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Abstract

Arsenazo 11 dyes are widely used in the measurement of several elements, the most important of which are uranium, thorium,
and rare earth elements. Thus, the removal of arsenazo 111 dye, whether free or related to various water sources, is one of the
important steps in preserving the environment from pollution. In this research, the possibility of removing arsenazo Il from
wastewater via several nanoengineered adsorbents was studied. Magnetite, zinc ferrite and magnesium ferrite were prepared,
and their adsorption properties against the dye under study were studied. The study proved that the prepared materials are
nanosized and have distinct adsorption properties for arsenazo Il dye molecules. The uptake of Zn-ferrite, Mg-ferrite, and
magnetite by arsenazo 11 dye is greater at pH 2.1 than at lower or higher pH values. The time-based experiments revealed that
the capacity of the Zn-ferrite, Mg-ferrite, and magnetite adsorbents for arsenazo Il increased over time until they reached
equilibrium (20 and 100 min for the ferrite and magnetite adsorbents, respectively). The maximum capacities of the Zn-ferrite,
Mg-ferrite, and magnetite adsorbents are 107.27, 113.02, and 123.46 mg/g, respectively. The results revealed that the RL
values were between 0.1 and 0.5, i.e., and thus fell within the range of favorable adsorption reactions.
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1. Introduction

Water pollution is one of the most critical environmental concerns confronting humanity today. The availability of water is
the primary basis for any desired economic development and progress. Because of human activities, existing freshwater
supplies are becoming increasingly contaminated and inaccessible. Chemical pollution is traditionally caused by inorganic
and/or organic contaminants [1, 2]. Wastewater containing significant amounts of dyes and other organic compounds is
produced in significant quantities by multiple industries [3-5]. Approximately 10,000 distinct commercial dyes are currently
thought to exist, and approximately a million tons are developed globally each year [6-8]. The textile industry ranks first in
dye usage, among other industries, such as rubber, paper, plastic, and cosmetics. Dyes or coloring agents are frequently
utilized in various industries, such as fabrics, paper, suede or leather, and cosmetics, to add color to their products[2].
However, the release of dye-containing effluent into water bodies can have detrimental impacts on the surrounding living
system, including humans [9, 10]. One such dye that is of concern is arsenazo Ill, a synthetic dye commonly used in many
industries, including the textile and paper industries [11]. Additionally, arsenazo 11 is a common spectrophotometric indicator
in different analytical fields for the sensing and quantification of various metal ions. Arsenazo Il is widely used in the
determination of metal ions, particularly in the spectrophotometric determination of a variety of metal ions, such as uranium,
rare earth elements, arsenic, cadmium, zinc, and nickel. Arsenazo Il is a water-soluble dye that can endanger aquatic life and
disrupt the natural balance of ecosystems. Despite its usefulness in analytical chemistry, arsenazo Ill poses environmental
hazards because of its toxic nature. Exposure to arsenazo Il can cause skin irritation, eye damage, and respiratory problems.
Arsenazo Il is classified as a hazardous substance by various regulatory bodies because of its potential toxicity and
carcinogenicity. Therefore, it is essential to manage arsenazo Ill with caution and dispose of it properly to prevent
environmental contamination. Therefore, removing arsenazo Il from water bodies is essential for reducing its impact on
living systems and human health[12].
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A range of methods are available to remove arsenazo 11 from its effluent, including physical, chemical, and biobased methods
(coagulation, biological precipitation and adsorption methods) [9, 10, 13, 14]. In coagulation and precipitation methods, a
coagulant or a precipitating agent is added to wastewater to form insoluble complexes with arsenazo 111 dye molecules, which
can then be easily separated from the water. Biological methods are approaches for removing arsenazo 11 from its effluent. In
biological methods, microorganisms are used to break down arsenazo 111 species into harmless byproducts. Certain bacteria
and fungi can metabolize and break down dye molecules, converting them into nontoxic compounds. However, the benefits of
biological treatment may vary according to the specific properties of the Arsenazo Il species, and the microbial strains used.
Owing to low dye biodegradation, a conventional biological treatment process is not highly profitable for wastewater disposal
[15]. Another effective method for the removal of arsenazo Il from wastewater is adsorption, where arsenazo Il dye
molecules are attracted to a solid surface and trapped, effectively removing them from wastewater [11, 12, 16, 17]. Adsorption
approaches have many advantages and therefore many applications compared with other pollutant removal processes [18-23].

There is interest in innovative technologies developed to remove organic dyes from their effluent and reduce their hazardous
impact on organisms and humans [24]. Among the more interesting techniques for achieving this goal is the use of
nanoengineered adsorbents. Nanoengineered adsorbents offer high reactivity owing to their nanosized dimensions. These
characteristics increase their absorptivity, making them effective at capturing and removing arsenazo 11l dyes from water.
Nanoparticles (NPs) have gained significant interest because of their unusual characteristics (physicochemical properties),
along with their wide-ranging potential applications in the environmental, medical, tissue engineering, analytical, and
petroleum industries. In this context, the elimination of arsenazo 11l species from wastewater utilizing some synthesized
adsorbents will be a matter of concern during this study (to eliminate their chemical toxicity).

2. Experimental

3.1. Chemicals and Apparatus

The chemicals used were high-purity chemicals produced by Sigma—Aldrich, and all of them were used without further
purification steps. Distilled water was used to make all the solutions, which was also used to wash the prepared products. The
pH of the medium was adjusted via the use of diluted solutions of HCI and NaOH. Ferric chloride, ferrous chloride,
magnesium chloride and zinc chloride were used to generate their respective ions.

3.2. Synthesis of nanoengineered adsorbents

The nanoengineered adsorbents, magnesium and zinc ferrite nanoparticles, were synthesized via the combustion method [25-
27], where magnetite nanoparticles were prepared via the coprecipitation method [28, 29]. For magnesium and zinc ferrite
nanoparticles, the stoichiometric concentrations of magnesium, iron and zinc chloride salts were dissolved in separate aqueous
solutions. The previous three solutions were stirred until completely dissolved (clear solutions were obtained). In two separate
reactors, iron and magnesium solutions were mixed, and iron and zinc solutions were combined and agitated for
approximately one hour. The acetic acid solution served as a precursor in the reaction. Acetic acid is five times more
concentrated than the metal ions utilized. The acetic acid was dissolved and combined with the solutions in the previous two
reactors and stirred for 120 min. The pH of the medium was adjusted to that of the base medium. The grade of the previous
reactors was increased to 85 °C to allow self-combustion of the prepared products. The products obtained were rinsed to
eliminate contaminants, and subsequently, the products were dried at a relatively high level (650 °C) to eliminate acetic acid
(precursor) and obtain nanoengineered adsorbents (magnesium ferrite (Mg-ferrite) and zinc ferrite nanoparticles (Zn-ferrite))
[27]. The magnetite adsorbent was prepared by pairing iron(ll) and iron(lll) ions in their solutions. In detail, separate
solutions of iron(1l) and iron(111) ions were made by dissolving their salts in oxygen-free water, where the resulting solutions
were mixed directly with each other and stirred very quickly. The ammonia solution was put in the prior solution to
precipitate the iron(Il) and iron(I1l) ions together, and this step was performed with extreme stirring until a black precipitate
formed. The mixture was stirred for 40 minutes to allow the formed magnetite (iron(ll) and iron(Ill) hydroxides) to
crystallize. The magnetite formed in the solution was separated via a centrifuge and carefully rinsed with distilled water to
eliminate contaminants. The magnetite formed was washed until the acidity of the washing solution medium was neutral.
After that, the product was dried at 105 °C. The nanoengineered adsorbents, magnesium ferrite, zinc ferrite, and magnetite
nanoparticles, were characterized via DLS, FT-IR, XRD, SEM, and EDX analysis.

3.3. Adsorption measurements via the batch method

In adsorption experiments, the batch technique is commonly used to evaluate the adsorption properties of various materials.
This technique involves an adsorbent (solid phase) in a solution containing the molecules to be adsorbed (adsorbate, liquid
phase). By monitoring the initial concentration (before shaking) and equilibrium concentration (after shaking) of molecules to
be adsorbed in the system, the amount of molecules adsorbed onto the sorbent surface can be determined. Therefore, the
numerous factors that affect this process should be studied and addressed. Arsenazo Il elimination from wastewater is
important for creating an effective and sustainable treatment process. The studied factors include pH, time, and the quantity of
Zn-ferrite, Mg-ferrite, magnetite, and arsenazo Ill. The experiments were performed via the batch technique. The role of
acidity in the adsorption process was determined by combining the adsorbent nanoparticles (0.01g) with arsenazo 11 solution
(0.02) at various pH values (1.04-9.0) in a flask and shaking the mixture for a certain period. To investigate the influence of
duration on the uptake process, the adsorbent nanoparticles (0.01g) were shaken in the arsenazo Il solution (0.02 L) at
different time intervals (5-180 min). The outputs from the prior experiments were used to determine the system's kinetics. One
crucial factor that can influence the uptake of arsenazo Il is its initial content in the effluents being treated. The impact of the
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initial arsenazo 11l concentration on the adsorption process was assessed by agitating the adsorbent nanoparticles (0.01g)
shaken in the arsenazo 11l solution (0.02 L) of different initial concentrations (8-120 mg/L). To study the effects of the
solid/liquid ratio on the process, adsorption experiments were conducted, with the Zn-ferrite, Mg-ferrite, and magnetite
adsorbents being shaken in a solution containing a known adsorbate concentration. The solid/liquid ratio was varied by
varying the content of adsorbent (0.005-0.105 g) while keeping the solution volume constant (0.02 L, 100 mg/L). After
shaking the arsenazo Ill/adsorbent solution for a set period, the remaining arsenazo Il species were measured.

3. Results and discussion

2.1. Characterization

The adsorbent materials were analyzed via FT-IR to identify the functional groups contained in the zinc ferrite (Zn-ferrite),
magnesium ferrite (Mg-ferrite), and magnetite materials. Fig.1 shows the results of the FT-IR analysis of the prepared
nanomaterials. Fig. 1 shows the appearance of the element-oxygen bond (Mg, Fe, and Zn) at the wavenumbers (cm) of 1513-
1653 cmt and 447-697 cm™ [25, 26]. The synthesis of magnetite was confirmed by FT-IR, as shown in Fig. 1. The spectrum
confirms the existence of Fe—O stretching (bands at 580, 650 and 750 cm™).
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Fig. 1 FT-IR spectra of free Zn-ferrite, Mg-ferrite, and magnetite

Nanomagnetite was prepared and characterized according to our previously published methods [28]. For other nanoparticles,
analyses have shown success in their preparation. Scanning electron microscopy (SEM) is a powerful imaging technique that
provides high-resolution images of the surface morphology of materials. SEM-based assessment, combined with EDX, offers
a comprehensive analysis of the morphology, particle size, and elemental composition of Zn-ferrite and Mg-ferrite. Fig. 2
shows the SEM images and shapes of the material surfaces. Energy dispersive X-ray spectroscopy (EDX) is a powerful
analytical technique used to determine the elemental composition of materials. EDX-based assessment provides a detailed and
quantitative analysis of the elemental composition of Zn-ferrite and Mg-ferrite. Also, the EDX-based assessment of the Zn-
ferrite and Mg-ferrite compositions demonstrated that magnetite consists of iron and oxygen; that zinc ferrite consists of zinc,
iron and oxygen; and that magnesium ferrite consists of magnesium, iron and oxygen, which confirms the precision of the
preparation of Zn-ferrite, Mg-ferrite, and magnetite components. The presence and intensity of the Zn and Mg peaks into the
EDX charts of Zn-ferrite and Mg-ferrite confirm the incorporation of these elements into the ferrite structure.
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Fig. 2 SEM images of Zn-ferrite (a) and Mg-ferrite (b).
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2.2. Adsorption parameters

Multiple factors (pH, time, and the S/L ratio) affect the removal of arsenazo 111 from wastewater via solid adsorbents. Each of
these factors is critical in determining the effectiveness of the removal process. Therefore, understanding and optimizing these
factors are crucial for maximizing efficient arsenazo 111 removal from solutions.

The adsorption capacity (ge, mg of adsorbate per g of adsorbent) and efficiency (qe (%), amount of arsenazo Ill species
adsorbed onto the Zn-ferrite, Mg-ferrite, and magnetite surfaces relative to the whole amount of arsenazo Il species) were
determined via Equations 1 and 2 [30, 31].

mg _ Ci_ce
Qe ( g ) = adswt VY M

(C; — Ce) X 100

0, =
q. (%) C

(2)

where ads.wt. and V are the weights of adsorbent (g) and the volume of arsenazo Il solution (L), respectively. Ci and Ce are
the initial and equilibrium arsenazo 111 species concentrations (mg/L), respectively.

2.2.1. Effect of pH on arsenazo 111 removal

The acidity of the adsorption system is a key factor influencing arsenazo 111 adsorption [16, 32]. The pH can have a major
effect on the electrostatic properties of both adsorbate species and the adsorbent surface . Understanding how pH affects
arsenazo Il adsorption by Zn-ferrite, Mg-ferrite, and magnetite is essential for optimizing wastewater treatment system design
and increasing the effectiveness of arsenazo 111 removal.

To understand how pH affects arsenazo 11 adsorption by Zn-ferrite, Mg-ferrite, and magnetite, experiments were conducted
by stirring their particles in an arsenazo Ill solution (with different pH values). These findings indicate that pH has a
substantial role in arsenazo Il removal by the adsorbents used, Fig. 3(a). The uptake of arsenazo Ill dye by Zn-ferrite, Mg-
ferrite, and magnetite is greater at pH 2.1 than at lower or higher pH values. The effect of pH may result from its influence on
the electrical charge on the surface of the Zn-ferrite, Mg-ferrite, magnetite and arsenazo Il species, which in turn affects the
entire adsorption process.

The higher capacity of Zn-ferrite, Mg-ferrite, and magnetite for arsenazo Il at pH 2.1 may be explained by the electrostatic
binding between arsenazo Il molecules (negatively charged) and Zn-ferrite, Mg-ferrite, and magnetite surfaces (positively
charged due to protonation effects). As the pH increased, the content of hydroxyl groups that compete for binding sites with
anionic Arsenazo Il dyes increased, resulting in a decreasing in the adsorption capability. Additionally, the surfaces of Zn-
ferrite, Mg-ferrite, and magnetite and the anionic dye arsenazo Il are negatively charged at relatively high pH; consequently,
the repulsion force between the two terms causes the adsorption capacity to decrease [11].

2.2.2. Effect of initial arsenazo |11 concentration

The initial concentration of the arsenazo Il species in wastewater influences its removal efficiency. As a result, determining
the optimal arsenazo Il concentration in wastewater is critical for achieving maximum removal efficiency. To measure the
influence of starting arsenazo 111 species on the process, various arsenazo Il concentrations (8 to 120 mg/L) were treated with
Zn-ferrite, Mg-ferrite, and magnetite absorbents. The relationship between the arsenazo Il concentration and adsorption
efficiency may be evaluated by comparing the quantity of adsorbed arsenazo 111 species at various initial concentrations, Fig.
3(b). The results of these experiments demonstrated that increasing the arsenazo Il concentration enhances the adsorption
ability (because more dye molecules are available for adsorption). However, this capacity becomes constant after the initial
concentration of dye is reached (as the active sites become saturated with dye molecules).

Therefore, lower initial concentrations of dye result in lower amounts of dye being adsorbed onto the Zn-ferrite, Mg-ferrite,
and magnetite adsorbents (lower adsorption capacities), as fewer dye molecules may be adsorbed. This can result in lower
adsorption capacities and slower adsorption rates. However, in contrast, higher initial concentrations of dye result in more
arsenazo Il1 adsorbed onto the Zn-ferrite, Mg-ferrite, and magnetite adsorbents. This is because at higher concentrations, more
dye molecules may be adsorbed, which enhances the adsorption capability . At the optimum initial concentration, the
maximum number of arsenazo Il species that can be adsorbed by the adsorbents is reached, and any further increase in the
arsenazo Ill concentration will not result in increased adsorption capacity [33]. Therefore, the capacity of Zn-ferrite, Mg-
ferrite, and magnetite adsorbents become constant after the optimum initial concentration of dye (100 mg/L) is reached.
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Fig. 3 Effects of pH (a), arsenazo Il concentration (b), time (c), and solid/liquid ratio (d) on arsenazo Il adsorption by Zn-
ferrite, Mg-ferrite, and magnetite adsorbents.

2.2.3. Effect of time

Contact time is another crucial factor that influences arsenazo 111 removal (capacity and efficiency) from wastewater by solid
adsorbents. The time-based experiments revealed that the capacity of Zn-ferrite, Mg-ferrite, and magnetite adsorbents for
arsenazo Il increased as time progressed until reaching equilibrium (20 and 100 min for the ferrite and magnetite adsorbents),
where the rate of arsenazo 1l adsorption was equal to the rate of arsenazo Ill desorption. This occurred because as the
arsenazo |1 species encounter adsorbent particles for a longer period, more dye molecules can bind to the Zn-ferrite, Mg-
ferrite, and magnetite surfaces. However, after the optimum time, the capacity of Zn-ferrite, Mg-ferrite, and magnetite for
arsenazo |11 becomes constant. At the optimum time, the maximum amount of arsenazo Il species that may bind the surface
of Zn-ferrite, Mg-ferrite, and magnetite has been reached (the adsorbent surfaces are saturated with dye molecules). Any
additional time spent on treating solutions with the adsorbent particles will not result in further adsorption, Fig. 3(c).

2.2.4. Effect of solid/liquid ratio

The solid/liquid ratio, or the ratio of the solid phase (adsorbent) to the volume of the liquid phase (volume of solution), is a
key parameter that might affect the adsorption process [34]. Adsorption tests were conducted in which the Zn-ferrite, Mg-
ferrite, and magnetite adsorbents were shaken in a solution containing a known arsenazo Il concentration to determine the
effects of the solid/liquid ratio, Fig. 3(d). The solid/liquid ratio varied by varying the amount of Zn-ferrite, Mg-ferrite, and
magnetite adsorbents (from 0.05 to 0.105 g), and the volume of arsenazo Ill was constant (0.02 liters). These findings
demonstrated that while the adsorption efficiency increased with increasing solid/liquid ratio, the adsorption capacity
decreased. The number of dye species that may bind the adsorbent's surface in relation to the total amount of dye species (the
initial amount of dye species) determines the adsorption efficiency of the Zn-ferrite, Mg-ferrite, and magnetite adsorbents.
The relatively high removal efficiency might have resulted from the increased Zn-ferrite, Mg-ferrite, and magnetite adsorbents
increasing the surface area accessible for arsenazo Il adsorption. A greater amount of adsorbent provides more surface area
for the arsenazo Il adsorbate, leading to greater binding of arsenazo Il onto the surface of the Zn-ferrite, Mg-ferrite, and
magnetite adsorbents. Additionally, a higher solid/liquid ratio can also lead to more collisions between the arsenazo IlI
molecules and the Zn-ferrite, Mg-ferrite, and magnetite adsorbents (enhanced adsorption). Additionally, the weight of the
arsenazo Il species that may be adsorbed per weight of adsorbent (mg of adsorbate per g of adsorbent) of the Zn-ferrite, Mg-
ferrite, and magnetite adsorbents decreases as the dosage increases. The surfaces of the Zn-ferrite, Mg-ferrite, and magnetite
adsorbents become saturated with dye molecules at higher adsorbent doses, which lowers the capacity. The maximum
efficiencies (ge, %) of the Zn-ferrite, Mg-ferrite, and magnetite adsorbents are 87.35, 84.00, and 98.93%, respectively. On the
other hand, the maximum capacities (ge, mg/g) of the Zn-ferrite, Mg-ferrite, and magnetite adsorbents are 107.27, 113.02, and
123.46 mg/g, respectively.

2.3. Adsorption isotherms

Adsorption isotherms play a basic role in understanding the adsorptive behavior of different systems and optimizing
adsorption processes. Adsorption isotherms elucidate the interactions between adsorbate molecules and adsorbent surfaces.

Egypt. J. Chem. 68, SI: Z. M. Nofal (2025)



422 Abd El-Magied et.al.

Evaluations of isotherms are crucial for characterizing the adsorptive properties of various materials and comparing their
performance. Studying the adsorption isotherm of a particular adsorbent material may determine its suitability, assess its
capacity, and compare it with those of other materials [35]. The isotherm data also allows for the calculation of important
parameters. The Langmuir isotherm is a more widely used model to describe adsorption processes [16, 36, 37]. The Langmuir
model assumes that adsorption occurs on a homogeneous surface and that adsorbate molecules do not interact with each other
once adsorbed. The model also assumes that fixed binding sites are involved in adsorption and that adsorption is a reversible
process .The Langmuir model is important in adsorption processes for several reasons. It provides an easy and effective tool
for analyzing experimental data and determining key parameters such as the maximum theoretical capacity and equilibrium
binding constant. Equation 3 presents the Langmuir model in its linear form [38, 39].
C. G, 1
e Qmax * KLQmaX (3)
where KL and Qmax are constants called the Langmuir binding constant and the maximum theoretical capacity (theoretical
capacity), respectively. The experimental data was processed via Equation 3 to analyze the susceptibility of the Langmuir
model to describe the effects of arsenazo 11l removal on Zn-ferrite, Mg-ferrite, and magnetite adsorbents. The plots of Ce/ge
with Ce are drawn on Fig. 4 (a). The model plots are straight lines indicating their suitability for describing arsenazo Il
removal by Zn-ferrite, Mg-ferrite, and magnetite adsorbents (Table 1). The high straightness of the lines (R?) proves its
suitability for interpreting the removal of arsenazo Il dye from its sources via Zn-ferrite, Mg-ferrite, and magnetite
adsorbents. The results also show that the theoretical adsorption capacity values (Qmax) are approximately equal to the
practical values from the experiments, which confirms the ability of the model to explain the removal of arsenazo Il from its
solutions via Zn-ferrite, Mg-ferrite, and magnetite adsorbents. One important parameter that characterizes the Langmuir
model is the separation factor or equilibrium parameter (RL). This parameter is defined as RL = 1/(1 + KLCi), where Ky is the
Langmuir constant. The equilibrium parameter (R.) helps in understanding and analyzing adsorption processes. It provides
valuable information and helps in determining the validity and feasibility of whole processes. The separation factor is a
measure of the favorability of adsorption, with R.< 1 indicating favorable adsorption, RL = 1 indicating linear adsorption, and
Rc> 1 indicating unfavorable adsorption. The results revealed that the equilibrium parameter (RL) values approximately fall
between 0.1 and 0.5, i.e., and thus fall within the range of favorable adsorption reactions, Fig. 4(b). The Langmuir approach
involves adsorption occurring only at specific binding sites on the adsorbent surface, and once a molecule is adsorbed at a site,
no other molecule can occupy that site. As a result, the monolayer of arsenazo Il species is formed on the Zn-ferrite, Mg-
ferrite, and magnetite surfaces. Therefore, these approaches are useful for describing the monolayer coverage (single-layer
coverage or 0) of arsenazo III species on Zn-ferrite, Mg-ferrite, and magnetite surfaces. The surface coverage equals the
fraction of Zn-ferrite, Mg-ferrite, and magnetite surfaces covered by arsenazo Il species at equilibrium, Equation 4. It is a
measure of the extent to which the surface is occupied by adsorbate molecules [40].
Ky G
0=1 +K.G; )
The single-layer coverage values of the absorbent materials are high and close to 1 (a value of 1 means that the surface is fully
filled with dyes). These values confirm the high efficiency of the Zn-ferrite, Mg-ferrite, and magnetite in dye absorption.

Table 1 Outcomes of the Langmuir parameters

Adsorbent ge (Ma/g) Qmax (Mg/Q) KL (L/mg) R?

Mg-ferrite 76.98 83.33 0.1476 0.9946
Zn-ferrite 69.98 76.34 0.1331 0.9972
Magnetite 86.96 90.91 0.3235 0.9999

The Freundlich model is frequently used to predict adsorption behavior and is an important model in adsorption processes
[41]. The model assumes that the sorption process is a multilayer phenomenon where the adsorbate species binds a
nonuniform distribution surface (heterogeneous) with many active site types accessible for adsorption. The model can be
described by Equation 5 [42].

_logC,
logq. = — + logKg 5)

where Kr and n are the Freundlich binding constant and theoretical capacity (mg/g), respectively. The results of the arsenazo
111 removal experiments using Zn-ferrite, Mg-ferrite, and magnetite were analyzed via Equation 5 to analyze the susceptibility
of the Freundlich equation to removing the dyes on the adsorbents. The relationship between the values of log (ge) and log
(Ce) is shown in Fig. 4(c). The Kr values of the model differ significantly from the experimental values from the adsorption
experiments, indicating the inappropriateness of using the Freundlich model to fit arsenazo Il removal via Zn-ferrite, Mg-
ferrite, and magnetite (Table 2). Additionally, the resulting Freundlich line straightness is lower than the straightness of the
lines produced by the Langmuir line. Therefore, the R? values of the Freundlich model are lower than those of the Langmuir
model, confirming that the current extraction process follows the Langmuir isotherm or the single-layer adsorption model.
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Table 2 Outcomes of the Freundlich parameters

Adsorbent e (Mg/g) Kr (mg/g) 1/n R?

Mg-ferrite 76.98 19.17 0.3385 0.9879
Zn-ferrite 69.98 16.36 0.3510 0.9793
Magnetite 86.96 24.75 0.3313 0.9013

One of the important models used to describe adsorption processes is the Dubinin—Radushkevich model [43]. The
Dubinin—Radushkevich model, Equation 6, was used to analyze the removal of dyes by the adsorbents [44].

1
Inge = InQpg — Kpr(e)? wheree = RTIn [1 + C—] (6)
e

where Qor and ¢ are the theoretical capacity (mg/g) and Dubinin—Radushkevich (Polanyi potential constant related
gas constant (R, 8.314 J/mol K), temperature (T, K), and equilibrium adsorbate concentration (Ce, mg/L), respectively. The
plots of the In (ge) value against the squared values of the Polanyi potential (¢) are drawn in Fig. 4(d). The
Dubinin—Radushkevich isotherm gives straight lines with high R? values, indicating that the Dubinin—Radushkevich isotherm
may fit arsenazo Ill removal via Zn-ferrite, Mg-ferrite, and magnetite adsorbents (Table 3). Additionally, the theoretical
adsorption capacity (Qor, mg/g) was fitted with the experimental value (ge, mg/g), which confirms the ability of the
Dubinin—Radushkevich isotherm to explain the current adsorption process. The Dubinin—Radushkevich model provides
several outcomes that are valuable for understanding adsorption processes. The model allows for the determination of the
Dubinin—Radushkevich constant (E). The mean adsorption energy (E) is a key parameter in the Dubinin—Radushkevich model
and may be determined via Equation 7 [27].

1
| ] 7

The E values for arsenazo 11l removal via the adsorbents were found to be between 8451.54 and 9128.71 J/mol (Table 3). The
calculated E values are within the range of adsorption chemical reactions.
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Fig. 4 Langmuir isotherm plots (a), separation factor (b), Freundlich isotherm (c), and Dubinin—Radushkevich isotherm plots
(d) for arsenazo Il removal by Zn-ferrite, Mg-ferrite, and magnetite adsorbents
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Table 3 Outcomes of the Dubinin—-Radushkevich isotherm

Adsorbent Qe Qor Qor Kbr E R?
(mg/g) (mmol/g) (mg/g) (mol?/kJ?) (J/mol)

Mg-ferrite 76.98 0.1237 96.06 6x10° 9128.71 0.9918

Zn-ferrite 69.98 0.1161 90.13 7x10° 8451.54 0.9985

Magnetite 86.96 0.1659 128.82 6x10° 9128.71 0.9741

2.4. Kinetic studies

The kinetics of arsenazo 11l removal via the studied adsorbents are crucial for determining the efficiency of Zn-ferrite, Mg-
ferrite, and magnetite adsorbents in removing contaminants from wastewater. Understanding the kinetic parameters helps in
designing treatment systems and predicting the activity and efficiency of adsorbents in removing contaminants [10]. To study
and predict the kinetic parameters, various models have been developed. One of the commonly used models is the pseudo-
first-order model. The pseudo-first-order model posits that the process is governed by the rate at which adsorbate species
approach and adhere to the adsorbent surface[10]. Mathematically, the pseudo-first-order model is represented by Equation 8
[45].

Ky t (8
23030 ©®

where qt, Q1, and ki are the amount of arsenazo 111 adsorbed at time t (mg/g), the theoretical amount of arsenazo Il adsorbed
(mg/g), and the rate constant of pseudo-first-order adsorption (1/min), respectively. The values of the qt, Q1, and ki constants
were determined by processing the adsorption data via Equation 8. An illustration of the link between log (ge -qt) and t is
provided on Fig. 5(a). The results did not follow a very straight line, reflecting the inability to use the model to interpret
experimental data obtained from previous experiments.

log (qe — q¢) = log(Qy) —

Table 4 Outcomes of the pseudo-first-order model

Adsorbent ge(mg/g) Q1(mg/g) ky(mint) R?

Mg-ferrite 76.98 175.27 0.3284 0.9531
Zn-ferrite 69.98 135.61 0.2874 0.9095
Magnetite 86.96 26.58 0.0576 0.9377

The pseudo-second-order model is one of the prevalent kinetic models for adsorption processes and states that the sorption
rate is precisely proportional to the square of the amount of adsorbate on the adsorbent surface [10]. The pseudo-second-order
model is often preferred over other kinetic models because of its simplicity and accuracy in describing the sorption process.
Equation 9 is used to represent the pseudo-second-order model. The possibility of pseudo-second-order kinetics can be
validated through experimental data via linear plots of t/qt versus time to determine the rate constants and evaluate the
adsorption mechanism, thus providing valuable insights for applications in environmental remediation.

b_ 1 1,
@ k,Q5 Q
where k2 is the rate constant of the pseudo-second-order model and where Q2 is the adsorption capacity of the model. The
plots obtained are straight lines, and the reactions may follow pseudo-second-order kinetics. The values of ki and g1 were
predicted by fitting the experimental data to the pseudo-second-order model (Fig. 5(b)). The findings also show that the
theoretical adsorption capacity values of the model are roughly the same as or comparable to the actual values from the

adsorption experiments (Table 5). The findings demonstrated that the rule produced a straight line, suggesting that the
adsorption process could be explained by the model.

€)

Table 5 Outcomes of the pseudo second-order model

Adsorbent ge(mg/g) Q2(mg/g) k2(g/mg.min) R?

Mg-ferrite 76.98 95.24 0.0023 0.9957
Zn-ferrite 69.98 87.72 0.0023 0.9937
Magnetite 86.96 88.50 0.0046 0.9999
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Fig. 5 (a) Pseudo-first order (a), pseudo-second-(b), liquid film diffusion (c), and intraparticle diffusion (d) models for arsenazo 11l removal
via Zn-ferrite, Mg-ferrite, and magnetite adsorbents

Adsorption is a surface process where molecules adhere to a solid [16]. It involves stages such as bulk diffusion, thin film diffusion,
intraparticle diffusion, and adsorption interactions. In stirred systems, bulk diffusion is less significant due to reduced mass transfer resistance,
whereas liquid film diffusion can notably impact adsorption by affecting how adsorbate molecules move through the surrounding liquid film.
The liquid film diffusion model suggests that adsorption occurs at the solid-liquid interface, where adsorbate molecules diffuse through a
liquid film to the solid surface. Mass transfer is limited by this diffusion, which is determined by the film thickness and the concentration
gradient. The film thickness also varies with temperature and concentration. Understanding these models is crucial for understanding mass
transfer in adsorption and the influence of liquid film mechanisms. This model can be expressed with Equation [33].

kLF
2303 a0

log(1 —F) =—

F, ks, and t are constant (F denotes the ratio of gi/qe), rate constant and time. When analyzing the data, if the plot of log(1-F) against (t)
produces a straight line, characterized by a high coefficient (R2) and a zero intercept, this observation strongly suggests that the flow of dyes
species through the liquid film is the rate-determining step in the overall adsorption process. Fig. 5(c) and Table 6 highlight the significance
of the liquid film's dynamics in controlling the rate of adsorbate uptake.

Table 6 Outcomes of the liquid film diffusion model

Adsorbent Intercept Kir (min'd) R2
Mg-ferrite 0.3579

0.3284 0.9531
Zn-ferrite 0.2887 0.2874 0.9095
Magnetite -0.5118 0.0576 0.9377

The intraparticle diffusion of arsenazo 111 within Zn-ferrite, Mg-ferrite, and magnetite pores (the third step in the adsorption process) plays an
important role in the adsorption of dyes on porous solid adsorbents. This step represents the transport of adsorbate molecules from the bulk
solution to the solid surface through the pores of Zn-ferrite, Mg-ferrite, and magnetite [10]. According to the intraparticle diffusion
hypothesis, the rate-limiting step in adsorption processes is the transport of arsenazo I11 molecules from the bulk solution to the solid surface
through the pores of the Zn-ferrite, Mg-ferrite, and magnetite adsorbents [10]. This model is represented by the following equation (Equation
11) [33]:

qe = kippt /2 + C (11)

The former equation of the model yields the initial adsorption rate constant (kep) and the boundary layer effect constant (C). The plot of g
versus (%) produced straight lines, as shown in Fig. 5(d). Table 7 indicates that the rate-determining step of arsenazo Il removal via Zn-
ferrite, Mg-ferrite, and magnetite adsorbents is influenced by the transport of arsenazo 111 molecules from the bulk solution to the solid
surface through the pores of the Zn-ferrite, Mg-ferrite, and magnetite adsorbents.
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Table 7: Outcomes of the intraparticle diffusion model

Adsorbent C Kipo (mg/g min®3) R?

Mg-ferrite 0.0304 0.0163 0.9212
Zn-ferrite 0.0252 0.0151 0.9573
Magnetite 0.0613 0.077 0.8178

5. Conclusions

Removing arsenazo 11l from water is crucial for mitigating environmental and health risks associated with dye
pollution. This study investigated the efficacy of nanoengineered magnesium ferrite, zinc ferrite, and magnetite nanoparticles
as adsorbents for arsenazo 11 removal from wastewater. These adsorbents, synthesized via combustion and coprecipitation
methods, were tested in batch experiments, examining the influence of pH, contact time, adsorbent dosage, and arsenazo IlI
concentration. Results indicated that pH significantly impacts removal efficiency, with lower pH values (specifically pH 2.1)
promoting greater adsorption due to increased positive surface charge on the adsorbents. While adsorption efficiency
increased with higher solid/liquid ratios, adsorption capacity decreased. Maximum removal efficiencies were 87.35%,
84.00%, and 98.93% for zinc ferrite, magnesium ferrite, and magnetite, respectively. Langmuir and Dubinin-Radushkevich
isotherm models effectively described the adsorption process, with theoretical adsorption capacity values closely matching
experimental results. High single-layer coverage values near 1 confirm the materials' effective dye absorption. Dubinin-
Radushkevich isotherm fitting showed good linear fits. Furthermore, energy values (E) between 8.45 and 9.13 kJ/mol suggest
a chemical adsorption mechanism. Pseudo-second-order kinetics adequately described the adsorption process, with
intraparticle diffusion influencing the rate-determining step of arsenazo 11l removal.
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