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Introduction: This research evaluates the potential of nickel ferrite magnetic
nanoparticles (NFO) for the ultrasound-assisted removal of rhodamine B (RB) and
safranin O (SO) from aqueous media. A central composite design (CCD) within the
framework of response surface methodology (RSM) was employed to model,
optimize, and analyze the removal process.

Methods: Meanwhile, the effects of solution pH (3-11), pollutant concentration
(10-50 mg L), NFO amount (0.01-0.03 g), and sonication time (10-50 min) were
investigated systematically.

Results: Under optimized conditions determined by CCD (i.e.,, pH of 8,
pollutant concentration of 20 mg L NFO amount of 0.038 g, and
sonication time of 16 min), the removal efficiencies for RB and SO were
achieved at 95.87% and 92.64%, respectively. The adsorbent
characterization using scanning electron microscopy (SEM), energy-
dispersive X-ray (EDX), Fourier-transform infrared (FTIR), X-ray diffraction
(XRD), vibrating sample magnetometer (VSM), and point of zero charge
(PHpzc) analysis confirmed the nanometric particle size, high surface area,
superparamagnetic properties, and a pHp,. of 6.3 for NFO. Eluent studies
indicated that ethanol provided the highest desorption efficiency, enabling
effective regeneration of NFO nanoparticles over multiple cycles without
significant loss of performance. Application to real water samples
demonstrated the practical applicability of NFO, achieving high removal
efficiencies while maintaining structural integrity and magnetic separability.
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Discussion: These findings highlight the importance of NFO as a promising,
reusable, and efficient adsorbent for the rapid removal of toxic dyes under
ultrasonic assistance, contributing to the advancement of sustainable water
treatment technologies.
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1 Introduction

Water pollution caused by synthetic dyes has emerged as a
critical environmental concern due to the extensive use of dyes in the
textile, leather, and paper industries, as well as their persistence and
toxicity in aquatic environments (Aragaw and Bogale, 2021; Tkaczyk
et al., 2020). Among these dyes, RB and SO are widely used due to
their bright colors and stability; however, their discharge into water
bodies leads to serious ecological and health issues. The presence of
these dyes in water can inhibit light penetration, disrupt
photosynthetic activity, and have a negative impact on aquatic
2025; Khandelwal et al, 2024).
Additionally, many dyes exhibit carcinogenic and mutagenic

ecosystems (Jassim et al,

properties, emphasizing the urgent need for effective treatment
methods to remove them from wastewater before environmental
discharge (Bopape et al., 2024; Shojaei et al,, 2021).

Conventional including coagulation,
membrane filtration, and advanced oxidation processes, have

treatment methods,

been applied for dye removal but often suffer from high
operational costs, complex operation, and incomplete removal,
particularly at low pollutant concentrations (Liu et al, 2025;
Teweldebrihan et al.,, 2024; Alharbi et al.,, 2022; Peramune t al.
2022; Hoong and Ismail, 2018). Adsorption has gained significant
attention as a promising approach for water and wastewater
high
effectiveness, and minimal production of secondary waste (Garg
et al,, 2025; Al-Sacedi et al,, 2023). Choosing an efficient adsorbent
with a high surface area and reusability plays a pivotal role in

treatment owing to its simplicity, efficiency, cost-

achieving effective dye removal.

In recent years, nanostructured materials have demonstrated
remarkable potential as adsorbents regarding their high surface-to-
volume ratio, tunable surface chemistry, and enhanced interaction
with pollutants (Prabhu et al., 2023; Igbal et al., 2022). However, the
separation of nanoparticles from treated water can be challenging,
limiting their practical application (Li et al, 2023). Magnetic
NFO, have
their
enabling easy recovery from aqueous solutions using an external

nanoparticles, such as emerged as attractive

adsorbents  considering superparamagnetic  properties,
magnetic field, thereby preventing secondary pollution and allowing
repeated use (Singh et al., 2023). Moreover, NFO nanoparticles
a high

environmental conditions, making them suitable candidates for

possess surface area and stability under various
dye removal applications (Hassan et al., 2025).
Ultrasound-assisted removal has gained increasing attention in
water treatment because of its ability to enhance mass transfer,
reduce equilibrium time, and improve pollutant removal efficiency.
The application of ultrasonic waves generates acoustic cavitation,
leading to the formation and collapse of microbubbles in the
solution, which creates localized high temperatures and pressures
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(Kalsoom et al., 2024). These micro-environments promote the
breakdown of dye aggregates and improve the dispersion of
adsorbent particles, thereby increasing the availability of active
2024).
Additionally, ultrasonication can facilitate the desorption of

sites for pollutant removal (Caliskan and Sayan,
pollutants from the adsorbent surface during regeneration cycles,
further enhancing the reusability of the adsorbent material (Bayuo
et al, 2024). Considering these advantages, the integration of
ultrasonication with adsorption processes has emerged as an
effective strategy for the rapid and efficient removal of dyes from
aqueous media.

Optimization of operating parameters is essential to maximize
process efficiency and understand the interaction effects of process
variables (Ugural et al., 2024). RSM serves as a robust statistical tool
to design experiments systematically, evaluate the influence of
multiple factors, and identify optimal conditions with a reduced
number of experiments (He et al.,, 2023). CCD, as a widely used
approach within RSM, facilitates the development of predictive
models and the analysis of variable interactions, thereby
enhancing the efficiency of removal studies (Oza et al, 2022;
Yang et al., 2022).

For instance, Sarkar et al. employed RSM to model and optimize
the removal of safranin using nano-silica-coated peanut shell-
derived biochar composite. By investigating the interactive effects
of variables such as pH, adsorbent dosage, and dye concentration,
they successfully achieved over 97.22% removal efficiency for
safranin. The optimal conditions determined through RSM were
pH of 8, adsorbent dosage of 2 g, and dye concentration of 10 mg L™
(Sarkar et al., 2025).

In another study, Hsu et al. applied RSM to optimize the removal
of crystal violet (CV), tetracycline (TC), and methylene blue (MB)
using Fe;0,/rGO/Ag nanocomposite. Their results revealed
maximum removal of 95.82% for CV, 91.33% for TC, and
98.19% for MB. The optimized conditions for maximum removal
were obtained at a pH of 6, a time of 8 min, a nanocomposite amount
of 0.014 g, and a concentration of 21 mg L™ (Hsu et al., 2024).

Moreover, Ali et al. utilized RSM to investigate the removal of
auramine O (AO) using sodium dodecylsulfate (SDS)-modified
activated carbon (PA-AC-SDS) as the adsorbent. The optimal
conditions for the removal process were determined as pH of 6,
adsorbent dosage of 0.11 g, contact time of 240 min, and
concentration of 1,000 mg L' The maximum adsorption
capacity was reported as 425.06 mg g for AO (Ali et al., 2021).

In this research, NFO magnetic nanoparticles were synthesized
and used for the ultrasound-assisted removal of RB and SO from
aqueous media. The adsorbent was characterized using various
analytical techniques to confirm its structure and surface
properties. A CCD within the RSM framework was employed to
optimize the removal process by evaluating the effects of pH,
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TABLE 1 Chemical properties of RB and SO.

10.3389/fenvs.2025.1622134

Analyte Molecular formula Molecular weight Amax Structure
Rhodamine B (RB) C,3H;3,CIN,O5 479.02 g mol™ 556 nm
Safranin O (SO) C,oHoCIN, 350.85 g mol™ 525 nm

pollutant concentration, adsorbent amount, and sonication time.
Additionally, the reusability of NFO nanoparticles and their
performance in real water samples were assessed to demonstrate
their practical applicability in sustainable wastewater treatment.

2 Experimental
2.1 Materials and instrumentation

All chemicals used in this study were of analytical grade and
used without further purification. Sodium hydroxide (NaOH), ferric
chloride hexahydrate (FeCl;-6H,0), acetonitrile (C,H;N), nickel
chloride hexahydrate (NiCl,-6H,0), formic acid (CH,0,),
hydrochloric acid (HCI), ethanol (C,H¢O), and toluene (C;Hyg)
were purchased from Merck (Germany). Stock solutions of RB
and SO (1,000 mg L) were prepared in deionized water and
diluted as required. The pH of the solutions was adjusted using
0.1 M NaOH and 0.1 M HCI solutions. All experiments were
performed using deionized water. The surface morphology and
particle size of NFO nanoparticles were characterized using SEM
(TESCAN MIRA3). Structural analysis was performed using XRD
(Philips PW 1800) with Cu Ka radiation. FTIR (Bruker Tensor 27)
was used to analyze the surface functional groups of the
nanoparticles. Magnetic properties were assessed using a VSM
(BHV-55). The pH of solutions was measured with a pH meter
(Metrohm 827). An ultrasonic device (Hielscher UP400S, 400 W,
24 kHz) was utilized for sonication during removal experiments.
UV-Vis spectrophotometry (Shimadzu UV-1800) was employed to
measure dye concentrations. The characteristics of RB and SO are
presented in Table 1.

2.2 Synthesis of NFO nanoparticles

NFO nanoparticles were synthesized via a co-precipitation
method under a nitrogen atmosphere to prevent the oxidation of
Fe’* ions during the synthesis. Initially, 2.38 g of FeCl;-6H,O and
0.95 g of NiCl,-6H,0 were accurately weighed and dissolved in
100 mL of deoxygenated deionized water in a 250 mL three-neck
flask under continuous nitrogen purging. The solution was
magnetically stirred at 80°C to ensure complete dissolution and
homogenization of the precursor salts. Subsequently, 20 mL of
NaOH (2 M) solution was added dropwise to the reaction
mixture under constant stirring at 80 °C, maintaining a
pH around 11. The gradual addition of NaOH led to the
formation of a black precipitate, indicating the formation of NFO
nanoparticles. The reaction mixture was maintained at 80 °C under
constant stirring for an additional 2 h to allow for complete
precipitation and crystallization of the nanoparticles. After the
reaction was completed, the black precipitate was separated from
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the reaction medium using a strong neodymium magnet and washed
several times with deionized water to remove unreacted ions,
followed by washing with ethanol to eliminate any remaining
organic impurities. The washed precipitate was then oven-dried
at 70 °C for 12 h. To improve the crystallinity of the synthesized
NFO nanoparticles, the dried powder was calcined in a muffle
furnace at 500 °C for 3 h under an air atmosphere. As a result,
further
characterization and adsorption experiments were produced
(Hariharasuthan et al., 2022). The synthesis procedure of NFO
nanoparticles is illustrated in Figure 1.

highly crystalline NFO nanoparticles suitable for

2.3 Determination of pHp,c

The pH,,. is defined as the pH at which the surface of the
adsorbent carries a net zero charge. This parameter plays a crucial
role in controlling the electrostatic interactions between the
adsorbent surface and charged dye molecules during the
adsorption process. In this study, the pH,,. of NFO was
determined using the pH drift method. For this purpose,
50 mL of 0.01 M NaCl solution was adjusted to different
initial pH values ranging from two to 9 using 0.1 M HCI or
0.1 M NaOH. Then, 0.05 g of NFO nanoparticles was added to
each solution, and the suspensions were stirred for 48 h at room
temperature. The final pH was measured, and the pH,,. was
determined from the plot of ApH (pHfnal - PHinitial) Versus
PHinitia1 where ApH equals zero.

2.4 Experimental design using RSM

RSM is a widely applied statistical and mathematical tool for
modeling and optimizing complex processes with multiple variables.
This technique enables the evaluation of both individual and
interactive effects of factors on the response, while minimizing
the number of experiments. In this study, a CCD, one of the
most effective designs within RSM, was employed to optimize the
conditions for the ultrasound-assisted removal of RB and SO using
NFO nanoparticles as the adsorbent. Four independent variables
were selected for optimization, including the amount of NFO
nanoparticles (0.01-0.05 g), the pH of the solution (3-11), the
pollutant concentration (10-50 mg L), and the sonication time
(5-25 min). Each of these variables was studied at five coded levels
(-2, -1, 0, +1, and +2), systematically covering the experimental
domain to capture the influence of each parameter on the removal
efficiency (Table 2).

In the CCD applied in this study, the total number of
experimental runs was determined using Equation 1.

N =2*+2k+n, (1)
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Nitrogen
gas
FeCl3.6H20
NFO nanoparticles
FIGURE 1

Schematic illustration of the synthesis procedure of NFO nanoparticles.

TABLE 2 The design of CCD.

Variables

Symbol

Step change value

NFO amount A g 0.01 0.02 0.03 0.04 0.05 0.01
pH of the solution B — 3 5 7 9 11 2
Pollutant concentration C mg L' 10 20 30 40 50 10
Sonication time D min 5 10 15 20 25 5

where k represents the number of independent variables and 7, is the
number of replicates at the center points to estimate the pure error
and verify the reproducibility of the experiments. Considering four
independent variables in this research (ie, pH, pollutant
concentration, NFO amount, and sonication time), the total
calculated was 30 The
30 experiments included 16 factorial points, 8 axial points, and

number of experiments runs.
6 center points to ensure model reliability and accurate estimation of
experimental error (Table 3). The experimental data were fitted to a

second-order polynomial model expressed in Equation 2.

k k k k
Y =By + D BXi+ Y B X} + ) Y BijXiX; ()
i=1 i=1

i<j ]

where Y represents the predicted response (removal of dye), 3, is the
intercept term, f3; denotes the linear coefficients, 5; is the quadratic
coefficients, /Bij shows the interaction coefficients, and X; and X; are
the coded independent variables.

Design Expert software (Version 12, Stat-Ease Inc., USA)
was used to design the experimental runs, analyze the results,
and generate three-dimensional response surface and contour
plots to visualize the effects of variables and their interactions on
dye removal efficiency. The adequacy of the developed models
was assessed based on the coefficient of determination (R?),
adjusted R?, and predicted R?, where values closer to 1 indicated
a better fit of the model to the experimental data.
The significance of the model and its terms was evaluated
using analysis of variance (ANOVA) at a 95% confidence
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level (p < 0.05). Furthermore, the mean square error (MSE)
and root mean square error (RMSE) were calculated using
Equations 3, 4 to evaluate the predictive performance and
accuracy of the developed quadratic models.

n

_ 1 exp _ red 2

i=1

_ ln exp _ red\ 2
RMSE = =3 (37 - y™) )

i=1

where y; ¢ and y?! red represent the experimental and predicted
values, respectively, and # is the total number of experimental runs.
Lower values of MSE and RMSE reflect higher model accuracy and
indicate the developed models’ robustness in predicting dye removal
efficiencies under various operational conditions.

Numerical optimization was performed using the desirability
function within the software to identify the optimal conditions for
simultaneously maximizing the removal of RB and SO, assigning
equal importance to both responses. The desirability value, which
ranges from 0 to 1, was used to determine the conditions under
which the highest removal efficiencies could be achieved.

2.5 Ultrasound-assisted removal
experiments

Adsorption experiments were performed in 100 mL glass
beakers containing 50 mL of dye solutions at predetermined
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concentrations and pH levels (Table 2). A certain amount of NFO
nanoparticles was added to the solution, and the mixture was
subjected to ultrasonication under continuous stirring for the
After NFO
nanoparticles were separated from the solution using an external

specified  sonication  time. sonication, the
magnet. Besides, the supernatant was analyzed using a UV-Vis
spectrophotometer at the maximum absorption wavelengths of
RB and SO. The removal efficiency (R%) was calculated using

Equation 5.

Cy-C
%Removal = OC % 100 (5)

0
where Cp (mg L") and Cr (mg L") represent the initial and final
concentrations of the dyes, respectively.

3 Results and discussion
3.1 Characterization of NFO nanoparticles

The synthesized NFO nanoparticles were characterized using
SEM, XRD, FTIR, EDX, VSM, and pHpzc analyses to confirm their
morphology, crystallinity, surface functional groups, magnetic
properties, and surface charge behavior. XRD analysis was
performed to analyze and determine the crystal structure of NFO
nanoparticles, as shown in Supplementary Figure Sla. XRD patterns
confirmed the formation of crystalline NFO, displaying
characteristic peaks at 20 values of 30.73°, 35.29°, 36.93°, 43.96¢’,
53.61°, 57.42°, and 62.91°, corresponding to the (220), (311), (222),
(400), (422), (511), and (440) planes, respectively. These angles are
in agreement with the standard magnetite pattern (JCPDS No.
10-0325) (Sivakumar et al, 2013). Using the Debye-Scherrer
equation, the average crystallite size was estimated to be around
40 nm. According to SEM image (Supplementary Figure S1b), the
NFO nanoparticles revealed a near-spherical morphology with
uniform  distribution and an average particle size of
approximately 70 nm, indicating their suitability for adsorption
applications owing to their high surface area and homogeneity. FT-
IR spectroscopy was used to identify the functional groups. In the
FT-IR spectrum of NFO nanoparticles shown in Supplementary
Figure Slc, the peaks at 608 cm™ and 456 cm™ are related to the
stretching vibration of Fe-O and Ni-O, respectively. Additionally,
bands observed at 3,400 cm™ and 1,630 cm™ were associated with
O-H stretching and bending vibrations, indicating the presence of
surface hydroxyl groups. These groups can contribute to the
adsorption of dye molecules through hydrogen bonding and
electrostatic interactions. The results confirm the synthesis of
NFO nanoparticles. VSM analysis was performed to measure the
magnetic properties of the synthesized NFO nanoparticles
(Supplementary Figure S1d). According to this analysis, the NFO
nanoparticles exhibited superparamagnetic behavior with a
saturation magnetization of 41.9 emu g'. As a result, they
enabled the easy separation of nanoparticles from aqueous media
using an external magnetic field, with minimal residual
magnetization, thereby facilitating reuse. EDX was used to
analyze the elemental composition of NFO nanoparticles.
Supplementary Figure Sle shows the EDX spectrum of NFO
nanoparticles. The presence of Fe, O, and Ni elements in the
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EDX of NFO
nanoparticles. The pH,,. of NFO was determined to be 6.3,

spectrum  suggests the proper synthesis
indicating that the surface of NFO is positively charged at
pH values below 6.3 and negatively charged at pH values above
this value, which is critical in controlling the electrostatic

interactions during dye removal (Supplementary Figure SIf).

3.2 Statistical analysis and model fitting

The CCD experimental data were analyzed using Design Expert
software to evaluate the effects of pH, pollutant concentration, NFO
amount, and sonication time on the removal efficiency of RB and
SO. The ANOVA results demonstrated that the developed
quadratic models were significant for both RB and SO removal,
with p-values less than 0.0001 (Supplementary Tables S1, S2).
Therefore, there is a strong correlation between the experimental
and predicted data. The R* values for the RB and SO removal
models were found to be 0.9997 and 0.9986, respectively. These
values indicate that over 99% of the variability in the removal
efficiency could be explained by the models. Additionally, the
adjusted R*> and predicted R*> values were in close agreement,
confirming the models’ reliability and predictive capability. The
lack of fit for both models was non-significant (p > 0.05), further
indicating the adequacy of the models.

In this study, the MSE and RMSE were calculated to assess the
predictive performance of the models further. For the RB removal
model, the MSE and RMSE values were found to be 0.08 and 0.28,
respectively. Meanwhile, for the SO removal model, the MSE and
RMSE values were 0.40 and 0.63, respectively. These low values of
MSE and RMSE indicate a high degree of accuracy in predicting dye
removal efficiencies, confirming the models’ capability for reliable
estimation within the studied experimental domain. The developed
models can be expressed in terms of coded variables, as shown in
Equations 6, 7.

Yig = +84.89 + 8.36A + 6.39B — 10.18C + 5.79D + 1.60AB
+ 1.34AC + 1.58AD - 0.01BC + 0.21BD + 1.53CD - 6.04A*
— 8.45B% - 5.60C* — 5.63D°
(6)
Yso = +90.41 + 6.94A + 7.95B — 9.01C + 4.19D + 0.94AB — 0.46AC
+ 1.04AD + 0.91BC — 0.67BD + 0.541CD — 6.87A”
- 7.58B* - 5.76C? - 5.50D”
(7)

where Ygp and Yo represent the removal percentages of RB and
SO, respectively, while A, B, C, and D correspond to the coded values
for NFO amount, pH, pollutant concentration, and sonication time,
respectively.

To visually assess the predictive capability and residual
behavior of the developed models, graphical analyses were
conducted. Supplementary Figures S2a, b illustrate the plots of
predicted values versus actual experimental values for the removal
efficiencies of RB and SO, respectively. The data points are closely
distributed along the 45-degree line, indicating excellent agreement
between the predicted and actual values. Therefore, this observation
confirms the validity and high predictive capability of the quadratic
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TABLE 3 The CCD matrix.
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Variables %Removal of RB %Removal of SO
NFO amount pH Pollutant concentration  Sonication time  Actual Predicted Actual Predicted
1 0 0 0 0 85.10 84.89 89.69 90.41
2 1 -1 1 1 59.34 59.39 58.73 58.80
3 ) 0 0 0 4438 43.97 48.88 49.01
4 2 0 0 0 77.61 77.43 77.18 76.80
5 1 -1 1 -1 41.56 42.00 4536 45.89
6 -1 1 1 -1 37.77 38.08 53.10 54.09
7 -1 -1 1 -1 28.81 28.96 37.69 36.89
8 0 0 0 0 85.25 84.89 89.42 90.41
9 0 0 0 0 84.59 84.89 90.94 90.41
10 0 2 0 0 64.05 63.86 75.84 75.97
11 -1 -1 -1 1 59.70 59.98 63.30 63.48
12 0 0 0 -2 51.27 50.78 60.75 60.00
13 1 1 1 -1 57.60 57.53 67.19 66.86
14 -1 1 1 1 4981 49.99 61.01 60.12
15 -1 1 -1 1 70.08 70.02 74.45 74.31
16 1 1 -1 1 90.37 90.44 9245 93.10
17 -1 -1 -1 -1 54.78 55.06 56.26 56.90
18 1 -1 -1 1 73.92 73.99 79.09 78.50
19 -1 1 -1 -1 64.07 64.23 70.66 70.44
20 0 0 0 0 85.36 84.89 89.34 90.41
21 0 0 2 0 42.43 42.10 4897 49.33
22 0 0 0 0 84.89 84.89 91.18 90.41
23 0 0 0 2 74.06 73.96 76.29 76.79
24 0 0 0 0 84.17 84.89 91.89 90.41
25 1 1 -1 -1 78.01 78.29 84.88 85.06
26 -1 -1 1 1 39.90 40.00 45.43 45.64
27 0 0 -2 0 83.11 82.85 85.98 85.38
28 1 -1 -1 -1 62.68 62.71 67.00 67.74
29 1 1 1 1 75.70 75.80 77.32 77.07
30 0 -2 0 0 38.69 38.29 44.54 44.17

models developed using CCD. Supplementary Figures S2c, d
present the normal probability plots of the residuals for the
removal of RB and SO, respectively. The residuals closely follow
a straight line, demonstrating that the errors are normally
distributed with constant variance and indicating the absence of
significant systematic deviations in the developed models. This
result further validates the adequacy and reliability of the models
for predicting dye removal efficiencies under varying operational
conditions. The combined evidence from ANOVA, statistical
indices (R?, Adjusted R* Predicted R>, MSE, and RMSE), and
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graphical analyses confirms the robustness of the developed
models and their applicability for process optimization in the
ultrasound-assisted removal of RB and SO wusing NFO

nanoparticles.

3.3 Response surface analysis

Three-dimensional response surface plots and contour plots
were generated to evaluate the interactive effects of process variables
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%Removal of RB

A: NFO amount
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%Removal of SO

B: pH of the solution

FIGURE 2
Response surface plots of removal of (a) RB and (b) SO.

on the removal efficiency of RB and SO using NFO nanoparticles
under ultrasonic assistance. These plots provide a clear visualization
of how the combination of two variables affects dye removal while
keeping other variables constant at their central levels.

An increase in the NFO amount led to an enhancement in RB
dye removal efficiency due to the increased availability of active sites
for removal. However, at a constant adsorbent amount, increasing
the initial dye concentration decreased the removal efficiency, likely
due to the saturation of active sites on the adsorbent surface. For
example, Figure 2a illustrates the interactive effect of NFO amount
and dye concentration on the removal efficiency of RB at a fixed
pH of 8 and a sonication time of 16 min, where the removal
efficiency increases from 50% to 86% with increasing adsorbent
amount at lower dye concentrations. Similar trends were reported by
Joshi et al. in their study on dye removal using carbon-based
adsorbents under an optimized amount (Joshi et al., 2022).
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Analyzing the interactive effects of NFO amount and dye
concentration demonstrated Figure 2a displays the combined
influence of NFO amount and dye concentration on RB removal
at a fixed pH of 8 and sonication time of 16 min, indicating that
removal efficiency decreased from 88% to 47% as dye concentration
increased from 15 to 45 mg L™ at a constant NFO amount. Similar
results were reported by Tamer et al. and Ma et al., confirming the
consistency of these observations with previous studies (Tamer et al.,
2024; Ma et al., 2022).

The effect of sonication time and solution pH was also investigated.
Increasing the sonication time enhanced the dye removal efficiency
due to improved dispersion of nanoparticles and enhanced mass
transfer, up to a certain point where equilibrium was reached, and
further increases in sonication time showed minimal effects. For
instance, Figure 2b illustrates the combined effect of sonication
time and pH on SO removal at an NFO amount of 0.038 g and a
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TABLE 4 Optimal conditions for the removal process (N = 3).

Optimal conditions

C(mgL? D (min)

0.038 8 20 16

Actual

9572 £ 2.1

10.3389/fenvs.2025.1622134

%Removal + %RSD

Predicted Actual Predicted

93.64 97.33 + 1.8 97.70

dye concentration of 20 mg L™, where the removal efficiency increased
from 56% to 91% by increasing the sonication time. Saini et al. reported
similar results in their study on the removal of crystal violet using bio-
based adsorbents (Saini et al., 2025).

The solution pH plays a critical role in dye removal by
influencing the surface charge of NFO nanoparticles and the
ionization of dye molecules. Removal efficiency was found to
increase under neutral to slightly alkaline conditions, favoring
electrostatic interactions between the negatively charged surface
of NFO (above its point of zero charge, pHp,) and the cationic
dye molecules. In this respect, Figure 2b shows the interactive effects
of pH and sonication time on RB removal at a fixed dye
concentration of 20 mg L™ and a NFO amount of 0.038 g. Here,
removal efficiency increased significantly from 51% to 98% as the
pH shifted from acidic to neutral and the sonication time increased.
This observation is consistent with the findings reported by Younis
et al. during pH optimization studies for dye removal (Younis
et al.,, 2025).

These response surface analyses underscore the importance of
optimizing operational parameters to maximize the removal
efficiency of dyes using NFO nanoparticles under ultrasonic
assistance, thereby supporting the findings obtained through
statistical modeling and numerical optimization.

3.4 Optimization of operational parameters

Optimizing operational parameters is crucial for achieving
maximum removal efficiency while ensuring the practical
applicability of the process in real-world water treatment
scenarios. In this study, optimization was
conducted using the desirability function within Design

numerical

Expert software to determine the optimal conditions for the
simultaneous removal of RB and SO using NFO nanoparticles
under ultrasonic assistance. Based on the optimization analysis,
the optimal conditions were identified as a solution pH of 8, a
pollutant concentration of 20 mg L', an NFO amount 0of 0.038 g,
and a sonication time of 16 min (Table 4). Under these
conditions, the predicted removal efficiencies were 93.64% for
RB and 97.70% for SO, with an overall desirability value of 1,
indicating that these conditions are suitable for achieving high
removal efficiencies. Confirmatory experiments were conducted
under the identified optimal conditions to validate the
optimization results. In this regard, the removal efficiencies
were found to be in close agreement with the predicted
values, demonstrating 95.72% removal for RB and 97.33% for
SO. The minor deviations observed can be attributed to
experimental variability, and

confirming the accuracy
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TABLE 5 Desorption of pollutants from NFO nanoparticles (N = 3).

Eluents %Removal +% RSD
SO
Toluene 54.69 + 2.2 60.87 + 2.5
Ethanol 9143 £ 2.5 96.61 £ 2.3
Formic acid 37.64 £ 3.0 4122 + 19
Acetonitrile 7215 £ 1.8 79.98 + 2.8

reliability of the developed models for process prediction and
optimization. These findings demonstrate that integrating RSM
with CCD provides an efficient and systematic approach for
optimizing the ultrasound-assisted removal process using NFO
nanoparticles.

3.5 Selection of eluent

Selecting an effective eluent is essential for the regeneration
and reuse of NFO nanoparticles in dye removal processes. In
this study, after completing the removal of RB and SO under
optimal conditions, the NFO nanoparticles were separated
using an external magnet and washed with deionized water
to remove residual solution. Subsequently, the collected NFO
nanoparticles were transferred into a tube containing 2 mL of
different eluents (i.e., ethanol, acetonitrile, formic acid, and
toluene) and stirred gently for 10 min at room temperature to
facilitate desorption. After the elution process, the adsorbent
was separated again using a magnet, and the supernatant was
analyzed using a UV-Vis spectrophotometer to determine the
concentration of desorbed dye. Among the tested eluents,
ethanol exhibited the highest desorption efficiency for both
RB (91.43%) and SO (96.61%), indicating its suitability for
effective regeneration of NFO nanoparticles for reuse in
repeated removal cycles (Table 5).

3.6 Regeneration and reusability of NFO
nanoparticles

The regeneration and reuse of NFO nanoparticles are critical
for reducing operational costs and ensuring the sustainability of
the removal process. In this study, the reusability of NFO
nanoparticles was evaluated over five consecutive adsorption-
desorption cycles under optimal conditions (Figure 3). After
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3.7 Interference studies

100 1
] BRB Interference studies under optimized conditions were conducted to
.0».'
[ . . . e .
& 901k e evaluate the potential impact of co-existing ions on the removal
2 ey ] aso
() &,(#‘J f{({ﬁ AT . . .
3 o S 5 performance of NFO nanoparticles. For this purpose, common ions
= | B i o . . . - . .
o 801k il o including Na*, Ni**, Zn*', F, and Hg*" were selected as interfering
3 oy L o species (Supplementary Table S3). In each experiment, a specific amount
g i i il . . .
8 0 o :%;&J %‘;g: of NFO nanoparticles was added to 50 mL of dye solution containing the
L i S . Lo . . .
2 o L L interfering ions under optimal pH, pollutant concentration, sonication
Pt Y o time, and adsorbent amount. The mixture was subjected to
i i B - . . .
;*;t: 8 o ultrasonication for 16 min, followed by magnetic separation of the
50 AN AN | ot . . .
1 2 3 4 5 NFO nanoparticles. The supernatant was analyzed using a UV-Vis
Number of cycles spectrophotometer to determine the residual dye concentration. The
results indicated that the presence of these ions caused no significant
FIGURE 3

Efficiency of NFO nanoparticles for dyes removal in the cycles.

each adsorption cycle, the NFO nanoparticles were separated
using an external magnet, washed with deionized water, and
subjected to desorption using 2 mL of ethanol under gentle
stirring for 10 min at room temperature. The adsorbent was
then recollected magnetically, washed, and dried at 60 °C for
1 h before reuse in the next adsorption cycle. The removal
efficiencies of RB and SO remained above 65% after five
cycles, indicating minimal loss of adsorption capacity and
confirming the stability and durability of NFO nanoparticles
for repeated use in dye removal. The slight reduction in
efficiency across cycles may be attributed to minor blockage of
active sites or incomplete desorption, which is consistent with
previous reports on the reusability of magnetic adsorbents (El
Messaoudi et al., 2024). These findings highlight the potential of
NFO nanoparticles as a stable, reusable adsorbent for practical
applications in water treatment.

interference, with removal efficiencies of RB and SO remaining above
95%. This result suggests that NFO nanoparticles possess high selectivity
and stability for dye removal in the presence of common ions,
confirming their potential applicability in real wastewater treatment.

3.8 Application to real samples

To evaluate the practical applicability of NFO nanoparticles for dye
removal under real conditions, the optimized removal process was
applied to various real water samples, including tap water, river water,
and industrial wastewater collected from local sources. For this purpose,
50 mL of each water sample was spiked with known concentrations of
RB and SO under optimal conditions (ie, pH of 8, pollutant
concentration of 20 mg L, NFO amount of 0.038 g, and sonication
time of 16 min). The mixture was subjected to ultrasonication, followed
by magnetic separation of the adsorbent, and the supernatant was
analyzed using a UV-Vis spectrophotometer to determine the
remaining dye concentrations. The results demonstrated that the
removal efficiencies in tap water, river water, and industrial

TABLE 6 Comparison of the NFO nanoparticles with different adsorbents for removal RB and SO.

Adsorbent Analyte Adsorbent pH Concentration Efficiency
amount

P-25 TiO, (Degussa) RB 0.65 g 3h 8 20 mg L' 80% Soares et al. (2007)
Copper oxide nanoparticles SO lg 24 h 6 50 mg L* 189 mg g Vidovix et al. (2022)
Waste seeds Aleurites moluccana RB 0.05g 1h 6 30 mg L' 117 mg g' Postai et al. (2016)
Ferric@nanocellulose/ SO 2g 24 h 7 300 mg L 92.80% Shaltout et al. (2024)
nanohydroxyapatite
Modified orange peel (MOP) RB 02g 3h 10 100 mg L 85% Oyekanmi et al. (2019)
Kaolinite (NRK) Clay SO 25¢g 15min | 7 100 mg L™ 90% Adebowale et al. (2014)
Activated carbon from argan nutshell = RB 0.01¢g 1h 5 33mg L’ 96.84% Ouardi et al. (2024)
Silica mesoporous materials of SO 0.02 g 48 h 5 60 mg L' 62.5 mg g Abukhadra and Shaban
MCM-48 (2019)
Moringa oliefera bark carbon RB 0.025 g 1h 6 30 mg L' 92% Ramuthai et al. (2009)
Mesoporous graphite SO 03g 6h 6 127 mg L! 100% Shaban et al. (2018)
NFO nanoparticles RB 0.038 g 16 min | 8 20 mg L' 95.72% Our work
NFO nanoparticles SO 0.038 g 16 min | 8 20 mg L! 97.33% Our work
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wastewater samples were consistent with those obtained in deionized
water, achieving removal percentages of 96.83%, 92.89%, and 87.93%
for RB and 97.79%, 94.03%, and 91.92% for SO, respectively
(Supplementary Table S4). The minor decrease observed in
wastewater samples may be attributed to the presence of organic
and inorganic contaminants, which slightly compete for active sites
on the NFO surface. These results confirm the efficiency and robustness
of NFO nanoparticles for practical dye removal from various real water
matrices under ultrasonic assistance.

3.9 Comparison with other adsorbents

To evaluate the performance of NFO nanoparticles more precisely,
the obtained results were compared with previously reported
adsorbents used for the removal of RB and SO from aqueous
solutions (Table 6). The comparison considered parameters such as
maximum removal efficiency, time, required adsorbent amount, and
operational conditions. It was observed that while some adsorbents like
activated carbon, agricultural wastes, and non-magnetic nanoparticles
achieved high removal efficiencies, they often required higher amounts
(up to 2.5 g), longer contact times (up to 48 h), and pH adjustments
toward strongly acidic or alkaline conditions to maintain performance.
In contrast, the NFO nanoparticles in this study achieved removal
efficiencies above 95% for both dyes using a significantly lower amount
(0.038 g), shorter contact time (16 min), and under near-neutral
pH conditions. These findings suggest that NFO nanoparticles,
when assisted by ultrasonic treatment, provide a competitive and
efficient alternative for dye removal. The advantages of these
nanoparticles include rapid separation using an external magnet,
reusability over multiple cycles with minimal performance loss, and
operational simplicity suitable for real water treatment applications.

4 Conclusion

In this study, NFO magnetic nanoparticles were successfully
synthesized and applied for the ultrasound-assisted removal of RB
and SO from aqueous solutions. The synthesized nanoparticles
exhibited high

superparamagnetic properties, enabling efficient dye removal and

a  nanometric  size, surface  area, and
easy separation using an external magnet. Using RSM with CCD,
the effects of pH, pollutant concentration, NFO amount, and sonication
time on removal efficiency were systematically investigated and
optimized. Under optimal conditions (ie, pH of 8, pollutant
concentration of 20 mg L, NFO amount of 0.038 g, and sonication
time of 16 min), removal efficiencies above 95% were achieved for RB
and SO. The NFO nanoparticles demonstrated excellent reusability over
multiple adsorption-desorption cycles using ethanol as an eluent,
maintaining removal efficiencies above 65%. The removal efficiency
of RB and SO was obtained in the range of 87.93%-97.79% for the real
samples. Interference studies confirmed the high selectivity of the
nanoparticles in the presence of co-existing ions, and application to
real water samples validated their efficiency in practical conditions.
Overall, the results indicate that NFO nanoparticles, under ultrasonic
assistance, represent a promising, reusable, and efficient adsorbent for
the rapid removal of dyes from water, supporting their potential

application in sustainable wastewater treatment systems.
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