and surface properties of the
synthesized magnetic CuO-Fe;O,/CP composite were
thoroughly investigated using several complementary
techniques, as detailed in the following sections.

3.1. 1. Fourier Transform Infrared Spectroscopy (FT-
IR)

The FT-IR spectra of natural CP and the
prepared composite are shown in Fig. 1. The FT-
IR spectrum of the natural CP sample exhibits
characteristic absorption bands associated with the
zeolitic aluminosilicate framework structure. More

Research Article

specifically, a wide band appearing at 3400-3500
cm™ is due to vibrations of O-H stretching in water
molecules (both crystalline water and adsorbed water),
whereas the band observed in the region of 1630-1650
cm™ is because of vibrations of H-O-H bending. A
strong absorption band found at 1040-1080 cm™ is
attributed to the vibration of asymmetric stretching
of Si-O-Si and Si-O-Al. Furthermore, two additional
absorption bands in the 790-800 cm™ and 450-500
cm™ ranges correspond to symmetric stretching and
bending vibrations of T-O-T bonds (where T = Si,
Al) [17].

The FT-IR spectrum of the Fe;O,/CP intermediate
exhibits a distinct absorption peak at approximately
580 cm ™', attributed to the Fe~O stretching vibration
in magnetite. Upon the addition of CuO, new
absorption bands emerge in the 480-520 cm™ region
due to Cu-0O vibrations; this confirms the successful
loading of copper oxide and magnetic nanoparticles
onto the CP framework.

Compared to the spectrum of the intermediate
material, the FT-IR spectra reveal significant
changes during the formation of the CuO-Fe,0,/
CP composite. A decrease in the intensity of the
O-H stretching peak indicates chemical interactions
between the metal oxides and the surface hydroxyl
groups of the zeolite. Furthermore, minor shifts
observed in the Si—-O-Si stretching peaks can be
attributed to strong interactions between the metal
oxide phases and the aluminosilicate framework. The
increased intensity in the 470-600 cm™
resulting from the overlap of Fe-O and Cu-O
vibrations—confirms that CuO and Fe;O, have been

region—
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Fig. 1. The Infrared spectrum of CP(A), Fe,O,/CP (B) and the CuO- Fe,0,/CP (C)
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successfully anchored to the CP framework without
disrupting the zeolite’s parent structure [18, 19].

3. 1. 2. Morphological and Elemental Analysis (FE-
SEM/EDX)

The surface morphology of the prepared CuO-
Fe;0,/CP composite was examined using Field-
Emission Scanning Electron Microscopy (FESEM), as
shown in Fig. 2. As observed in the FESEM images,
the surface exhibits a highly porous and rough
topography—a characteristic highly desirable for
adsorption applications due to the increased number
of active sites. The CuO and Fe,O, nanoparticles,
with an average size of approximately 50 nm, appear
to be well-dispersed and uniformly distributed within
the CP structure. No signs of agglomeration (particle
clustering) or structural cracks are evident, indicating
effective process control.

Furthermore, the chemical composition of the
composite was analyzed using Energy-Dispersive
X-ray (EDX) spectroscopy. The EDX results reveal
the presence of Fe, Si, Cu, Al, and O as major

Element | Atomic | Weight
(%) _|[%]
Oxygen 5795 [41.17
Sodium 148 1.51
Aluminum | 3.82 4.58
Silicon 3068 |38.26
Potassium | 0.5 0.86
Calcium | 0.63 1.12
Iron 4.22 10.47
Copper 0.72 2,03
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elements, along with a small amount of C as a minor
element, confirming the successful attachment of
the nanoparticles onto the aluminosilicate substrate.
Overall, the morphological findings from the FESEM
and EDX analyses demonstrate good consistency and
agreement between the results.]

3. 1. 3. Transmission Electron Microscopy (TEM)

The morphology and distribution of CuO-Fe;O,
nanoparticles immobilized on the CP framework
were investigated using  transmission electron
microscopy (TEM) (Fig. 3). The TEM image reveals
that the CuO and Fe;O, nanoparticles have been
successfully incorporated into the zeolitic matrix,
appearing as small, irregular clusters with a distinct
size distribution at the nanoscale. The distinct contrast
in electron density between the zeolitic framework
(lower density) and the metal oxide nanoparticles
(darker, higher electron density) confirms the
successful immobilization of the metal phases on
the CP surface. This high degree of dispersion—

evidenced by the absence of large agglomerates—is

WD
12.39 mm
Scan Mode
RESOLUTION

Energy
20 keV

FrK

0.5 105 5% k2 x 3 EE K %

3o L I 5 74K % L L $0% 85 ]
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Fig. 2. FESEM/EDX and elemental analysis of CuO-Fe304/CP
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Fig. 3.TEM image of CuO-Fe;O, immobilized on CP

Table 2. The information related to the synthetic sample obtained by nitrogen adsorption and desorption method

Sample BET surface Average pore Total pore
P area(m?/g) diameters (nm) volume(cm’® g*)
Cp 28.384 15.796 0.1121
Fe,O,/Cp 18.567 9.594 0.0603
CuO-Fe,0,/Cp 14.5 7.0436 0.0255

crucial for maximizing accessibility to active sites
and, consequently, enhancing the material’s overall
performance in the adsorption process.

3. 1. 4. Textural Properties (BET Analysis)

The textural properties of the pure CP sample and
the CuO-Fe;O,/CP nanocomposites were investigated
using nitrogen (N,) adsorption-desorption isotherms
(see Fig. 4). These isotherms exhibit Type IV behavior
(according to IUPAC classification), characterized
by a significant hysteresis loop resulting from
capillary condensation in mesoporous materials.
Initial nitrogen uptake at low relative pressures (P/
P, < 0.3) indicates the presence of micropores—an
intrinsic feature of CP—while the sharp increase in
nitrogen uptake at high relative pressures signifies
the formation of mesopores. The formation of this
pore system—comprising a combination of original
micropores and newly formed mesopores—results
from the successful deposition of CuO and Fe;O,
nanoparticles onto the zeolite surface [20].

Colloid Nanosci. J. 4(1) (2026) 848-865

Pore size distribution analysis reveals a dominant
mesopore diameter, indicating that the modification
has created a hierarchical porous structure that
facilitates mass transfer and enhances accessibility
to active adsorption sites. Data regarding textural
properties—including BET specific surface area,
total pore volume, and average pore diameter—are
presented in Table 2.

In this regard, the results indicated a reduction
in surface area and pore volume following the
modification process. As previously noted, the surface
area decreased from 28.38 m?/g for the CP sample to
18.57 m*/g for the Fe;O,/CP sample, and further
to 14.50 mz/g for the CuO-Fe;O,/CP composite.
Additionally, the pore diameter was reduced from
15.80 nm to 7.04 nm. This reduction in properties
can be primarily attributed to the partial blockage of
zeolite channels and the presence of Fe;O, and CuO
nanoparticles within the pore structure. It is worth
noting that the preservation of mesoporous structural
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Fig. 4. Nitrogen gas adsorption and desorption curve for CP (A), Fe,O /CP (B) and CuO-Fe,O /CP

characteristics—despite the aforementioned
reductions—demonstrates the successful loading of
CuO-Fe;0, nanoparticles onto the CP framework.
3. 1. 5. X-ray Diffraction (XRD) Analysis

The crystallinity and phase composition of the
CuO-Fe;0,/CP sample were investigated using X-ray
diffraction (XRD); the results are presented in Fig. 5.
The XRD results indicate the presence of crystalline
phases characteristic of CP, Fe;O, (spinel), and CuO
(monoclinic). The diffraction peaks show excellent
agreement with standard JCPDS references for Fe;O,
(JCPDS card no. 96-900-7645) and CuO (JCPDS
card no. 00-041-0254). The retention of the CP
diffraction peaks demonstrates that the incorporation
of the metal and magnetic oxides caused no significant
structural damage to the zeolite framework.

To determine the average crystallite size (D), the
Scherrer equation was used:

p=X~ (4)
PcosO

Here, K is the dimensionless shape factor (0.9),
A is the X-ray wavelength (0.15405 nm for CuKa
radiation),  is the full width at half maximum
(FWHM) of the diffraction peak in radians, and 0 is
the Bragg angle.

Crystallite size was estimated using various
methods. Calculations based solely on the most
intense diffraction peak indicated an average CuO
crystallite size of approximately 98 nm; however,
considering the FWHM of all diffraction peaks

854

yielded an average crystallite size of 48 nm. This
discrepancy indicates a degree of heterogeneity in
the crystallite size distribution within the composite
material. Furthermore, the value obtained using the
FWHM of all diffraction peaks is more accurate and
closer to the particle size determined via SEM.

Based on Scanning Electron Microscopy (SEM)
results, the average particle size of the synthesized
CuO-Fe;0,/CP  composite is approximately 50
nm (Fig. 2). Conversely, X-ray diffraction (XRD)
analysis indicated an average crystallite size of 48 nm.
Observing crystallite sizes in XRD that are similar to—
or even larger than—the particle sizes measured by
SEM stems from the inherent differences between the
two techniques: SEM determines the actual particle
size, whereas XRD measures the crystallite size. This
discrepancy may arise from any of the following
factors: (1) the presence of larger crystallites within
the particles observed via SEM, (2) the influence of
lattice strain on XRD peak broadening, or (3) the
presence of distinct crystalline phases. Despite these
differences, the crystallite size results indicate a high
degree of nanostructural order, which contributes to
a favorable specific surface area.

3.2. Adsorption Mechanism

To analyze the synergy exhibited by the composite
material, the functions performed by each of its
components must be understood. The CP material
acts as a porous matrix with a high surface area,
possessing a high density of jon-exchange sites
and aluminosilicates for the initial trapping of

Colloid Nanosci. J. 4(1) (2026) 848-865
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Fig. 5. XRD patterns of CP(A), Fe;O,/CP (B) and CuO-Fe;O, /CP (C)

pollutants [12, 17]. Fe;O, nanoparticles impart
superparamagnetic properties to the composite,
enabling easy magnetic separation from treated
wastewater—a crucial requirement for industrial-scale
applications. Furthermore, CuO nanoparticles serve
as active sites for enhanced adsorption; chemisorption
occurs due to the presence of Cu’" jons and oxygen
vacancies within the CuO.

3. 3. Optimization of Adsorption Process via
Response Surface Methodology (RSM)

The Box-Behnken design (BBD) method was
employed to determine the individual and combined
effects of factors on removal efficiency (R%). Three
factors—pH, adsorbent dosage, and initial pollutant
concentration—were rigorously investigated (Table
1) [21]. Response Surface Methodology (RSM)
was utilized as an effective approach to analyze the
complex, non-linear interactions among the variables
[21, 25].

Experimental results demonstrated that adsorption
behavior is significantly dependent on operational
parameters. Among the parameters studied, pH
was found to have a substantial impact on removal

Colloid Nanosci. J. 4(1) (2026) 848-865

efficiency. As the pH increased from 9.5 to 11—while
keeping the dosage and concentration constant (at
0.2 g and 270 mg/L, respectively)—high removal
efficiency was observed, resulting in an increase in
R% from approximately 12% to 26.90%. This rise in
efficiency accompanying the increase in pH may be
attributed to a more negatively charged adsorbent
surface and reduced competition between protons
and the adsorbate molecules.

Increasing the adsorbent dosage from 0.1 to 0.3
g resulted in a positive trend regarding the removal
percentage (R%), as the availability of a greater
number of active sites facilitates the process. However,
the absence of a strictly linear relationship suggests
the potential negative impact of factors such as site
saturation or adsorbent particle agglomeration at
dosages exceeding the optimum level. Another factor
inversely related to removal efficiency was the initial
concentration. Although moderate concentrations
in the 180-270 mg/L range yiclded favorable results,
higher initial concentrations (e.g., 360 mg/L) led to
a significant drop in removal percentage to 9.30%
(at pH 8 and an adsorbent dosage of 0.2 g). This
phenomenon can be attributed to the saturation
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of active sites resulting from an increased ratio of
adsorbate to adsorbent sites.

In addition to the aforementioned dependencies,
the interactive effects of pH and concentration, as
well as adsorbent dosage and concentration, were
identified. In this regard, the BBD method enabled
the determination of the process’s optimal operating
range. The highest removal efficiency (75.60%) was
observed at pH 11, an adsorbent dosage of 0.3 g, and
an initial concentration of 270 mg/L.

3.4. Statistical Analysis of the RSM Model

The statistical significance of the model was
determined using Analysis of Variance (ANOVA),
as shown in Table 3. The model yielded a very high
F-value of 219.64 (p < 0.0001), indicating statistical
significance and confirming that the observed
differences were not due to random error. A
coefficient of determination (R*) of 99.55% and an
adjusted R? of 99.9% were obtained, demonstrating a
favorable correlation between the experimental results
and the developed model.

It is worth noting that, based on the analysis of
variance (ANOVA), interaction effects predominated
over linear effects. Specifically, the two-way interaction
between pH level and adsorbent dosage (X1xX2)
yielded the highest F-statistic (642.69), indicating
that the interaction between these two variables is
the most influential factor in the adsorption process.
Furthermore, the significant impact of quadratic

A. Ashuri et al.

effects points to the highly non-linear nature of the
process. Although a slight “lack-of-fit” was observed,
the very high coefficient of determination (R?) and
the statistical significance (p-value) of all effects
confirm the model’s accuracy.

3. 5. Mathematical Modeling and Statistical
Validation

To quantify the influence of the operating
parameters, a second-order quadratic response
surface model was developed. The experimental data
were fitted to the following polynomial equation
(Equation 5):

R% = 627.2 - 10651 X, - 1656.8 X, + 0.2235 X,
+ 4349 X + 1669.7 X, + 14650 X xX,
-1.2950 X, xX, (5)

It was determined that pH (X1) and adsorbent
dosage (X2) had a positive and significant effect on
removal efficiency, whereas initial concentration (X3)
exerted a negative effect. This indicates that increasing
alkalinity and the number of active sites enhances the
process’s adsorption capacity, while a high pollution
load leads to their saturation.

Furthermore, interaction effects between the
factors were identified. Notably, a positive and
significant interaction was observed between pH
and adsorbent dosage (X1X2), implying that the
effect of increasing the adsorbent dosage is much

Table 3. ANOVA for Quadratic Model Source

Source DF Adj ss Adj ms F-value p-value
Model 7 4620.85 660.12 219.64 0.0000
Linear 3 834.84 278.28 92.59 0.0000
pH(Xl) 1 526.99 526.99 75.19 0.0000
adsorbent dosage(X,) 1 225.99 225.99 75.19 0.0000
Initial concentration(X,) 1 81.86 81.86 27.24 0.001
Square 2 1311.05 655.53 218.11 0.000
Xlz 1 355.57 355.57 118.31 0.000
X22 1 1035.47 1035.47 344.53 0.000
2-way Interaction 2 2474.96 1237.48 411.74 0.000
X XX, 1 1931.60 1931.60 642.69 0.000
X xX, 1 543.36 543.36 180.79 0.000
Error 7 21.04 3.01
Lake-of-Fit 5 21.02 4.20 420.37 0.002
Pure Error 2 0.02 0.01
Total 14 4641.89
R?=99.55 R*(adj)=99.9 R?(pred)=96.52
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stronger in an alkaline environment [22]. Conversely,
the negative interaction between adsorbent dosage
and concentration (X2X3) indicates that the impact
of increasing the adsorbent dosage is somewhat
diminished by the initial concentration [23]. The
significance of the quadratic terms (X1* and X27) also
suggests that the response surface is non-linear and
exhibits curvature [24].

The adequacy of the statistical model was
extensively evaluated and confirmed via ANOVA
(Table 3). A high F-statistic (219.64) and a p-value
of less than 0.0001 were obtained, indicating the
model’s high predictive power. The model’s excellent
performance is evidenced by the high R* (99.55%)
and Radj (99.9%) values. Model adequacy was further
verified through residual analysis; the plot of predicted
versus observed values demonstrated good alignment
along the 45-degree line, and the normal probability
plot of residuals confirmed the assumption of error
normality. Overall, the quadratic model was deemed
suitable and efficient for optimizing the removal of
sulfur compounds via adsorption using the prepared
CuO-Fe;0,/CP adsorbent.

3.6. Surface Response Analysis and Interactive
Effects

The effect of the interaction between independent
variables is illustrated via 3D plots (Fig. 6). Fig. 6a
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reveals that pH (X,) is the primary, determining factor
in the performance of the adsorption process. It is
observed that increasing the pH from 8 to 11 leads to
a significant rise in removal efficiency (R%), with the
maximum efficiency (approximately 68%) achieved at
a pH of 11 and an adsorbent dosage of 0.30 g. The
presence of a steep slope and curvature in this region
is clearly evident, indicating a positive interaction
(X;xX,); furthermore, it can be inferred that the
structural deprotonation of the adsorbent surface—
which facilitates electrostatic attraction—is most
efficient when the density of active sites is at its peak.
Fig. 6b illustrates the synergistic interaction
between the adsorbent dosage (X2) and the pollutant
concentration (X3). At lower adsorbent dosages, the
removal percentage (R%) remains low and sensitive
to variations in X3; however, as the dosage reaches
0.3 g, the response surface flattens—reflecting the
adsorbent’s “buftering capacity,” whereby more active
sites become available as the pollutant load increases.
This non-linear behavior confirms the statistical
significance of the interaction term (X2 x X3) in our
model. Furthermore, a distinct curvature is observed
in the relationship between concentration and
removal efficiency: efficiency rises with increasing
concentration but subsequently levels off—a
phenomenon likely attributable to the saturation of
surface sites.Thus, these response surfaces demonstrate

60
R% :g 1
o 10
' 9

01 o2 g X1
0.3
Xo
60
oy 40
R% 20 350
0 - 250 " X
01 92 .. 200 3
0.3
X3

Fig. 6. Three-dimensional response surface plots showing the effect of process parameters on sulfur removal efficiency (R%):
(A) Interaction between pH (X,) and adsorbent dosage (X,), and (B) Interaction between adsorbent dosage (X,) and initial pollutant
concentration (X,).
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Fig. 8. Scatter plot of predicted response versus actual response for the sulfur compound- CuO-Fe,O,/CP adsorption system.

that the quadratic model we developed accurately
predicts removal efficiency while accounting for its
physical limitations.

3.7. Residual Diagnostic Analysis

To assess the statistical validity and predictive power
of the developed adsorption model (concerning the
adsorption of organic sulfur compounds onto the
CuO-Fe304/CP adsorbent), a residual analysis was
conducted. As shown in Fig. 7, the residuals exhibit
a normal distribution; the normal probability plot
reveals that the residual points lie along the line.
Further confirmation of the normality assumption is

provided by the residual histogram, which displays a
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bell-shaped, relatively symmetrical profile centered at
Zero.

Furthermore, the plot of residuals versus fitted
values demonstrates a random dispersion of
residuals—indicating the absence of any systematic
trend—thereby validating the assumption of constant
variance and confirming that the model captures the
full variation in the response (R%). Finally, the plot
of residuals against observation number shows no
discernible trend over time.

3.8. Model Prediction and Experimental Vali-
dation

Overall, the results above demonstrate the high

reliability and efficiency of the ANOVA analysis
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and the empirical model. To evaluate the predictive
capability of the RSM model, a plot of predicted versus
actual values was generated (Fig. 8). The proximity of
data points to the y=x straight line indicates a strong
relationship between the two datasets. Furthermore,
the model’s accuracy is confirmed by the residual
plot, as the majority of the residuals fall within the
+10% range. The good fit of the experimental data to
the quadratic model demonstrates that the response
surface equations can be used to predict the adsorption
performance of the CuO-Fe,O,/CP adsorbent.

3. 9. Adsorption isotherms

Adsorption  isotherms are considered key
parameters for studying adsorption phenomena in
the fields of surface chemistry and environmental
engineering. These isotherms provide information
regarding adsorption capacity and the mechanism of
the process. Numerous models have been introduced
to describe adsorption behavior, but the Langmuir,
Freundlich, and Temkin isotherms are among the
most common [26-31].

3.9.1. Langmuir Isotherm

Based on the Langmuir isotherm, adsorption
occurs in a monolayer on a surface with a limited
number of identical sites. According to this isotherm,
the adsorption process involves the placement of
molecules onto homogeneous, specific sites, with no
interaction occurring between the adsorbed molecules
[27]. The non-linear form of the Langmuir isotherm
can be represented by Equation 6..

— qmax KL Ce

(6)
=y K,C,

Where:

q, = equilibrium adsorption capacity (mg/g), C_ =
equilibrium concentration of the adsorbate (mg/L),
gmax = adsorption capacity (mg/g), K, = Langmuir
constant related to adsorption energy (L/mg). The
linearized equations of the Langmuir isotherm are as
follows:

L )
qe qumwr qmax

This linear forms allow easy determination of and
from the slope and intercept of the plotted data.
3.9.2. Freundlich Isotherm

The Freundlich isotherm is an empirical equation
for the adsorption process on heterogeneous surfaces
with a non-uniform distribution of adsorption heat
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[28]. The non-linear form of the Freundlich isotherm
is expressed in Equation 8

1

q, =K,.C" (8)

Where:
K= Freundlich constant, (indicative of adsorption
capacity). Linearized form (equation 9):

logg, =logK, +llog C, 9)
n

Plotting versus gives a straight line with slope and
intercept.
3.9. 3. Temkin Isotherm

The Temkin isotherm considers the effects
of indirect adsorbate-adsorbate interactions on
adsorption isotherms. It assumes that the heat of
adsorption decreases linearly with coverage [29]. The
nonlinear form is given in equation 10.:

_RT

e (K,C.) (10)

R= universal gas constant (8.314 J/mol- K) T=
absolute temperature (K) K = Temkin constant
related to heat of adsorption (J/mol) B= Temkin
isotherm constant (L/g). If we take the natural
logarithm of equation 10, we will arrive at the linear
equation of this model in equation 11.

q, = BinC,+ BLnK, (11)

In this case, the B value is determined from
equation 12.

_RT
b

Where:

Plotting the data yields a linear curve. Conclusion:
Each adsorption isotherm equation provides distinct
information regarding the adsorption process,

B (12)

while their linearized forms facilitate parameter
determination via linear regression. The appropriate
equation is selected based on the specific adsorbent-
adsorbate system.

To optimize the design of the adsorption system
for the adsorbent in question, the Langmuir,
Freundlich, and Temkin equations were employed;
the corresponding plots are presented in Figs. 8(a),

859


DBF_J_Name

Research Article

A. Ashuri et al.

LE 15
16 .
; 2 .
14| @ b .
o 12 o wlSs %
g - %
Jos e K=
0.6 ol
: - 0.0126x + 01326 05 y= 3.8B82x - 5.3221
0.4 y=0.0126x + 0. - R¥=0.7417
0z R%= 0.9737
a o
o 20 &0 a0 &0 100 350 1.7 175 1.8 1.85 18 1.85
logCe
Ce
90
80 .
70 c * e .
&0 . .
50
= a0
30
20 y= 12.089x + 17.505
R¥=0.7057
10
1]
3 35 4 4.5 5

InCe

Fig. 9. Langmuir(a), Freundlich (b)and Temkin (c)isotherm models

Table 4. Langmuir, Freundlich, and Temkin isotherm model parameters and coefficients of determination for the adsorption of sulfur
compounds on CuO-Fe,0,/CP.

Parameters Coefficient of
Model ..
determination
Langmuir K,=0.094 q,,,=7-54 R?=0.9737
Freundlich K,=4.8x10 "~ n=0.26 R=07417
Temkin KT:4.255 b=205.047 R?=07057

8(b), and 8(c).

The maximum adsorption capacity ($q_{max}$),
calculated using the Langmuir equation, was found
to be 7.54 mg/g. Another parameter indicating a high
affinity between the sulfur compounds and the CuO-
Fe304/CP solid surface is the Langmuir constant
($K_L = 0.094$ L/mg). Conversely, the Freundlich
and Temkin models yield lower values, suggesting
a uniform energy distribution across the adsorbent
surface [28-31].

3. 10. Quality Control and Method Validation
To ensure the reliability and accuracy of the
analytical results, rigorous quality control procedures
were employed. The precision of the experimental data
was evaluated using the relative standard deviation
(RSD%) metric for both the equilibrium adsorption
capacity (qe) and the kinetic rate constants. The
results demonstrated that RSD% values did not
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exceed 3.4% in any of the experiments, indicating high
reproducibility and precision.

Furthermore, the accuracy of the analytical method
was assessed through “spike-recovery” experiments.
In these tests, known quantities of sulfur compounds
were added to petroleum wastewater samples, and
their recovery percentages were determined. The
recovery rates for the sulfur compounds ranged
from 95.4% to 102.7%. Such a high and consistent
recovery range demonstrates the reliability and high
reproducibility of the measurement method within
the complex matrix of petroleum wastewater.

3.11. Adsorption Kinetics

Kinetic experiments play a significant role in
determining the rate-limiting step as well as the
mechanism of the adsorption process [26-31]. In this
study, adsorption kinetics were analyzed using PFO
and PSO models.
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The Pseudo First Order (PFO) model, which
assumes that the adsorption rate depends directly on
the number of vacant adsorption sites, is formulated
as follows by Equation (13):

ln(qe —qt)zlnqe —kt (13)
The  pseudo-second-order ~ (PSO)  model,

which assumes that the rate-limiting step involves
chemisorption—driven by valence forces through
electron sharing or exchange—is expressed by
Equation (14):

t t 1

—=—4

. (14)
g9, 4. kq,

It can be seen from Fig. 10 that the adsorption
process exhibits a strong correlation with the pseudo-
first-order kinetic model. This indicates that the rate-
limiting step of the reaction is primarily governed by

Colloid Nanosci. J. 4(1) (2026) 848-865

a physisorption mechanism or mass transfer, such
that the adsorption rate is limited by the number of
available sites on the adsorbent surface.

This enhanced adsorption capacity is attributed
to the synergistic effect between the CuO and
Fe304 components of the composite material.
While Fe304 nanoparticles provide a recoverable
magnetic adsorbent that allows for easy separation
from complex petrochemical media, they also ensure
the structural stability of the composite. Conversely,
CuO nanoparticles serve as active sites for sulfur
adsorption. This synergistic effect stems from the
ability of CuO to facilitate strong chemisorption
through the formation of specific Cu-S bonds. This
chemical activity, combined with the rapid magnetic
separation afforded by the Fe304 nanoparticles,
accounts for the composite’s superior adsorption
efficiency compared to its individual components.
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Fig. 11. Cycling performance of theCuO-Fe,O,/CP adsorbent for sulfur removal.

3. 12. Reusability, Stability, and Practical
Implementation

However, the operational viability of any adsorbent
depends on its stability and reusability. In this regard,
the CuO-Fe;O,/CP  composite
highly favorable recyclability over five consecutive
adsorption-desorption cycles.

3. 12.1. Reusability and Stability:

At the end of each cycle, following the adsorption
stage, the magnetic adsorbent was successfully
separated using an magnetic  field.
Subsequently, the desorption of the adsorbed sulfur
compounds was carried out using a 0.1 M NaOH
solution. After washing with distilled waterand drying,
the adsorbent was ready for reuse in the next cycle. As
shown in Fig. 11, the composite demonstrated high

demonstrated

external

efficiency in removing sulfur compounds, retaining
approximately 96% of its initial capacity after five
cycles. This capacity retention indicates the high
structural stability of the CuO-Fe,O,/CP composite.
The slight decrease in efficiency can be attributed to
some loss of adsorbent mass during the regeneration
process.

3. 13. Industrial Perspective and Scalability:

From the perspective of industrial processes, the
following advantages of the proposed CuO—-Fe;0,/
CP adsorbent for the treatment of refinery wastewater
may be highlighted:

1. Cost Efficiency: Due to the usage of naturalCP,
whichisa cheap and plentiful material, the production
costs of the adsorbent become noticeably lower than
the costs for the production of completely artificial
nanomaterials. In addition, due to the heterogeneous
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structure, the catalyst ensures maximum efficiency
even when there is a minimum of metal content.

2. Scalability: The magnetic properties of the
adsorbent allow its fast separation from the wastewater
using external magnetic fields. Thus, the usage of
expensive and time-consuming high pressure filters
becomes unnecessary.

3. Easy Implementation: The proposed adsorbent
can be easily added to existing systems of wastewater
treatment by using either fixed bed or stirred tanks
reactors.

4.Regenerabilityand Long Lifespan: As the material
was shown to be stable through multiple adsorption-
desorption cycles (5 cycles), it demonstrates its
regenerability. In this way, not only are the ecological
problems associated with the sludge disposal solved
but also the OPEX of the refinery becomes lower.

3. 14. Comparative Analysis and Performance
Evaluation

To evaluate the performance of the CuO-Fe;0,/
CP composite in comparison with other adsorbents
used for the removal of organic sulfur compounds
from wastewater, a comparison has been conducted
and is presented in Table S..

3. 14. 1. Performance Benchmarking

It is worth noting that the developed adsorbent
not only exhibits high performance but also features
a simple preparation method and desirable physical
properties—factors that render it one of the most
competitive adsorbents in this field. Furthermore, the
maximum removal efficiency for sulfur-containing
compounds reached approximately 75%, clearly

demonstrating the high efficacy of the CuO-Fe;0,/
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CP composite.

Regarding the analysis, it is important to highlight
the discrepancy between these findings and recent
studies that reported lower efficiencies. For instance,
in Reference 35, the authors reported a removal rate
of 58.7% under similar operating conditions. This
high performance can be attributed to the synergistic
effect between the high specific surface area of CP
and the enhanced chemical affinity resulting from
the presence of CuO nanoparticles. Unlike previous
studies that focused on single-component adsorbents,
we have developed a multifunctional composite.

4. Practical Implications and Scalability

The potential for industrial-scale production
of the CuO-Fe;0,/CP composite is significantly
enhanced by the availability of low-cost natural CP
and the simplicity of the co-precipitation synthesis
method. A major obstacle in treating large volumes
of refinery wastewater is the cost-effective recovery
of adsorbents. The superparamagnetic properties
of the synthesized composite offer a robust solution
to this challenge, enabling rapid and efficient
recovery via magnetic field-assisted separation. This
approach bypasses the energy-intensive filtration or
centrifugation processes typically required for non-
magnetic adsorbents. Furthermore, the demonstrated
regeneration efficiency (96% after five cycles) points
to significantly reduced operating costs (OPEX) and
the potential for long-term, sustainable application.
To further validate performance under actual refinery
conditions, pilot-scale studies utilizing column-mode
adsorption in continuous-flow systems are strongly
recommended.

5. Conclusion

The present study has successfully synthesized
a novel magnetic ternary system—CuO-Fe;0,/
CP—for the efficient removal of sulfur compounds
from aqueous media. The formation of this ternary
system, along with the composite’s porous nature and
the preservation of the natural zeolite structure, was
confirmed through various analyses, including XRD,
FESEM, and BET. A strong and favorable correlation
was achieved by employing the Box-Behnken design
of experiments method to optimize operational
parameters, such as adsorbent dosage, initial pollutant
concentration, and pH.

From an industrial perspective, the proposed CuO-
Fe;0,/CP adsorbent offers the following advantages:

1. Cost-cffectiveness and scalability: Ultilizing
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natural CP as a cost-effective substrate significantly
reduces total costs compared to fully synthetic
nanoparticles. The catalyst’s heterogeneous structure
ensures the efficient use of active sites and minimizes
metal content.

2. Scalable separation: The composite’s magnetic
properties enable rapid separation from wastewater
using an external magnetic field, eliminating the need
for complex, energy-intensive high-pressure filtration
equipment.

3. Scalability: The adsorbent can be easily
integrated into existing treatment lines—using either
fixed-bed or stirred-tank reactors—without requiring
significant infrastructure modifications.

4. Regeneration and durability: The composite
demonstrated high durability over five adsorption-
desorption cycles. This characteristic not only reduces
the environmental impact associated with sludge
generation but also helps minimize operating costs.

Despite the successes achieved in this research,
certain limitations regarding the experiments have
been identified, notably the challenge of maintaining
pollutant stability and the time-consuming nature
of concentration measurements. Future research
efforts should focus on implementing automated
temperature and flow control systems, as well as
employing online analysis methods (such as GC-MS).
Transitioning from laboratory-scale experiments to
a continuous-flow pilot scale will be a crucial step in
demonstrating the material's practical applicability.

s N
ACKNOWLEDGMENT
The authors would like to gratefully acknowledge the staff and
researchers of the Research Laboratory at the Islamic Azad
University, Arak Branch, Arak, Iran, for their technical support
and laboratory facilities provided during this study.

CONFLICT OF INTEREST
The authors declare that there is no conflict of interest regarding
the publication of this manuscript.

REFERENCES

[1] M. H. El-Naas, M. Abu Alhaija, S. Al-Zuhair, Evaluation of
a three-step process for the treatment of petroleum refinery
wastewater, J. Environ. Chem. Eng. 2 (2014) 56-62. https://
doi.org/10.1016/j.jece.2013.11.024

[2] J. Zhang, S. Wang, C. Wang, H. Hu, Chemical identification
and genotoxicity analysis of petrochemical industrial wastewa-
ter, Front. Environ. Sci. Eng. 6 (2012) 350-359. https://doi.
0rg/10.1007/s11783-012-0404-0

[3] M. Winter, R. Kickuth, Sulphur compounds—their envi-
ronmental aspect and their elimination from waste water,
Toxicol. Environ. Chem. 20-21 (1989) 507-514. https://doi.
org/10.1080/02772248909357415

[4] V. Milosevic, F. Naranjo, K. Drago, J. Zarczynski, C. Stewart,
System and method for treatment of spent caustic wastewater,

Colloid Nanosci. J. 4(1) (2026) 848-865


DBF_J_Name
https://doi.org/10.1016/j.jece.2013.11.024
https://doi.org/10.1016/j.jece.2013.11.024
https://doi.org/10.1007/s11783-012-0404-0
https://doi.org/10.1007/s11783-012-0404-0
https://doi.org/10.1080/02772248909357415
https://doi.org/10.1080/02772248909357415

A. Ashuri et al.

US Patent US20150068984A1,2015.

[5] G.F. Whale, M. Hjort, C. Di Paolo, A.D. Redman, J.F. Post-
ma, J. Legradi, P.E.G. Leonards, Assessment of oil refinery
wastewater and effluent integrating bioassays, mechanistic
modelling and bioavailability ~evaluation, Chemosphere.
287 (2022) 132146. https://doi.org/lO.1016/j.chemo-
sphere.2021.132146.

[6] E.O. Ezugbe, S. Rathilal, Membrane technologies in wastewater
treatment: A Review, Membranes. 10 (2020) 89. https://doi.
org/10.3390/membranes10050089

[7] B.N. Thorat, R.K. Sonwani, Current technologies and future
perspectives for the treatment of complex petroleum refinery
wastewater: A review, Bioresour. Technol. 355 (2022) 127263.
https://doi.org/10.1016/j.biortech.2022.127263

[8] R.J. Lewis, R.B. Cope, Chronic low-level hydrogen sulfide
exposure and potential effects on human health: A review of
the epidemiological evidence, Crit. Rev. Toxicol. 45 (2015)
93-123. https://doi.org/10.3109/10408444.2014.971940

[9] P.S. Shaji, S.G.T. Vincent, K. Subburamu, Sulfate-reducing bac-
teria in removal of pollutants: a promising candidate for biore-
mediation, World J. Microbiol. Biotechnol. 41 (2025) 345.
https://doi.org/10.1007/s11274-025-04345-3

[10] I. Ali, New generation adsorbents for water treatment,
Chem. Rev. 112 (2012) 5073-5091. https://doi.org/10.1021/
cr300133d

[11] O-G. Dragos-Pinzaru, N. Lupu, H. Chiriac, G. Buema, Ex-
ploring the utilization of magnetic composite materials for
high-risk contaminant removal from wastewater by adsorp-
tion and catalytic processes—A review, Magnetochemistry.
10 (2024) 57. https://doi.org/10.3390/magnetochemis-
try10080057

[12] DW. Breck, Zeolite Molecular Sieves: Structure, Chemistry,
and Use, Wiley, New York, 1974.

[13] J. Du, Z. Zhan, G. Xu, Experimental investigation on tem-
perature-dependent H2S removal performance of CuO/SiO2
adsorbent, Chem. Eng. J. 529 (2026) 172980. https://doi.
0rg/10.1016/j.cej.2026.172980

[14] S. Laurent, D. Forge, M. Port, A. Roch, C. Robic, L. Vander
Elst, R. N. Muller, Magnetic iron oxide nanoparticles: Syn-
thesis, stabilization, vectorization, physicochemical character-
izations, and biological applications, Chem. Rev. 108 (2008)
2064-2110. https://doi.org/10.1021/cr068445e

[15] R.H. Myers, D.C. Montgomery, C.M. Anderson-Cook, Re-
sponse Surface Methodology: Process and Product Optimiza-
tion Using Designed Experiments, 4th ed., Wiley, New York,
2016.

[16] A. Iles, F. Zaoui, B. Elhadj Daouadji, M. A. Zorgani, L. A.
Siddig, A. S. Abdelhamid, S. Abubakar, B. Bounaceer, E.
Choukchou-Braham, F. Lebsir, N. Saleh, Removal of pollut-
ants by olive stones-derived activated carbon@Fe304 nano-
composites: Effect of calcination temperature on adsorption
properties, J. Water Process Eng. 66 (2024) 105960. https://
doi.org/10.1016/j.jwpe.2024.105960

[17] N.B.T. Tran, N.B. Duong, N.L. Long Le, Synthesis and char-
acterization of magnetic Fe304/zeolite NaA nanocomposite
for the adsorption removal of methylene blue potential in
wastewater treatment, . Chem. 2021 (2021) 6678588. https://
doi.org/10.1155/2021/6678588

[18] X. Liu, Y. Zhang, Y. Liu, T. Zhang, Green method to synthe-
size magnetic zeolite/chitosan composites and adsorption of
hexavalent chromium from aqueous solutions, Int. J. Biol.
Macromol. 194 (2022) 746-754. https://doi.org/10.1016/j.
ijbiomac.2021.11.121

[19] X. Zhao, Y. Zhang, Y. Guo, H. Yuan, J. Guan, Q. Huang, Prepa-
ration of magnetic hydroxyapatite whisker and its adsorption
capacity to cadmium ion, Mater. Today Commun. 38 (2024)
108116. https://doi.org/10.1016/j.mtcomm.2024.108116

Colloid Nanosci. J. 4(1) (2026) 848-865

Research Article

[20] I. Czekaj, N. Sobus, Odors adsorption in zeolites including nat-
ural clinoptilolite: Theoretical and experimental studies, Mate-
rials. 17 (2024) 3088. https://doi.org/10.3390/mal7133088

[21] M. Zahid, Y. Doszhanov, K. Saurykova, N. Ahmadi, D. Bolato-
va, M. Kurmanbayeva, A. Aydarbek, R. Ihsas, M. Seitzhanova,
D. Akhmetzhanova, A. Kerimkulova, O. Doszhanov, Modifi-
cation and application of natural clinoptilolite and mordenite
from Almaty region for drinking water purification, Molecules.
30(2025) 2021. https://doi.org/10.3390/molecules30092021

[22] P. Yang, H. Hu, Y. Yang, G. Lan, S. I. El-Hout, Q. Fang, G. Lu,
C. Chen, J. Zhang, Recyclable magnetic Fe;O,-supported cop-
per oxide as efficient catalyst for oxidation of 5-hydroxymethyl-
furfural to 2,5-furanediformic acid, Catalysts. 15 (2025) 1120.
https://doi.org/10.3390/catal15121120

[23] G.E.P. Box, DW. Behnken, Some new three level designs for
the study of quantitative variables, Technometrics. 2 (1960)
455-475. https://doi.org/10.1080/00401706.1960.10489916

[24] M.A. Al-Ghouti, D.A. Daana, Guidelines for the use and
interpretation of adsorption isotherm models: A review, J.
Hazard. Mater. 383 (2020) 122383. https://doi.org/10.1016/].
jhazmat.2020.122383

[25] VK. Gupta, L. Ali, T.A. Saleh, A. Nayak, S. Agarwal, Chem-
ical treatment technologies for waste-water recycling—an
overview, RSC Adv. 2 (2012) 6380-6388. https://doi.
org/10.1039/C2RA20340E

[26] G. Crini, E. Lichtfouse, L.D. Wilson, N. Morin-Crini, Con-
ventional and non-conventional adsorbents for wastewater
treatment, Environ. Chem. Lett. 17 (2019) 195-213. https://
doi.org/10.1007/s10311-018-0786-8

[27] P. Tripathi, V.C. Srivastava, A. Kumar, S. More, Optimization
of an azo dye batch adsorption parameters using Box—-Behnk-
en design, Desalination. 249 (2009) 1273-1279. https://doi.
0rg/10.1016/j.desal.2009.03.010

[28] B. Sadeghalvad, A.R. Azadmehr, H. Motevalian, Statistical de-
sign and kinetic and thermodynamic studies of Ni(II) adsorp-
tion on bentonite, J. Cent. South Univ. 24 (2017) 1529-1536.
https://doi.org/10.1007/s11771-017-3557-y

[29] I. Langmuir, The adsorption of gases on plane surfaces of glass,
mica and platinum, J. Am. Chem. Soc. 40 (1918) 1361-1403.
https://doi.org/10.1021/ja02242a004

[30] H. Freundlich, Uber die Adsorption in Losungen, Z. Phys.
Chem. 57 (1907) 385-470. https://doi.org/10.1515/zpch-
1907-5723

[31] M.J. Temkin, V. Pyzhev, Kinetics of ammonia synthesis on
promoted iron catalysts, Acta Physiochimica URSS. 12 (1940)
217-222.

[32] I. Ben Hariz, F. Al Ayni, L. Monser, Removal of sulfur com-
pounds from petroleum wastewater through adsorption on
modified activated carbon, Water Sci. Technol. 70 (2014)
1376-1382. https://doi.org/10.2166/wst.2014.384

[33] B. Wannassi, M. Kanan, I. Ben Hariz, R. Assaf, Z. Abusaq, M.
Ben Hassen, S. Aljazzar, S. Zahran, M. T. Khouj, A. S. Barham,
Cotton Spinning Waste as a Microporous Activated Carbon:
Application to Remove Sulfur Compounds in a Tunisian
Refinery Company, Sustainability. 15 (2023) 654. https://doi.
0rg/10.3390/su15010654

[34] L. Chen, Y. Wang, Y. Lang, W. Wen, Z. Li, H. Zhao, Y. Li, N.
Hu, Enhanced removal of sulfur-containing ions post per-
sulfate advanced oxidation: Interfacial adsorption-mediated
foam fractionation process by amphiphilic graphene oxide,
Water Res. 289 (2026) 124923. https://doi.org/10.1016/j.
watres.2025.124923

[35] S. M. Essa, A. M. Essa, W. H. Hoidy, Synergistic AC-ZnO/
Al203 composite: a dual-function adsorbent for simulta-
neous petroleum desulfurization and aqueous pollutant re-
moval, Pure Appl. Chem. 98 (2025) 941-955. https://doi.
org/10.1515/pac-2025-0610

865


DBF_J_Name
https://doi.org/10.1016/j.chemosphere.2021.132146
https://doi.org/10.1016/j.chemosphere.2021.132146
https://doi.org/10.3390/membranes10050089
https://doi.org/10.3390/membranes10050089
https://doi.org/10.1016/j.biortech.2022.127263
https://doi.org/10.3109/10408444.2014.971940
https://doi.org/10.1007/s11274-025-04345-3
https://doi.org/10.1021/cr300133d
https://doi.org/10.1021/cr300133d
https://doi.org/10.3390/magnetochemistry10080057
https://doi.org/10.3390/magnetochemistry10080057
https://doi.org/10.1016/j.cej.2026.172980
https://doi.org/10.1016/j.cej.2026.172980
https://doi.org/10.1021/cr068445e
https://doi.org/10.1016/j.jwpe.2024.105960
https://doi.org/10.1016/j.jwpe.2024.105960
https://doi.org/10.1155/2021/6678588
https://doi.org/10.1155/2021/6678588
https://doi.org/10.1016/j.ijbiomac.2021.11.121
https://doi.org/10.1016/j.ijbiomac.2021.11.121
https://doi.org/10.1016/j.mtcomm.2024.108116
https://doi.org/10.3390/ma17133088
https://doi.org/10.3390/molecules30092021
https://doi.org/10.3390/catal15121120
https://doi.org/10.1080/00401706.1960.10489916
https://doi.org/10.1016/j.jhazmat.2020.122383
https://doi.org/10.1016/j.jhazmat.2020.122383
https://doi.org/10.1039/C2RA20340E
https://doi.org/10.1039/C2RA20340E
https://doi.org/10.1007/s10311-018-0786-8
https://doi.org/10.1007/s10311-018-0786-8
https://doi.org/10.1016/j.desal.2009.03.010
https://doi.org/10.1016/j.desal.2009.03.010
https://doi.org/10.1007/s11771-017-3557-y
https://doi.org/10.1021/ja02242a004
https://doi.org/10.1515/zpch-1907-5723
https://doi.org/10.1515/zpch-1907-5723
https://doi.org/10.2166/wst.2014.384
https://doi.org/10.3390/su15010654
https://doi.org/10.3390/su15010654
https://doi.org/10.1016/j.watres.2025.124923
https://doi.org/10.1016/j.watres.2025.124923
https://doi.org/10.1515/pac-2025-0610
https://doi.org/10.1515/pac-2025-0610

	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Preparation of CuO-Fe₃O₄/CP
	2.3. Characterization of the Adsorbent
	2.4. Determination of Total Organic Sulfur
	2.5. Batch Adsorption Experiments
	2.6. Experimental Design and Statistical Analysis

	3. Results and Discussion:
	3. 1. Characterization of the Adsorbent
	3.2. Adsorption Mechanism
	3. 3. Optimization of Adsorption Process via Response Surface Methodology (RSM)
	3.4. Statistical Analysis of the RSM Model
	3. 5. Mathematical Modeling and Statistical Validation
	3.6. Surface Response Analysis and Interactive Effects
	3.7. Residual Diagnostic Analysis
	3.8. Model Prediction and Experimental Validation
	3. 9. Adsorption isotherms
	3. 10. Quality Control and Method Validation
	3.11. Adsorption Kinetics
	3. 13. Industrial Perspective and Scalability:
	3. 14. Comparative Analysis and Performance Evaluation

	4. Practical Implications and Scalability
	5. Conclusion
	REFERENCES

