Malays. J. Anal. Sci. Volume 29 Number 5 (2025): 1554

ANAVHTAL

MALAYSIAN JOURNAL OF ANALYTICAL SCIENCES

TV

Journal homepage: https://mjas.analis.com.my/

Research Article

Magnetic iron oxide for the removal of Allura red and Erioglaucine A dyes:
Synthesis and adsorption optimization

Nurul Yani Rahim!, Siti Hajar Abdullah', Nurina Izzah Mohd Husani?, Nor Munira Hashim?, Nur Hidayah Sazali®,
and Nur Nadhirah Mohamad Zain*"

ISchool of Chemical Science, Universiti Sains Malaysia, 11800 Pulau Pinang, Malaysia

2Department of Toxicology, Advanced Medical and Dental Institute, Universiti Sains Malaysia, 13200 Kepala Batas, Penang,
Malaysia

3Institute of Sustainable Energy & Resources, Universiti Teknologi PETRONAS, 32610 Seri Iskandar, Perak, Malaysia

*Corresponding author: nurnadhirah@usm.my

Received: 25 April 2025; Revised: 29 September 2025; Accepted: 6 October 2025; Published: 26 October 2025

Abstract

The environmental hazards associated with the introduction of synthetic colorants into aquatic systems are substantial, as they
can be detrimental to both aquatic organisms and humans, as a result of inadequate disposal management. The co-precipitation
method was employed to synthesize FesOs magnetic nanoparticles, with ferrous chloride tetrahydrate (FeCl.-4H-0) and ferric
chloride hexahydrate (FeCls-6H20) serving as the starting materials. The nanoparticles that were synthesized underwent a
thorough characterization. X-ray Diffraction (XRD) analysis revealed distinct diffraction peaks at 20 =30.20°, 35.55°, 43.35°,
57.20°, and 63.10°, which are associated with the cubic spinel structure of FesOs, thus confirming the material's crystallinity.
Ultra-High-Resolution Scanning Electron Microscopy (UHR-SEM) micrographs displayed spherical, agglomerated
morphologies within the 300-500 nm range. Brunauer-Emmett-Teller (BET) analysis indicated a mesoporous structure
characterized by a specific surface area of 58.62 m?/g. Concurrently, Vibrating Sample Magnetometry (VSM) measurements
exhibited pronounced magnetic behavior, with a saturation magnetization (Ms) of 86.83 emu/g, confirming the presence of
superparamagnetism. The adsorption performance of FesOs nanoparticles for Allura Red and Erioglaucine A was
systematically evaluated using the Taguchi design approach. This evaluation was carried out under varying pH, adsorbent
mass, and sample volume conditions, while parameters including temperature, contact time, and initial concentration were
analyzed independently. The results indicated a monolayer adsorption process driven by chemisorption, with kinetics
conforming to a pseudo-second-order model, and equilibrium data aligning with the Langmuir isotherm (R* = 1). The
thermodynamic analysis confirmed that the adsorption process is exothermic. In practical applications, when using FesOa
nanoparticles on real wastewater samples, a high removal efficiency for Allura Red was observed, ranging from 94.57% to
100.13%, with a relative standard deviation (%RSD) of less than 1.40%. The removal efficiency for Erioglaucine A exhibited
significant variability, ranging from 1.19% to 100.08%, with a %RSD of less than 20.00%. This variability likely arises from
limitations in equilibrium diffusion at higher dye concentrations and differences in dye molecule structures. Overall, the results
indicated that FesO4 nanoparticles demonstrated significant efficacy in the magnetic separation and elimination of Allura Red.
However, optimization strategies may be necessary to improve the removal of Erioglaucine A in complex wastewater matrices.
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Introduction

Synthetic dyes play a crucial role in various industries,
including textiles, food processing, paper, leather, and
paints, primarily due to their vibrant hues, chemical
stability, and production cost-effectiveness. [1,2,3].
However, the effluents containing these dyes pose
significant environmental challenges, with over
100,000 dyes commercially available and global
production exceeding 700,000 tonnes annually. An

estimated 15% of these dyes are lost during processing
and released into the environment, raising concerns
due to their non-biodegradable, toxic, mutagenic, and
carcinogenic properties [4, 5]. Such contamination
adversely affects aquatic ecosystems and human
health by reducing light penetration, altering dissolved
oxygen levels, and increasing biological and chemical
oxygen demand. Traditional treatment methods like
coagulation, flocculation, photocatalysis, and
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membrane filtration have limitations, including high
operational costs, the generation of secondary sludge,
and issues with membrane fouling [1,6]. In contrast,
adsorption has emerged as an efficient and cost-
effective technique for dye removal. Its simplicity and
effectiveness across various conditions enable it to
address low and high contaminant concentrations [7].

Among the materials used for adsorption, magnetic
Fes;O4 nanoparticles have gained attention due to their
elevated surface area, availability of reactive sites, and
superparamagnetic properties, allowing easy recovery
from aqueous solutions using external magnetic fields
[6,7,8]. The environmentally sustainable synthesis of
these nanoparticles through a co-precipitation method
further position them as suitable candidates for large-
scale applications. Nevertheless, there is still a limited
understanding of the adsorption behavior of
commonly used food dyes, such as Allura Red and
Erioglaucine A, particularly regarding the
mechanisms involved, thermodynamic
considerations, and the parameters influencing the
process.

This study employs Taguchi optimization, a statistical
design of experiments approach, to systematically
investigate and enhance key factors such as pH,
adsorbent dosage, and sample volume. This
methodology effectively reduces the number of
experimental trials while identifying the critical
parameters influencing dye removal efficiency [9,10].
Additionally, comprehensive adsorption kinetics,
isotherm modeling, and thermodynamic analyses are
conducted to thoroughly understand the adsorption
mechanisms. Kinetic modeling aims to pinpoint the
rate-controlling steps, isotherm models characterize
the interactions between the dye and the adsorbent
surface, and thermodynamic analysis evaluates the
feasibility, spontaneity, and energetic aspects of the
adsorption process [11,12].

The primary objective of this study is to synthesize
FesO4 nanoparticles using a co-precipitation method
and to evaluate their adsorption efficiency for Allura
Red and Erioglaucine A under optimized conditions.
By integrating Taguchi optimization with adsorption
modeling, this research aims to enhance the
understanding of FesOs—dye interactions and to
contribute to the development of cost-effective,
sustainable, and magnetically recoverable adsorbents
for wastewater treatment applications.

Materials and Methods
Chemicals and reagents
In this research, the chemicals that have been used are
ferrous chloride tetrahydrate (FeCl,.4H,0) (98%) and
ferric chloride hexahydrate (FeCl;.6H20) (= 98%)

from Chemiz Malaysia (Shah Alam, Selangor) and
Merck (Darmstadt, Germany), respectively were used
to synthesize the MNPs, Fe3O4. Methanol (HPLC
grade) was supplied by Chemiz Malaysia (Shah Alam,
Selangor), and ammonia solution (NH3z) (28%)
utilized was from QReC Chemicals (New Zealand).
Dyes, such as Allura red (80%) and Erioglaucine A
(>99%) powders, were purchased from R&M
Marketing (Essex, U.K.). No additional purification
was performed on the reagents and chemicals before
use.

Synthesis of Fe3sO4 adsorbent

In this experiment, Fe;Os4 was prepared using a
conventional co-precipitation method with slight
modification [15]. About 1.13 g FeCl,.4H,0 and 3.03
g FeCl3.6H,O were mixed and dissolved in 50 mL of
deionized water. The mixture was then stirred under
nitrogen gas at 400 rpm, 50°C for 30 min. 12 mL 28%
ammonia solution was added into the mixture solution
to allow the magnetization process and agitated for an
hour at 90°C under nitrogen gas before collecting the
final products using an external magnet. Then, the
materials were washed using 50 mL of methanol and
50 mL of deionized water alternately several times.
After that, the products were dried in an oven
overnight. Lastly, the dried products were crushed and
ground using a pestle and mortar, before being stored
for further use.

Instrumentation

The studies were conducted using deionized water
obtained from the Sartorius Stedim deionized water
dispenser, Milli-Q® system (Arium 611 DI). A pH
meter (BP3001 Trans Instruments) was utilized to
measure and adjust the pH value. The initial and final
concentrations of these dyes were determined by a
UV-vis spectrophotometer (Perkin Elmer Lambda25)
with a 1 cm quartz cell, where the Amax for Allura Red
was 504.2 nm, and the Am.x for Erioglaucine A was
629.1 nm. An incubator shaker (IKA, KS4000 control)
was used to shake the sample solution at 200 rpm with
adjustable temperature and time. In contrast, a
mechanical shaker (Orbitron) was used to shake the
solution at a similar speed and at room temperature
with adjustable time.

Characterization of the
adsorbent

The surface morphology and structural characteristics
of the FesOs adsorbent were assessed using Ultra
High-Resolution Scanning Electron Microscopy
(UHR-SEM) (QUANTA FEG650, Hillsboro, Oregon,
USA) at magnifications ranging from 3000x to
150,000%. Crystallographic parameters, including
phase composition, unit cell dimensions, and lattice
configurations, were determined using X-ray

synthesized Fe3O4
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diffraction (XRD) (Siemens D5000, Frimley, UK).
XRD measurements utilized Cu Ko radiation (A =
1.5418 A) at a scanning rate of 0.02 s across a 20
range of 10—70°, with an operating voltage of 40 kV
and a current of 100 mA.

Brunauer-Emmett-Teller (BET) from Micromeritics
Tristar II-Mesopore model (USA) was used to
determine the gas particle's physical adsorption on a
solid surface and the adsorbent’s surface area. Before
analysis, the sample was degassed at 80°C for 2 hours
to eliminate the moisture content. A vibrating sample
magnetometer (VSM) measures the strength of a
sample's magnetic field and evaluates how well the
sample can couple with an external magnetic field.
The sample’s magnetic property was analyzed under
room temperature using the Lake Shore 7404 series
VSM (McCourkle Boulevard, WO, USA).

Batch adsorption study

The FesOa4 particles were employed as adsorbents for
the removal of both dyes. The adsorption process was
systematically investigated using the Taguchi design
and the One-Variable-at-a-Time (OVAT) method. The
Taguchi design facilitated the assessment of key
factors such as solution pH, adsorbent dosage, and
sample volume. At the same time, the OVAT method
was used to explore the effects of adsorption time,
initial dye concentration, and temperature. Batch
adsorption studies were conducted to evaluate the
removal efficiency of Allura Red and Erioglaucine A
on FesOa. The Taguchi Orthogonal Array (OA) design,
a fractional factorial method developed by Dr. Genichi
Taguchi [16], was employed to identify an optimized
subset of factor-level combinations. The experimental
design is summarized in Table 1, which details three
factors at four levels, utilizing a standard L16
orthogonal array that comprises 12 experimental
trials.

In this study, the objective is to optimize the removal
percentage of both dyes on magnetic nanoparticles,
utilizing the larger-the-better (LTB) type of
robustness criterion, as Genichi Taguchi classified the
signal-to-noise (S/N) ratio into three objectives:
larger-the-better (LTB), smaller-the-better (STB), and

nominal-the-best (NTB). The S/N ratio measures the
relationship between the mean percent of the removal
(signal) and the standard deviation (noise), indicating
the impact of noise factors on performance. Therefore,
the target property, percentage recovery, which should
be maximized, aligns with the larger-the-better (LTB)
optimization criterion.[16]. The relationship between
the S/N ratio and the removal percentage is defined
using specific equations. (1) — (4):

S 1

1

Where y; is the average percentage recovery for n
repetitions. The analysis of the mean (ANOM)
determines the effect of a variable level on the S/N
ratio, to measure the deviation caused by the overall
mean of the signal.

Meanwhile, the analysis of variance (ANOVA) of S/N
ratios is used to obtain the relative effect of the
variables. The computation of the values for ANOM
and ANOVA is based on the following equation:

me = ()31 (3)

Where N is the number of levels for each variable and
m; is the mean of S/N for each level. The sum of
squares (SS) for each variable is calculated according
to the following equation:

(Eq.2)

Sum of square (SS) = Y7, N;(m; — m;)? (Eq.3)
Where m; is the contribution of each variable level to
the S/N ratio and m; is the mean of m; for a specified
variable. The relative importance of various
experimental variables (factor effect) is calculated
using the following equation:

Factor ef fect = LSS (Eq. 4)
DfXZW

Where Dr is the number of the variable level minus 1.

Table 1. Variables and designs of experiments using the Taguchi Method

No. Parameter

p—

pH

2 Fe;04 amount (mg)
3 Sample volume(mL)

Level/Value
1 2 3 4
2 3 4 5
5 10 15 20
5 10 15 20
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Figure 1. Adsorption of Allura red/Erioglaucine A from the dye solution

Based on the results from the design proposed, batch
experiments were carried out to investigate the
adsorption of both dyes on Fe;O4 particles. In this
adsorption study, about 10 mg of Fe3O4 was placed in
a closed 20 mL vial containing 10 mg/mL (Allura Red
or Erioglaucine A). The solutions were shaken at 200
rpm for 45 min (Allura Red) and 30 min (Erioglaucine
A) under room temperature to ensure the adsorption
between Allura Red or Erioglaucine A molecules and
the Fe3O4 adsorbent’s active site occurs. An external
magnet was used to isolate the adsorbent from the dye
solution after the process, as illustrated in Figure 1.

The effects of different pH (2 — 5) were investigated
using 0.1 M NaOH and 0.1 M HCI, contact time (5 —
45 min), the mass of the adsorbent (5 — 20 mg), initial
concentration (5 — 40 mg/L), and temperature (298 —
333 K). The residual concentration was analyzed
using UV-vis spectrophotometry. The removal
percentage (R%) and adsorption capacity (mg/g) are
calculated using Equation (5) and Equation (6),
respectively:

R% = % x 100 (Eq. 5)

Co—Ce
=—X
qQe == XV

(Eq. 6)
Where Cy (mg/L) and C. (mg/L) are the initial and
equilibrium concentrations of the solutions. W (g) is
the mass of the adsorbent used, while V (L) is the
volume of the solution.

Pre-treatment of real samples

Three different food industrial wastewater samples
were collected randomly from various places in an
industrial area in Pulau Pinang, Malaysia. All samples
were filtered using a vacuum filter and stored in
appropriate containers before use.

Thermodynamic study

Thermodynamic parameters were assessed to analyse
the feasibility and characteristics of dye adsorption.
The changes in Gibbs free energy (AG®), enthalpy
(AH®), and entropy (AS°) were determined using the
following equations (7) and (8):

AG® = —RTInKqy (Eq.7)
AS° AH°
InKg = == — = (Eq. 8)

where R, is the gas constant (8.314 kJmol! K1), T is
the temperature in Kelvin, and K4 indicates the
equilibrium constant.

The value of AG® values confirms the spontaneity of
adsorption, while the AH® indicates exothermic or
endothermic behaviour. The value of AS® indicates the
randomness at the solid—liquid interface [15, 16].

Kinetic study

The adsorption kinetics of Allura Red and
Erioglaucine A onto FesOs nanoparticles were
analyzed using five models: pseudo-first-order,
pseudo-second-order, intraparticle diffusion, external
diffusion, and Elovich. The governing equations are:
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Pseudo-first order in the kinetics was proposed by
Lagergren in 1998. This model describes the
adsorption of the materials to turn the aqueous
solution into many types of solid materials. Equation
(9) was proposed as:

da
o=k (Eq.9)
At t=0 and q=0, Equation (10) will be:
k
log(qe —q¢) = logqe — 5=t (Eq.10)

Where q. (mg/g) is the capacity of the dye to adsorb at
equilibrium, q; (mg/g) is the capacity of the dye to
adsorb at a given time, and k; is the rate constant.

Pseudo-second order model’s Equation (11) was given
as:

Lol — (Eq. 11)

at  de K242

Where the contact time is noted as t, and K is the rate
constant. These values can be obtained from the graph
plotted. The graph plotted between (1/q;) against t
produces a straight line with the intercept and slope at
1/qe and 1/Kzqe?

Intraparticle diffusion was used to evaluate the rate of
diffusion at the early step of the adsorption process.
This model can be expressed by Equation (12):

g =K"+c (Eq. 12)
Where K is the rate constant, t is the time, and c is the
intercept. In intraparticle diffusion, the rate constant is

directly proportional to the layer thickness at the
boundary.

Meanwhile, the external diffusion was calculated
using Equation (13):

I = —k,,t (Eq. 13)

Where ke is the rate of the diffusion parameter, C is
the initial analyte concentration, and C; is the
concentration of solute in the liquid at a given time.

The Elovich kinetic model could be evaluated by the
given Equation (14):
1 1
q: = E(lnaﬂ) + Elnt (Eq. 14)

where o stands for the initial rate of sorption, B the
activation energy, and the binding capacity is q.

Isotherm study

Referring to the study by Sumanjit et. al. [14], to
describe equilibrium adsorption behavior, five
isotherm models, including Langmuir, Freundlich,
Temkin, Dubinin—Radushkevich (D-R), and Halsey,
were applied. The Langmuir Equation (15) was
proposed as follows:

_ q9mRLCe
RpCo+1

qe (Eq. 15)

Where qn is the adsorption capacity in mg/g, b is the
sorption energy in L/mg to the equilibrium of
concentration of the analyte, C. in mg/L. By plotting
the graph C./q. versus Ce, the values of qn and b can
be obtained. The slope and intercept can be obtained
based on the straight line. The important properties of
the Langmuir isotherm model can be proposed in a
factor called the dimensionless constant separation
factor, Ry, in Equation (16):

1
L= 1+K[Co

(Eq. 16)

Where Co represented the initial concentration of the
solute in mg/L. If the calculated Ry value was less than
unity, it showed the favourable uptake of the sorbent.

Freundlich isotherm was employed to describe the
heterogeneous system. This isotherm is also applied to
plot the equilibrium data of the adsorption. Equation
(17) is used for this isotherm is below:

1
nlogcCe

log~ = log Kf + (Eq. 17)

Where x is the amount of dye adsorbed (mg), m is the
weight of the adsorbent used (g), Ce is the equilibrium
concentration of the dye in solution (mg/L), and Kf
and n are the Freundlich constants, n is the
heterogeneity factor (adsorption intensity), and Kf
denotes the adsorption capacity. The values of n > 1
reflect the favourable adsorption conditions.

The Temkin model was proposed based on the
electrostatic interaction. Equation (18) is:

ge = BInKt + BInC, (Eq. 18)
Where B is obtained from RT/br, KT, the heat
adsorption, and the energy of equilibrium binding are
related to the Temkin constant, Ky. This model
indicates how the adsorption process relates to the
adsorbent concentration, which should not be too low
or too high. The heat energy will decrease if the
adsorbent active site is occupied gradually during the
analyte and adsorbent interaction. The Temkin
isotherm model states that the adsorbent has uniform
energies in all the binding sites [14].



Malays. J. Anal. Sci. Volume 29 Number 5 (2025): 1554

The variation of adsorption energy is described as br.
If the adsorption reaction was more than 1, it is known
as an exothermic reaction; if the value was less than 1,
it is an endothermic reaction.

The Hasley isotherm model has described the
adsorption on the multilayer [14]. It can be expressed
by Equation (19):
1 1

Ing, = [; anH] - >InC, (Eq. 19)
Method validation and real samples analysis
In order to evaluate the established adsorption study
using Fe304 adsorbent, related analytical parameters
of the method, including the linear range, coefficient
of determination, repeatability, and reproducibility,

were studied by employing food industrial wastewater
samples under optimized experimental conditions.

Linearity

The linearity of the dyes in wastewater samples was
evaluated by constructing calibration curves for each
analyte. Standard solutions were prepared with
concentrations ranging from 10 to 40 mg/L for Allura
Red and from 5 to 30 mg/L for Erioglaucine A.
Calibration curves were generated by plotting
absorbance values (A) against the corresponding
analyte concentrations (mg/L). The coefficient of
determination (R?) was calculated to assess the linear
relationship between concentration and instrument
response.

Precision and removal study

The precision of the adsorption studies was evaluated
through intra-day (repeatability) and inter-day
(reproducibility) tests, which are expressed as the
relative standard deviation (%RSD). To assess these
parameters, samples of food industrial wastewater
were spiked with three different concentrations of
Allura Red (10, 25, and 40 mg/L) and Erioglaucine A
(5, 15, and 30 mg/L), respectively. These
concentration levels were chosen to represent low,
medium, and high ranges of the dyes, reflecting
concentrations typically found in industrial effluents
and aligning with the method's linear dynamic range.
Intra-day precision was determined by conducting
five replicate measurements within a single day, while
inter-day precision was evaluated over three
consecutive days. This design ensures a thorough
assessment of the method's reliability, demonstrating
its consistency under varying operational conditions
and its applicability for monitoring dye pollutants in
real environmental matrices. The relative standard
deviation (RSD) value was calculated using Equation
(20) and Equation (21):

_ [re-o?
SD = | e~ (Eq. 20)
RSD =22 100 (Eq. 21)

Where X represents the mean, x is the result of every
run, and n is the number of measurements
(repeatability).

The optimized adsorption parameters were then used
to analyze real water samples to investigate removal
percentage and matrix effects. The food industrial
wastewater was spiked at three different
concentrations of Allura Red (10, 25, and 40 mg/L)
and Erioglaucine A (5, 15, and 30 mg/L). The removal
percentage and RSD were calculated based on
Equation (5) and Equation (8), respectively.

Regeneration study

The optimum adsorbent amount and contact time
conditions were used for this study. After each
adsorption was analyzed, the adsorbent was collected
and desorbed with methanol HPLC Grade and dried at
60°C for 24 hours. This procedure was repeated until
the removal efficiency of the adsorbent was less than
80% for both dyes [14].

Results and Discussion

Characterizations of Fe3O4 adsorbent

UHR SEM analysis

The morphology of the Fe3O4 nanoparticles
adsorbents was observed using UHR-SEM, as shown
in Figure 2. The synthesized Fe;Os nanoparticles
displayed a spherical morphology with a uniform size
distribution, characterized by roughened surfaces and
agglomeration under 150k and 100k magnification.
Such spherical morphology is advantageous as it
provides a larger number of accessible surface sites,
thereby facilitating enhanced interactions with dye
molecules during the adsorption process. This
observation aligns with previous reports, which have
demonstrated that spherical Fe:O. nanoparticles
exhibit superior adsorption performance due to their
high surface availability and effective surface-active
sites [13, 17].

BET analysis

The surface area and pore characteristics of FesOa
nanoparticles were analyzed through nitrogen
adsorption—desorption, as depicted in Figure 3. The
isotherm reveals a type IV curve with an H3 hysteresis
loop, indicating the presence of mesopores [18,19].
The measured BET surface area was 58.62 m?/g. This
mesoporous structure enhances adsorption by creating
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effective pathways for the diffusion of dye molecules
and reducing the risk of pore blockage, particularly for
larger organic compounds, such as Allura Red and
Erioglaucine A [22]. The combination of
mesoporosity and sufficient surface area enhances the
efficiency of the adsorbent by providing numerous
accessible active sites for pollutant binding.

XRD analysis

The XRD patterns of the synthesized FesOs
nanoparticles are displayed in Figure 4. The observed
diffraction peaks at 26 = 30.1°, 35.5°, 43.3°, 53.4°,
57.2°, and 62.5° correspond to the (220), (311), (400),
(422), (511), and (440) planes, respectively. These
peaks are characteristic reflections of magnetite with
a cubic spinel structure (JCPDS card no. 19-0629).
The presence of these well-defined peaks confirms the
successful synthesis of crystalline FesO4 nanoparticles
with high phase purity. Notably, no additional peaks
were detected, indicating the absence of other iron
oxide phases, such as hematite (a-Fe.0s) or
maghemite (y-Fe:0s) [21,22]. The sharp and intense
diffraction signals further illustrate the good
crystallinity of the nanoparticles, which contributes to
their  structural  stability  during  adsorption
applications. These findings align with previous
studies on FesOs nanomaterials used as magnetic

adsorbents, which reported similar diffraction patterns
[21,22,23].  The confirmation of magnetite
crystallinity through XRD is crucial, as it directly
influences the magnetic properties of Fe:Oa, enabling
efficient separation of the adsorbent after wastewater
treatment [21,23].

VSM analysis

The magnetic properties of the synthesized FesOs
nanoparticles were investigated through Vibrating
Sample Magnetometry (VSM), with the results
illustrated in Figure 5. The nanoparticles exhibited a
saturation magnetization (Ms) of 86.83 emu/g,
aligning with the established range for FesOs-based
nanoparticles [26]. High magnetic strength indicates
the potential for efficient separation of the
nanoparticles from aqueous solutions after the
adsorption process by utilizing an external magnetic
field [24,25]. Additionally, the absence of remanence
and coercivity further confirms the superparamagnetic
nature of these nanoparticles, which prevents
agglomeration upon the removal of the magnetic field.
[9]. This characteristic is particularly advantageous
for wastewater treatment applications, as it ensures
good dispersibility during adsorption while enabling
simple, non-destructive recovery and potential
reusability of the adsorbent.

Figure 2. UHR-SEM images of Fe;04 particles under 150k and 100k magnification
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Figure 5. VSM analysis of Fe3O4 nanoparticles
Batch adsorption study below its pKa of 11.28, indicating that the dye

Various parameters, such as pH, mass adsorbent, and
sample volume, were optimized by the Taguchi
method. Table 3 and Figure 6 represent the results for
the batch adsorption study of Allura red and
Erioglaucine A using FesO4 nanoparticles.

The effect of the pH solution

The pH of a solution significantly influences the
surface charge of FesOs« nanoparticles and the
ionization states of dyes, both of which are critical in
determining adsorption efficiency [17, 26]. This study
focused on a pH range of 2-5, as detailed in Table 3
and illustrated in Figure 6, due to the notable
adsorption observed in acidic conditions. The optimal
removal percentage for Allura Red was achieved at pH
3, reaching 99.49% (S/N = 39.96), while Erioglaucine
A showed maximum removal at pH 5, attaining
99.98% (S/N = 40.00).

For Allura Red, the solution’s pH of 3 is significantly

predominantly exists in a protonated, non-ionized
form at this acidic level [29]. This condition reduces
the solubility of Allura Red due to the absence of
strong polar interactions with water, thereby
facilitating its partitioning onto FesOa nanoparticles.
Although some partial ionization may occur, certain
functional groups (-SOs-, —OH) can result in
electrostatic  attractions between the negatively
charged residues of the dye and the positively charged
nanoparticle surface under acidic conditions [9,28,
29].

At pH 5, Erioglaucine A exhibits partial ionization
(pKa =~ 5.63-6.58). The presence of ionized sulfonate
(-SOs7) and amine (—NH2) groups enhances
electrostatic interactions with FesOa, explaining the
nearly complete removal of the dye [32]. The presence
of negatively charged sulfonate groups under these
conditions  encourages favorable electrostatic
interactions with the adsorbent surface, contributing to
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the higher removal efficiency observed. These
findings are consistent with existing literature, which
indicates that the adsorption of dyes onto magnetic
nanoparticles is highly dependent on pH, with acidic
to near-neutral conditions being most conducive to
optimal dye uptake [33].

The effect of FesO4 nanoparticles as an adsorbent
The mass of the adsorbent significantly affects the
number of active sites available for dye adsorption.
Data presented in Table 3 and Figure 6 demonstrate
that the removal efficiency of Allura Red increased as
the mass of FesOa rose from 5 mg to 15 mg, but then
decreased at 20 mg. A similar pattern was observed for
Erioglaucine A, with adsorption peaking at 10 mg
before declining at higher dosages.

The initial increase in efficiency can be attributed to
the rising number of adsorption sites and functional
groups available for binding [34]. Conversely, the
decrease observed at higher mass levels may be linked
to site saturation and mass transfer limitations. An
excess of nanoparticles can lead to aggregation and
uneven distribution of analyte molecules, which
reduces the effective surface area and hinders
adsorption, despite the increased adsorbent dosage
[17,33].

The effect of solution volume

The volume of the solution also influences adsorption
efficiency. Table 3 shows that the removal efficiency
for both dyes increased from 5 mL to 10 mL,
achieving maximum effectiveness at 10 mL (99.86%
for Allura Red and 100.22% for Erioglaucine A),
followed by a decline beyond this volume.

This indicates that FesOs has a limited adsorption
capacity per unit volume [36]. In lower volumes (5
mL), the concentration of dye relative to the amount
of adsorbent is insufficient, leading to an
underutilization of active sites. At 10 mL, the balance
between dye concentration and the available FesOa
surface groups maximize interactions between dye
and adsorbent. However, larger volumes (=15 mL)
introduce an excess of dye molecules, which can
saturate binding sites and leave some of the dye
unabsorbed. Furthermore, higher volumes dilute the
dye concentration per unit volume and increase the
diffusion path length, thus reducing the likelihood of
dye molecules contacting active sites. This collective
impact results in diminished removal efficiency at
higher sample volumes, aligning with earlier
observations on the efficacy of nanoparticle-assisted
dye removal [17, 27]. Therefore, 10 mL was identified

as the optimal volume for the maximum removal of
both dyes.

Based on the Table 3, each experimental run in the
Taguchi design was conducted in triplicate, with
average values. The removal efficiencies for Allura
Red and Erioglaucine A dyes ranged from 63.52% to
100.66% and from 98.25% to 100.22%, respectively.
The minimal difference between the highest and
lowest values indicates a high degree of consistency
across replicates, supporting that the variations
observed are statistically significant rather than
random. The maximum removal efficiency for Allura
Red was achieved at pH 3, with 15 mg of FesO4 and a
volume of 20 mL (100.66%). In contrast, the optimal
conditions for Erioglaucine A were determined at pH
5, with 10 mg of FesOs and a volume of 15 mL
(100.22%). This consistency highlights the stability of
the adsorption process across different parameter
settings and demonstrates the strength of the Taguchi
optimization method. Additionally, the S/N ratios
clarify the magnitude of removal efficiency and its
variability, explaining why higher percentage
removals may sometimes coincide with lower S/N
values, and vice versa [9,35].

The S/N ratio plotting

The Taguchi method utilizes the signal-to-noise (S/N)
ratio as a logarithmic metric to improve process
design by minimizing variability. Maximizing the
signal-to-noise ratio is crucial for reducing the
influence of uncontrollable factors on process
performance [9, 36]. Table 4 provides a summary of
the average S/N ratio values for each level of the
factors studied, along with their ranks based on delta
statistics, which reflect the relative impact of each
factor [9, 36]. The table reveals that the mass of the
adsorbent has a significant effect on the S/N ratio for
Allura Red, while pH plays a dominant role for
Erioglaucine A.

These findings are consistent with the trends shown in
Figure 6, where the S/N ratios across various levels of
each controllable factor are based on average removal
efficiency. The most pronounced variation in the
signal-to-noise ratio for Allura Red is associated with
adsorbent mass, followed by pH and sample volume,
which are important. Conversely, for Erioglaucine A,
pH emerges as the primary factor, followed by
adsorbent mass and sample volume. Overall, the
results indicate that adsorbent mass and pH are the key
factors affecting the removal of Allura Red and
Erioglaucine A, respectively. At the same time, sample
volume exerts minimal influence on both dyes.
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Table 2. The percentage removal of Allura red and Erioglaucine A dyes in different treatments
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No. pH MNPs Vol. Average Average
(Fe30Oy4) Removal (%) Removal (%)
Allura Red Erioglaucine A
Dye Dye
1 2 5 5 98.53 98.60
2 2 10 10 99.28 99.51
3 2 15 15 99.33 98.25
4 2 20 20 98.77 98.58
5 3 5 10 99.86 99.64
6 3 10 5 99.07 99.59
7 3 15 20 100.66* 98.44
8 3 20 15 98.38 99.26
9 4 5 15 92.95 99.94
10 4 10 20 98.98 99.90
11 4 15 5 98.65 99.84
12 4 20 10 97.90 99.24
13 5 5 20 63.52 100.11
14 5 10 15 98.53 100.22*
15 5 15 10 98.98 100.12
16 5 20 5 96.15 99.45
Main Effects Plot for SN ratios ) Main Effects Plot for SN ratios
Data Means Data Means
pH solution 1 Adsorbent mass Sample Volume pH solution Adsorbent mass Sample volume
./ i /.\ 4000 /. |
\\ ‘ \ - \ 3998 / | \
"l \\ : v h
] ] | A AN
| |4 Z | et
\ ‘ / \ E 299 / \\ $ \'
\ ‘ \\ 2 3992 / ’__\-—‘.
\L ‘ 3990 //
| ¢

2

3

4 5

=

Signal-to-noise: Larger is better

Signal-to-noise: Larger is better

Figure 6. Response distribution of S/N ratio of Allura red (a) and Erioglaucine A (b) dye removals

Table 3. The table of the S/N ratio of main effects in Allura red and Erioglaucine A dye adsorption

Allura Red Erioglaucine A

Level pH Adsorbent Mass Sample Volume pH Adsorbent Mass Sample Volume

1 39.91 38.77 39.83 39.89 39.96 39.94

2 39.95% 39.91 39.91* 39.93 39.98* 39.97*

3 39.73 39.95* 39.75 39.98 39.93 39.95

4 38.83 39.8 38.93 40.00* 39.92 39.93
Delta 1.12 1.18 0.98 0.11 0.06 0.03
Rank 2 1 3 1 2 3
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Application of ANOVA

The ANOVA analysis was conducted to evaluate the
contribution of each factor to the removal efficiency
of Allura Red and Erioglaucine A dyes. This analysis
assesses the reliability of the findings and ensures that
the experiments were performed under controlled
conditions [11]. According to Korake et al. [11] and
Dandil [38], an error contribution of less than 50%
indicates adequate control of the experimental system.
This study revealed error contributions of 36.05% for
Allura Red and 0.10% for Erioglaucine A, both of
which fall within acceptable limits and thus confirm
the reliability of the results.

Table 5 displays the F-values and p-values used to
evaluate the statistical significance of each factor. The
F-value represents the ratio of the mean square of a
factor to the residual error, with higher values
indicating a more substantial effect on the response. A
factor is considered statistically significant if its p-
value is below 0.05 [38]. For Allura Red, the highest
contribution came from adsorbent mass at 25.01%,
followed closely by pH at 21.88%. Although the p-
values for these factors exceeded 0.05, suggesting
insufficient statistical significance, their contribution
percentages indicate that they still have a practical
impact on removal efficiency. In contrast, for

Erioglaucine A, pH emerged as the primary factor,
contributing 59.12% and exhibiting a statistically
significant p-value of 0.011, thereby underscoring its
critical role in influencing removal efficiency.

Effect on the contact period

The efficiency of dye removal through adsorption on
Fe304 nanoparticles in aqueous solutions is influenced
by several factors, including the availability of active
sites, dye concentration, surface porosity, the presence
of functional groups on Fes3Os, surface area, and
electrostatic forces [39]. The removal percentages
increase over time until equilibrium is achieved.
Specifically, within 10 minutes, the removal
efficiency for both dyes improves significantly when
the initial concentration is set at 10 mg/L, with the pH
adjusted to 3 and 5 for each respective dye (see Figure
7). The observed removal percentages demonstrate a
progressive improvement until no significant changes
occur. This indicates that while numerous active sites
are initially available for adsorption, a limited number
of vacant sites remain as dye molecules progressively
occupy these through competitive adsorption [17,37].
The results were used to evaluate the adsorption
kinetics of Fe3;O4 nanoparticles concerning Allura Red
and Erioglaucine A.

Table 4. Analysis of variance for Allura red and Erioglaucine A dye removal

Types of Dye V;;‘iz;r;:e DF SS MS F-ratio P-value Con t:i/:)u tion
pH 3.33 1.11 1.12 0.379 21.88
Adsorbent mass 3.81 1.27 1.33 0.309 25.01
Allura red Sample volume 3 2.46 0.82 0.77 0.531 16.19
Error 12 36.05 3 36.92
Total 21 45.65 100
pH 0.028 0.0093 5.78 0.011 59.12
Adsorbent mass 3 0.0099 0.0033 1.06 0.401 20.99
Erioglaucine A Sample volume 3 0.0022 0.00074 0.2 0.896 4.72
Error 12 0.1 0.0083 15.17
Total 21 0.14 100

DEF: Degree of freedom, SS: Sum of squares, MS: Mean of square
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Figure 7. Effect of contact period on Allura red and Erioglaucine A dyes removal using Fe3;O4. Condition:
adsorbent amount: Allura red:15mg; Erioglaucine A:10 mg; Initial concentration:10 mg/L; sample
solution volume: Allura red:10 mL; Erioglaucine A:10 mL; pH: Allura red: pH 3; Erioglaucine A:pH
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Effect on initial concentration and temperature
Table 6 demonstrates the adsorption capacity and
removal efficiency of Allura Red and Erioglaucine A
dyes when utilizing Fe3Os4 nanoparticles under
varying initial concentrations (10 to 40 mg/L for
Allura Red and 5 to 30 mg/mL for Erioglaucine A) and
temperatures (298 K, 313 K, and 333 K). While
removal percentages often approach 100%, important
nuances arise, particularly concerning temperature
and dye type.

Initially, the removal percentages for both dyes were
comparable and notably high across different
conditions, indicating that Fe3O4 nanoparticles exhibit
a strong affinity for the dyes and effectively remove
them from the solution, especially at lower
concentrations. Percentages near 100% (99.55%,
99.94%, 99.87%) suggested that Fe;O4 nanoparticles
have sufficient active sites to bind nearly all available
dye molecules under the tested conditions [13,38].

However, the removal percentages can vary slightly
due to the combined effects of initial concentration
and temperature. For instance, at the highest
temperature (333 K) and an initial concentration of
29.16 mg/mL, the removal percentage of Erioglaucine
A drops to 69.15%. This significant decrease indicates
that the nanoparticles' effectiveness for Erioglaucine
A diminishes when exposed to higher temperatures
and initial dye concentrations. In contrast, Allura Red
maintains significantly high removal rates even at

333 K.

A noticeable decline in the removal percentage of
Erioglaucine A is also recorded at 313 K with an initial
concentration of 29.36 mg/L, where the removal
percentage stands at 95.12%. This deviation from
optimal removal suggests a possible onset of
saturation or reduced efficiency, despite the high
percentages [41].

The influence of temperature on adsorption capacity
was evident and substantial for both dyes. Elevated
temperatures enhance dye mobility, which increases
the likelihood of dye molecules interacting with the
active sites of Fe3Os4 nanoparticles. This rise in
adsorption capacity with temperature suggests that the
adsorption process is endothermic. Increasing the
temperature from 298 K to 313 K and then to 333 K
has minimal impact on the maximum adsorption
capacity of Allura Red at similar initial
concentrations. At initial concentrations of
approximately 40-42 mg/L, the measured adsorption
capacities were 28.16 mg/g at 298 K and 26.73 mg/g
at 313 K.

At lower concentrations, the capacity remains
relatively stable, measuring 6.72 mg/g at 298 K
compared to 7.09 mg/g at both 313 K and 333 K for
similar initial concentrations. The consistently high
removal percentages suggest that higher temperatures
do not significantly impede the adsorption of Allura
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Red. This behavior indicates an endothermic
adsorption process, whereby elevated temperatures
provide additional energy for dye molecules to
overcome activation barriers or enhance interactions
with the adsorbent surface [40].

Conversely, for Erioglaucine A, higher temperatures
typically have a detrimental effect, particularly at
greater initial concentrations. While the adsorption
capacity may remain stable or increase slightly at
lower initial concentrations, the most significant
finding is the sharp decline in removal percentage at
333 K. Although the adsorption capacity values for
Erioglaucine A at elevated temperatures do not
consistently fall below those at 298 K across all initial
concentrations, the marked reduction in removal
efficiency from 100% to 69.15% at 333 K for an initial
concentration of 29.16 mg/L indicates that the
adsorption process becomes less favorable at higher
temperatures under these specific conditions. This
suggests that the adsorption of Erioglaucine A may be
exothermic, or that at elevated temperatures, the dye
molecules gain enough kinetic energy to leave the
adsorbent surface, or the stability of the adsorbed layer
is compromised [40]. The table shows a removal
percentage of 69.15% at 333 K, in contrast to
significantly higher removal rates at 298 K and 313 K,
despite similar initial concentrations.

The table further indicated that the maximum
adsorption capacities were 28.16 mg/g for Allura Red
and 28.64 mg/g for Erioglaucine A, measured at 298
K, occurring at their highest initial concentrations. A
higher initial concentration leads to a larger
concentration gradient, serving as a more effective
driving force for transferring dye molecules from the
bulk solution to the adsorbent surface. Greater
availability of dye molecules allows for increased
occupation of active sites, resulting in a higher total
quantity of dye adsorbed per unit mass of the
adsorbent until saturation occurs [19]. The significant
adsorption capacity of Allura Red at elevated
temperatures suggests that the process is either more
endothermic or less susceptible to thermal desorption.

The lowest observed adsorption capacities were 6.72
mg/g for Allura Red and 5.80 mg/g for Erioglaucine
A, consistently noted at the lowest initial
concentrations. The amount of dye adsorbed is low
due to the minimal initial concentration of dye in the
system. As a result, the adsorbent remains
significantly unsaturated under these conditions.

Thermodynamics study

In order to better understand the effect of temperature
on dye removal, thermodynamic studies were
employed by estimating the changes in standard Gibbs
free energy (AG®°), enthalpy (AH®), and entropy (AS®)

of adsorption. Table 7 presents the thermodynamic
parameters related to the adsorption of Allura Red and
Erioglaucine A on FesO4 nanoparticles. According to
Biyikoglu [18], a negative enthalpy change (AH® < 0)
indicates an exothermic process, whereas a positive
change (AH® > 0) denotes an endothermic process.
Additionally, a positive entropy change (AS° > 0)
signifies an increase in randomness at the solid—solute
interface, while a negative AS° suggests a reduction in
randomness. The Gibbs free energy change (AG®)
reflects the spontaneity of the adsorption process;
negative AG® values confirm spontaneous adsorption.
Values of AG® ranging from 0 to —20 kJ-mol™" suggest
physical adsorption, while values between —80 and —
400 kJ-mol™ are indicative of chemisorption.

This study demonstrates that the adsorption of Allura
Red and Erioglaucine A consistently yields negative
AG® values across all tested temperatures, confirming
that the process is spontaneous. The negative AH®
values further indicate that the adsorption of both dyes
is exothermic. The entropy change (AS°) differs
between the two systems: Allura Red exhibits a
positive AS°, which points to increased molecular
freedom and a more disordered arrangement at the
interface, while Erioglaucine A displays a negative
AS°, signifying decreased randomness and a more
ordered structure during adsorption. This observed
difference can likely be attributed to the larger
molecular structure of Erioglaucine A, which may
restrict its configurational mobility upon adsorption.
The results indicate that both adsorption processes
demonstrate thermodynamic stability, with adsorption
of Allura Red primarily driven by entropy and that of
Erioglaucine A governed by enthalpy, all while
maintaining structural integrity at the solid—liquid
interface [42].

Kinetics study

The study of adsorption kinetics is essential, as it
provides valuable insights into the rate of adsorption,
a critical factor in assessing adsorbent efficiency,
while clarifying the fundamental mechanisms behind
adsorption. This research examined the adsorption of
Allura Red and Erioglaucine A onto Fe3O4
nanoparticles through five kinetic models: pseudo-
first-order, pseudo-second-order, Elovich, intra-
particle diffusion, and external diffusion.

Referring to Table 8, the pseudo-second-order model
exhibited the strongest correlation with experimental
data for both dyes. The calculated adsorption capacity
for Allura Red (q., cal = 7.082 mg/g) closely matched
the experimental value (qe,exp = 7.084 mg/g),
reflecting a high correlation coefficient (R? = 1.000)
and minimal relative error. Similarly, Erioglaucine A
displayed a comparable kinetic trend, with q., cal
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(11.111 mg/g) aligning closely with ge,exp (11.113
mg/g), yielding R = 1.000 and negligible error. These
results indicated that the adsorption of both dyes
follows a  pseudo-second-order = mechanism,
predominantly characterized by chemical interaction
between the dye molecules and the Fe;04 surface [18].

In contrast, the pseudo-first-order model proved
insufficient, demonstrated by a weak correlation (R?
<0.33) and significant discrepancies between

experimental and calculated adsorption capacities,
with relative errors exceeding 90%. The Elovich and
intra-particle diffusion models showed moderate
correlations, indicating that while surface interactions
and diffusion may contribute to the process, they are
not the primary mechanisms at play. Additionally,
external diffusion exhibited a weak correlation (R?
<0.28), further affirming its minimal role in the rate-
controlling step [43].

Table 5. Effect of initial solution concentration and temperature on (a) Allura red removal and adsorption capacity.
Condition: adsorbent amount: 15 mg; contact period:15 min; volume of sample:10 mL; pH 3, (b)
Erioglaucine A removal and adsorption capacity. Condition: adsorbent amount: 10 mg; contact period:10

min; volume of sample:10 mL; pH 5.

Initial Removal Percentage Adsorption
Type of Dye (s) Temperature concentration o g Capacity
(%)
(mg/L) (mg/g)
10.08 100.00 6.72
21.26 99.55 14.11
298K
31.10 100.00 20.73
42.24 100.00 28.16
10.63 100.00 7.09
20.60 100.00 13.73
Allura red 313K
31.02 100.00 20.68
40.10 100.00 26.73
10.63 99.94 7.09
20.60 100.00 13.73
333K
31.02 100.00 20.68
40.10 100.00 26.73
5.80 100.00 5.80
298K 10.86 99.87 10.85
21.36 100.00 21.36
29.36 97.55 28.64
5.80 100.00 5.80
Erioglaucine A 313K 10.86 100.00 10.86
21.36 100.00 21.36
29.36 95.12 27.92
5.66 100.00 5.66
333K 11.36 100.00 11.36
19.57 99.97 19.56
29.16 69.15 20.17
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Table 6. Thermodynamics parameters for Allura red and Erioglaucine A adsorption process

Van Hoff Plot The value of Enthalpy, Entropy, and Free Gibbs Energy
Gibbs
Types of Dye i ° o
P Y T(K) UTX10%3 Final Ca'(’a)“ty ki  Inkg  Cnthalpy, AH Entropy, AS energy, AG
q J/mol J/Kmol kJ/mol
298 3.36 0.0010 28.16 28162.70  10.25 -25384.59
Aﬁ:ira 313 3.14 0.0010 26.73 26730.70  10.19 -1.11 81.38 -26526.54
333 2.96 0.0010 26.73 26730.70 10.19 -28221.52
298 3.36 0.72 28.64 39.79 3.68 -9126.64
Erioglaucine A 313 3.14 1.43 27.92 19.50 297 -59.52 -166.98 -7729.76
333 2.96 9.00 20.17 224 0.81 -2234.33

The kinetic analysis indicated that the adsorption of
Allura Red and Erioglaucine A onto Fe3O4
nanoparticles adheres to pseudo-second-order
kinetics. This finding underscored chemical
interaction as the principal mechanism, with the
adsorption rate primarily influenced by the
availability of active binding sites and strong
molecular interactions between the dyes and the
nanoparticle surfaces, rather than by limitations in
mass transfer.

Isotherm study

Isotherm studies are critical for understanding the
adsorption process, as they provide valuable insights
into the interactions between adsorbates and the
surfaces of adsorbents, as well as the capacity, energy,
and mechanisms involved in adsorption. This
investigation focused on evaluating the adsorption
behaviors of Allura Red and Erioglaucine A on FesO4
nanoparticles, employing five classical isotherm
models: Langmuir, Freundlich, Temkin, Dubinin—
Radushkevich (D-R), and Halsey at a temperature of
298 K, as presented in Table 9. Selecting an
appropriate isotherm model is vital, as it elucidates the
underlying adsorption mechanism, which may involve
monolayer or multilayer formation, homogeneous or
heterogeneous surface binding, as well as the
predominance of physical or chemical adsorption.

The results indicated that the Langmuir model was the
most accurate representation of the adsorption process
for Allura Red, achieving a perfect correlation
coefficient (R? = 1.000) at 298K with a maximum

adsorption capacity of 14.1044 mg/g. This strong
correlation suggests that the adsorption of Allura Red
occurs via monolayer coverage on a homogeneous
surface characterized by identical and energetically
equivalent binding sites [18]. Furthermore, the
Langmuir separation factor (R%) recorded values of 1,
implying a linear adsorption behavior [38]. This
suggests that while the adsorption is effective, it is not
classified as a highly spontaneous process under the
experimental conditions. Other models, including
Freundlich, Temkin, D-R, and Halsey, displayed
inadequate fits, with R? values ranging from 0.0081 to
0.0584, indicating that the adsorption process does not
conform to multilayer or heterogeneous surface
mechanisms [14].

Similarly, the Langmuir isotherm was determined to
effectively describe the adsorption of Erioglaucine A,
with a correlation coefficient (R?) of 0.999 at 298 K,
with a maximum adsorption capacity of 28.9017 mg/
g, further supporting the notion of monolayer
adsorption on a homogeneous surface [18]. The gm
value for Erioglaucine A is higher than that for Allura
Red, suggesting a stronger interaction and a higher
affinity of FesO4 nanoparticles towards Erioglaucine A
molecules. However, the Freundlich model fell short
in characterizing Erioglaucine A adsorption due to
negative parameter values and low R? scores.
Likewise, the Temkin, D-R, and Halsey models were
ineffective, exhibiting  significantly = weaker
correlations.

The comparative analysis of the isotherm models
indicates that the Langmuir isotherm is the most
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suitable descriptor of dye adsorption on FesOa
nanoparticles for both Allura Red and Erioglaucine A.
The high correlation coefficients (R2 = 0.999)
substantiate the assumptions of the Langmuir model
involving monolayer adsorption and uniform active

sites. These findings wunderline the predictive
capability of the Langmuir model in characterizing the
equilibrium behavior of dye adsorption systems,
contributing significant insights for the design and
optimization of nanoparticle-based adsorbents in
wastewater treatment applications.

Table 7. The parameters in the adsorption process for Allura red and Erioglaucine A based on kinetic studies

Allura Red Erioglaucine A
Kinetic models Parameters Materials Materials
MNP MNP
de €xp (mg/g) 7.08467 11.113
Pseudo-first order ge cal (mg/g) 9.4624x107 0.1377
K min! -0.1617 -0.175
R? 0.1291 0.3296
q (%) 57.745 57.0196
Relative error (%) 100 98.7609
Pseudo-second order ge cal (mg/g) 7.08215 11.111
K> (g/mg min) -22.153 81.0016
h (mg/g min) -1111.1 10000
t*1/2 (min) -3.128 7.2902
R? 1 1
q (%) 0.02051 0.01039
Relative error (%) 0.03552 0.018
Elovich equation ge cal (mg/g) 7.0828 11.11
B (g/mg) -1428.6 370.37
a (mg/g min) 0 0
R? 0.1392 0.5176
q (%) 0.01518 0.01559
Relative error (%) 0.02629 0.027
Intra-particle diffusion C (mg/g) 7.0848 11.106
K (mg/gmin) -0.0004 0.0013
R? 0.2608 0.4035
External diffusion K ext (1/min) -0.0648 -0.2159
C (mg/g) -4.505 -3.1256
R? 0.0783 0.2777
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Table 8. Parameters of the Freundlich, Langmuir, Halsey, Temkin, and Dubinin-Radushkevich isotherms for the
Allura red and Erioglaucine A adsorption at 298 K

Isotherm Models Parameters Allura Red Erioglaucine A
Langmuir gm (mg/g) 14.1044 28.9017
b (L/mg) 0 115.333
R? 1 0.999
RL 1 2.17E-4
Freundlich Kr ((mg/g) (L/mg)1/n) 15.7725 15.0973
n 20.9644 15.1976
I/n 0.0477 0.0658
R? 0.0081 0.0365
Temkin Kr (L/mg) 17731.7 100722
br(kJ/mol) 1307.43 1542.89
R? 0.0584 0.1051
Dubinin-Radushkevich Jm (Mg/g) 15.773 15.1773
b (L/mg) 0.0031 0.0028
R? 0.0081 0.0454
E 35.9211 0.1058
Halsey N -20.964 -15.198
K 7.70E-26 -41.255
R? 0.0081 0.0365

Method validation

The method validation was evaluated based on several
parameters, including linear dynamic range (LDR),
precision, accuracy, percentage recovery (%R), and
selectivity. Linearity was assessed by constructing
calibration curves for the concentrations of Allura Red
and Erioglaucine A dyes. The method demonstrated
linearity over concentration ranges of 5 mg/mL to 30
mg/L for Erioglaucine A and 2 mg/mL to 40 mg/L for
Allura Red (see Table 10).

Precision was determined by analyzing three
replicates at three different concentrations on the same
day and subsequently across three different days at the
same concentrations. The relative standard deviation
(%RSD) was calculated based on the results obtained.

The mean percentage recovery for each nominal
concentration, derived from three replicates, indicates
the accuracy of the measurements. In order to obtain
accuracy, three food industrial wastewater samples
were spiked with three different concentrations of
Allura Red (10, 25, and 40 mg/L) and Erioglaucine A
(5, 15, and 30 mg/L). The R? value obtained from the
plot of absorbance value against the concentration of
analyte for both dyes Erioglaucone A and Allura red
were 0.997 and 0.999.

Analysis of real samples

The study investigated the adsorption capacity of
FesOs nanoparticles to remove Allura Red and
Erioglaucine A in actual wastewater samples, focusing
on potential matrix effects. Three wastewater samples
sourced from the food industry in the Penang area
were spiked with varying concentrations of Allura
Red (10, 25, and 40 mg/L) and Erioglaucine A (5, 15,
and 30 mg/L). Results, as summarized in Table 11,
indicated that the removal efficiency for Allura Red
consistently ranged from 94.57% to 100.13%, with
relative standard deviations (RSD) between 0.00%
and 1.34%. This demonstrates both the efficiency and
reproducibility of the adsorption process. In contrast,
the removal of Erioglaucine A revealed greater
variability, with efficiencies fluctuating from 1.19% to
100.08% and RSD values below 35%, indicating a
higher sensitivity to concentration and matrix effects

The superior and more consistent removal rates for
Allura Red, as opposed to Erioglaucine A, can be
attributed to differences in their molecular structures
[29]. Allura Red possesses a smaller and less bulky
configuration, promoting enhanced accessibility to
active sites on the FesO4 nanoparticles and facilitating
stronger electrostatic interactions. Its sulfonate groups
(-SOs7) can form strong electrostatic interactions with
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the surface Fe?'/Fe*" sites of the nanoparticles, while
additional hydrogen bonding and possible =
stacking interactions between the aromatic rings of
Allura Red and the FesOa surface enhance binding
affinity. In contrast, Erioglaucine A, being bulkier and
more structurally complex with multiple aromatic
substituents, experiences steric hindrance that reduces
its ability to approach and anchor effectively onto the
Fes;04 surface. Although Erioglaucine A also contains
sulfonate groups capable of electrostatic binding, its
larger molecular size and extended structure hinder
optimal surface interaction, leading to lower overall
adsorption efficiency [42,43]. This structural
limitation results in lower adsorption efficiency when
compared to Allura Red.

Additionally, the concentration of the dye
significantly influenced the adsorption behavior of
Erioglaucine A. At lower concentrations, the available
adsorption sites on the Fes;Os nanoparticles were
sufficient to accommodate the dye molecules, leading
to high removal efficiencies [13,38]. However, at high
concentrations  (e.g., 30 mg/L), competitive
interactions among Erioglaucine A molecules for the
limited active sites became more pronounced, while
steric  hindrance further limited adsorption,
culminating in a notable decline in efficiency. This
observation is consistent with Langmuir adsorption
theory, which posits that adsorption capacity is finite,
and at higher solute concentrations, multilayer
adsorption or incomplete surface coverage may occur
[12, 16].

Table 9. Linearity and repeatability results of Allura red and Erioglaucine A removal method

Intra-day Inter-day
Types of Dye R? Spil;::g/ii\;els A(Vlzarz)ge Average A(VI:ari)ge Average
Removal RSD Removal RSD
(%) (%) (%) (%)
10 100.28 0.14 100.1 0.16
Allura red 0.999 25 100.09 0.05 100.04 0.04
40 99.97 0.11 99.89 0.17
5 100.02 0.09 100.02 0.1
Eriogfucme 0.997 15 100.02 0.02 100.03 0.03
30 65.41 10.04 66.68 10.19

Table 10. Removal percentage efficiency of Allura red and Erioglaucine A in real samples on Fe3O4 adsorbent

Wastewater Spiked Levels Allura red Spiked Levels Erioglaucine A
(mg/mL) Removal (%) £ RSD (mg/mL) Removal (%) = RSD
Location A 10 100.13 +0.03 5 100.08 + 0.02
25 100.07 = 0.00 15 99.49 +£0.71
40 100.05 £ 0.01 30 1.19+11.38
Location B 10 100.09 = 0.09 5 26.87 +12.70
25 99.85+0.24 15 18.76 + 8.65
40 94.57 +1.34 30 1.76 £ 30.27
Location C 10 100.11 £ 0.06 5 98.16 =2.69
25 100.05 +0.01 15 81.09 +3.56
40 100.00 +0.02 30 2.86 +19.18
Reusability
The reusability of FesOa nanoparticles was evaluated performance of regeneration showed varying

through adsorption and desorption cycles to determine
their potential as economical and sustainable
adsorbents. After each adsorption cycle, the exhausted
adsorbent ~was regenerated using methanol,
magnetically separated, and then dried for reuse. The

behaviors for Allura Red and Erioglaucine A.
Figure 12 demonstrates that the removal efficiency of

Allura Red remained exceptionally high, with only a
minimal decrease (99.88% after the 20th cycle). This
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Figure 3 Reusability of Allura red and Erioglaucine A removal in different runs

consistent performance can be attributed to the
favourable interactions between Allura Red and Fe;Os
nanoparticles. Under acidic conditions, the surface of
Fes04 undergoes ionization (Fe'), which creates
positively charged sites that electrostatically attract
Allura Red's negatively charged sulfonate groups. In
addition to electrostatic forces, hydrogen bonding and
van der Waals interactions stabilize the dye-adsorbent
complex. Acidic conditions do not alter the geometric
surface area of FesOas; instead, they enhance the
functional adsorption area by activating additional
surface sites, which increases the adequate adsorption
capacity [8,17,26]. The combination of strong yet
reversible adsorption allows for effective desorption
using methanol, enabling the reuse of FesO. with
negligible loss in efficiency. The slight decrease
observed is likely due to minor adsorbent loss during
handling rather than a reduction in adsorption affinity.

In contrast, the reusability of FesOa for Erioglaucine
A was limited to five cycles, with removal efficiency
dropping significantly to 64.38%. This reduction is
primarily due to the bulkier and sterically hindered
structure of Erioglaucine A, which restricts access to
adsorption sites and weakens the electrostatic
interactions compared to Allura Red. After the fifth
cycle, the  adsorption showed  decreased
reproducibility, indicating that the available active
sites were increasingly obstructed or rendered
inaccessible [45]. The study was constrained to five
cycles due to a significant decline in adsorption
efficiency, making further testing insignificant
regarding performance outcomes.

The findings indicated that the efficiency of
adsorption and reusability of FesO4 nanoparticles are
significantly affected by the structure of the dye and
the nature of dye-adsorbent interactions. Allura Red

shows superior reusability across multiple cycles,
attributed to its smaller size and favorable interaction
with protonated FesOs surfaces. In contrast,
Erioglaucine A exhibits limited recyclability due to
steric hindrance and weaker interaction forces.
Overall, this research suggests that FesOs
nanoparticles, particularly in the context of Allura
Red, serve as a stable, economical, and
environmentally sustainable adsorbent for various
wastewater treatment applications.

Conclusion

In summary, this research demonstrated the
effectiveness of FesOa nanoparticles as adsorbents for
the extraction of Allura Red and Erioglaucine A dyes
from aqueous solutions. The nanoparticles exhibited a
uniform spherical morphology, mesoporosity, and
strong magnetic properties, as confirmed by
physicochemical characterization. Using the Taguchi
method for process optimization, a maximum removal
efficiency of 100.66% for Allura Red was achieved
under the following conditions: pH 3, 15 mg of
adsorbent, and a volume of 20 mL. In comparison,
Erioglaucine A reached a removal efficiency of
100.22% at pH 5, utilizing 10 mg of adsorbent and a
volume of 15 mL. Analysis of the signal-to-noise ratio
revealed that the mass of the adsorbent and pH were
the most significant factors for removing Allura Red
and Erioglaucine A, respectively. At the same time,
sample volume had a negligible effect. Notably,
significant dye removal occurred within 10 minutes at
low concentrations, and higher temperatures further
improved adsorption capacity due to enhanced dye
mobility.

Thermodynamic analysis indicated that the adsorption
of both dyes was spontaneous, exothermic, and
primarily driven by chemisorption. The maximum
adsorption capacities were 7.082 mg/g for Allura Red
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and 11.111 mg/g for Erioglaucine A. The pseudo-
second-order model best represented the kinetics of
adsorption. The Langmuir isotherm provided the best
fit for both dyes, evidenced by high correlation
coefficients (R? = 0.999 for Allura Red and 0.997 for
Erioglaucine A) and a precision level below 15%.

Reusability studies showed that Allura Red
maintained excellent stability with consistent removal
efficiency across 20 cycles. In contrast, Erioglaucine
A exhibited limited reusability, achieving only five
cycles, likely due to its bulkier structure, which
hinders interaction with the active sites of Fes;Oa.
Validation with actual wastewater samples indicated
removal efficiencies ranging from 94.57% to 100.13%
for Allura Red and 1.19% to 100.08% for Erioglaucine
A. This confirms the efficacy of FesO4 nanoparticles
as a viable adsorbent for treating dye-contaminated
effluents.
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