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Abstract: A magnetic bio-based adsorbent derived from H2O2-activated zeolite and turmeric carbo-
hydrate polymer was fabricated, characterized, and utilized in removing methylene blue (MB) dye
at pH 8.0 and temperatures between 25 and 55 ◦C. To understand the molecular-scale adsorption
mechanism, a range of advanced statistical physics models were employed in conjunction with
conventional equilibrium models. The as-synthesized biosorbent presented high maximum capacities
according to the Langmuir model, with values ranging from 268.67 to 307.73 mg/g. The double-layer
equation yielded the best-fitting results to the MB experimental data among the applied statistical
physics models. The number of MB molecules ranged from 1.14 to 1.97, suggesting a multi-molecular
mechanism with a non-parallel orientation. The main factor affecting the effectiveness of this adsor-
bent was the density of its functional groups, which varied from 27.7 to 142.1 mg/g. Adsorption
energies in the range of 19.22–21.69 kJ/mol were obtained, representing the existence of physical
forces like hydrogen bonds and electrostatic interactions. To complete the macroscopic examination
of the MB adsorption mechanism, thermodynamic parameters such as entropy, Gibbs free energy, and
internal energy were considered. The adsorption/desorption outcomes up to five cycles displayed
the stability of the magnetic biosorbent and its potential for decontaminating industrial effluents.
Overall, this work increases our understanding of the MB adsorption mechanism onto the produced
biosorbent at the molecular level.

Keywords: activated zeolite; iron oxide; turmeric polymer; methylene blue; adsorption; advanced
modeling; reusability
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1. Introduction

The significant industrial revolution of the last few decades has contributed to an
increase in the contamination of water bodies with different stable chemical compounds,
including organic dyes [1–5]. In the long run, dye pollution may have teratogenic and
carcinogenic effects, posing a serious threat to both human health and the ecosystem [6–8].
Methylene blue (MB), a synthetic dye used in the paper, plastic, and textile industries, is
very difficult to eliminate from wastewater because of its complex molecular structure
and resistance to biodegradation [9]. Consequently, the development of highly effective,
commercially feasible, and environmentally safe technologies for the treatment of dye-
contaminated wastewater is urgently required. Both inorganic and organic chemicals have
been removed from water using a variety of techniques, including, adsorption, membrane
filtration, precipitation, coagulation, biological treatment, and advanced oxidation [10–14].
Because of its ease of use, great efficacy, and availability, adsorption is frequently selected
among these techniques for water remediation [7,15–20]. Overall, recent studies have
concentrated on generating novel magnetic biocomposites that are non-toxic, readily syn-
thesized, easily separated, and biodegradable to remove contaminants from water with
high efficiency [21].

Natural zeolite (NZ) is a type of hydrated aluminosilicate that features a framework
structure composed of micropores, channels, and cavities. Due to their unique 3D porous
structure, negatively charged surface, and their cation-exchange capacity, zeolites are
effective in removing different pollutants, such as heavy metals and basic dyes [22–24]. The
minerals of NZ are divided into a number of groups, and each collection exhibits a unique
adsorption behavior and performance in the field of water remediation [23]. Natural and
synthetic zeolites have several advantages over other materials for the removal of water
pollutants due to the following characteristics: low cost, high reserves, excellent surface area,
high safety, and remarkable chemical stability [25]. Furthermore, zeolite-based composites
(e.g., Fe3O4/zeolite, Fe3O4/activated zeolite, and chitosan/zeolite) were made and applied
as effective adsorbents to eliminate a variety of pollutants from wastewater [25–27].

Turmeric, also known as Curcuma longa L., is a well-known ancient spice with a
long history of use because of its flavor and therapeutic qualities. Based on economic
and environmental assessments, this naturally occurring carbohydrate is inexpensive and
widely accessible [13,14]. Turmeric-based adsorbents have attracted a lot of interest and
have been effectively used to remove phenol and MB dye from aqueous solutions [28].

Magnetic nanoparticles (MNPs) are characterized by distinctive characteristics, includ-
ing large surface areas, available active sites, bio-compatibility, and ease of extraction from
aqueous solutions through the application of an external magnetic field [29–31]. However,
in solutions, iron oxide nanoparticles tend to group together, which reduces their capacity
to eliminate contaminants from water [29,30]. As a result, raw and/or treated materials
supported by MNPs can be designed and used as effective and environmentally friendly
adsorbents for water pollution [31–33].

When MNPs are combined with aluminosilicates and natural carbohydrate polymers,
a class of clean composites is produced that have significant surface areas, high efficiency,
and a lot of multifunctional chemical adsorption sites. Thus, the novel contribution of
this work was to generate a biodegradable and eco-friendly magnetic nanocomposite by
loading the combination between activated natural zeolite and turmeric polymer with
magnetite nanoparticles. The performance of the produced ANZ/TC/MNPs as a workable
and cost-effective adsorbent for extracting MB from solutions was considered. Alternative
techniques (e.g., XRD, FESEM, DSC, TGA, FTIR, TEM, BET surface area, and zeta potential)
were used to characterize the produced ANZ/TC/MNPs composite. The energetic and
steric parameters derived from the statistical physics models were applied in addition
to conventional isotherm models to clarify the adsorption mechanism. Understanding
the interface mechanism between the MB molecules and the ANZ/TC/MNPs composite
at both the macroscopic and microscopic scales can be reliably achieved by utilizing the
statistical physics theory.
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2. Materials and Methods
2.1. Materials

The turmeric (TC) sample used in this study was locally sourced from a company in
Egypt. The natural zeolite (NZ) was supplied from a zeolite mine in Taiz city, Yemen. Both
NZ and TC samples were ground to achieve particle sizes below 100 µm. Iron chloride
(FeCl2), hydrogen peroxide (H2O2, 30%), and NH4OH solution were supplied by Loba
Chemie in India and used in this work. In this investigation, the tested methylene dye (MB)
was purchased from Sigma-Aldrich. Diluted solutions of NaOH and HCl were used to
regulate the starting pH values before carrying out the uptake experiments.

2.2. Synthesis of ANZ/TC/MNPs Composite

In the first step, Fe3O4 nanoparticles (MNPs) were formed using activated altered
basalt via the precipitation process outlined in [34]. In a beaker with 30 mL deionized water,
0.75 g of FeCl2 and 1.5 g of heated altered basalt powder were combined. Then, 10 mL of
NH4OH was added and the mixture was stirred until the precipitation of MNPs with a black
color. In a separate step, 15 mL of H2O2 was added to a second beaker that contained 25 mL
of distilled water and 2.0 g of NZ with continuous stirring for 2 h at 40 ◦C. The H2O2/NZ
mixture (ANZ) was then combined with 1.0 g of cleaned and dried TC with stirring for 3 h.
The MNPs from the first stage and the ANZ/TC of the second step were then mixed for
3 h at 25 ◦C. Using an external magnet, the induced magnetic ANZ/TC/MNPs adsorbent
was separated. It was then repeatedly cleaned with distilled water and baked for 24 h at
70 ◦C in an oven. After being created, the fabricated composite was carefully ground in
agate mortar and kept for analyzing and MB adsorption examinations. Figure 1 shows the
processes needed to prepare the ANZ/TC/MNPs adsorbent.
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Figure 1. The procedures used to prepare the tested ANZ/TC/MNPs adsorbent.

2.3. Characterization of ANZ/TC/MNPs

A Philips APD–3720 diffractometer operating with Cu Kα radiation at 40 kV and
40 mA was used to analyze the XRD pattern of ANZ/TC/MNPs. At a scanning speed
of 10◦ per min, the diffraction patterns covered a diffractive angle range of 5◦ to 65◦.
Field-emission scanning electron microscopy (FESEM, Sigma 500 VP, Zeiss, Oberkochen,
Germany) was used to examine the composite’s structural characteristics. The functional
groups embedded in the created composite were ascertained by Fourier-transform infrared
(FTIR-2000) spectroscopy, PerkinElmer, Waltham, MA, USA, which was used with a scan-
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ning wavenumber between 4000 and 400 cm−1. Transmission electron microscopy (TEM),
Thermo Fisher Scientific, Waltham, MA, USA, was used to examine the internal microstruc-
ture and particle morphology of the used adsorbent. The magnetic measurements were
carried out using a vibrating sample magnetometer (VSM), Lake Shore Cryotronics, West-
erville, OH, USA. Differential scanning calorimetry (DSC) and thermogravimetric (TGA),
PerkinElmer, Waltham, MA, USA, analyses of ANZ/TC/MNPs were carried out in the
25–1000 ◦C range using a Labsys evo equipment under a heating rate of 10 ◦C/min. The
ZN/TC/MNPs’ zeta potential was determined using the Nano ZS90 Zetasizer, Malvern
Panalytical, Worcestershire, UK. We used the following procedure to determine the zeta
potential of the prepared ANZ/TC/MNPs: Using an ultrasonic bath for 30 min, 0.01 g
of ANZ/TC/MNPs was added to 250 mL of distilled water before measurement. Then,
at 25 ◦C, an electrical field of 150 mV was applied to a folded capillary cell containing
1 mL of the suspension. The Brunauer–Emmett–Teller (BET), HORIBA Scientific, Kyoto,
Japan, approach was used to measure the BET surface area (SBET) of the as-synthesized
adsorbent [35].

2.4. MB Adsorption Isotherm Studies on ANZ/TC/MNPs Composite

The adsorption isotherms of MB, with changing the initial solution concentration (C0,
25–200 mg/L), were confirmed at a solution pH value of 8.0 and temperatures of 25, 40,
and 55 ◦C.

An RS9000 shaker was used to mix all combinations of ANZ/TC/MNPs (50 mg)
and MB solution (50 mL) at 150 rpm for 120 min to attain the equilibrium stage. All
adsorption experiments were completed three times, and the average values of the results,
with an error range that was always of less than ±5%, were used to evaluate the data.
An external magnet was used to separate the ANZ/TC/MNPs composite from the liquid
phases. An ultraviolet–visible spectrophotometer was used to measure the residual MB
dye concentrations at λmax = 660 nm. The developed adsorbent removed MB molecules at
equilibrium ( qe, mg/g) in the amounts calculated via the next relation.

qe(mg/g) = (C0 − Ce)
V
m

(1)

where V the volume (L) of the MB solution and m is the mass (g) of NZ/TC/MNPs.

2.5. Conventional Modeling for MB-ANZ/TC/MNPs Interaction

For modeling the MB data, the non-linear techniques of the most widely used con-
ventional Langmuir [36] and Freundlich [37] equations were selected. Further details
regarding the mathematical expressions for these classical equations can be found in the
Supplementary Materials.

2.6. Statistical Modeling for ANZ/TC/MNPs Interaction

Three unconventional (i.e., multilayer, double-layer, and monolayer) statistical physics
models were also used to explain the removal of MB molecules by the ANZ/TC/MNPs
adsorbent. In addition to the results of conventional models, the complicated physics
models offered more understanding of the behavior of the MB-ANZ/TC/MNPs adsorption
system. More information about the references and mathematical formulations of these
adsorption equations is provided in the Supplementary Materials [9,21,34].

2.7. Thermodynamic Functions of MB Adsorption

Analyzing thermodynamic functions from the perspective of statistical physics theory
helps in understanding the interface between the ANZ/TC/MNPs and the MB molecules.
Thermodynamic functions, which are detailed in the Supplementary Materials, were inter-
preted using the best-adjusted adsorption model [21].
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2.8. Effect of NaCl Concentration on Dye Adsorption

Due to the dyeing process usually being associated with a rise in salt concentration,
MB adsorption onto the MNPS-G/CA was examined in relation to the amount of sodium
chloride in solution. The influence of salt content on MB was investigated using 50 mL of the
dye under study at a concentration of 100 mg/L and a mass of 50 mg of ANZ/TC/MNPs.
Various NaCl concentrations extending between 0.2 and 1.2 g/L were employed to check
the salinity impact.

2.9. Regeneration of ANZ/TC/MNPs Adsorbent

The tested adsorbent’s financial feasibility was assessed using a recycling method.
Using ethanol as a desorbing agent, experiments on the regeneration and reuse of the
formed composite were carried out at 25 ◦C. ANZ/TC/MNPs (0.5 g) containing 100 mL of
MB molecules were shaken at 150 rpm for a duration of 2 h. In this study, five rounds of
MB adsorption/desorption were employed. The ANZ/TC/MNPs was used in the next
round after being cleaned with distilled water and dried at 70 ◦C for 16 h after each cycle.

3. Result and Discussions
3.1. Characterization of ANZ/TC/MNPs Adsorbent

Using the X-ray diffraction (XRD) technique, the phases of the studied ANZ/TC/MNPs
adsorbent were identified as displayed in Figure 2. The resulting pattern exhibited the
characteristic peaks of natural zeolite, which were observed at 2θ angles of approximately
9.88◦, 11.2◦, 19.1◦, 24◦, 26.88◦, and 28.15◦ [25]. Moreover, additional new peaks located
at 2θ = 35.76◦, 43.62◦, 57.25◦, and 63.05 were detected, as shown in Figure 2. These peaks
that formed correspond to the (311), (400), (511), and (440) lattice planes of the as-prepared
MNPs [11]. The card numbers utilized to identify the natural zeolite and the synthesized
Fe3O4 phases were 25-1349 and 00-075-0449, respectively. Accordingly, the XRD result is
in agreement with the Fe3O4 nanoparticles (MNPs) being incorporated into the NZ/TC
biocomposite producing the investigated ANZ/TC/MNPs nanocomposite.
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The FTIR spectrum of ANZ/TC/MNPs shows a variety of absorption bands (Figure 3).
The bands observed at 3413.73 and 1639.36 cm−1 are associated with water molecules,
which represent the existence of physically adsorbed water within the studied sample [38].
The asymmetric stretching of Si–O or Al–O is associated with the vibration at 1037.92 cm−1,
whereas the Fe–O functional group of Fe-bearing minerals is linked to the bands found
at 467.06 and 599.36 cm−1 [34]. The bands observed at 791.07 cm−1 and 1326.26 cm−1 are
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related to Al–O–Al and water of NZ, respectively [11,26]. Additionally, the detected peaks
at 2851.56 and 2928.56 cm−1 are related to the C–H bonds stretching [39].
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Characteristic FESEM and TEM images of the considered ANZ/TC/MNPs composite
are illustrated in Figure 4. The irregular particles that appear as micro-aggregates with a
flaky morphology are typical for NZ. The interaction between the H2O2 solution and the
NZ grains caused the zeolite’s structural bonds to break, increasing its porosity (ANZ).
Additionally, changing the thickness of the NZ sheets may also related to the peroxide
activation. The carbohydrate TC that is used has particles of different sizes and shapes,
including irregular and rod-like forms. By entering TC particles inside the formed NZ’s
pores and holes, the ANZ/TC interface was generated. On the ANZ and ANZ/TC surfaces,
Fe3O4 aggregates or scatters in the form of spherical-like particles with a diameter of less
than 25 nm. Moreover, a collection of numerous faceted Fe3O4 particles can be seen, as
shown in Figure 4a–d. Additionally, the dispersed NZ sheets have the ability to partially
prevent the accumulation of iron oxide nanoparticles. Avoiding the MNPs’ aggregation
in solution is very helpful in enhancing the MB–adsorbent interaction. In general, these
magnetic nanoparticles can help in developing adsorbents with promising potentials for
the removal of various water contaminants [12].

The TEM images (Figure 4e,f) show a large number of irregularly shaped light and
dark areas. The TEM image’s bright spots indicated the existence of the ANZ/TC interface
in the absence of MNP support. Upon decorating ANZ/TC with Fe3O4, a mass of nearly
uniform, dark spherical objects is observed, in agreement with the anticipated morphology
of iron oxide nanoparticles. Fe3O4 nanoparticles are clearly visible, despite some grouping
that is typical given their magnetic properties. As a result, the FESEM and TEM results
proved that ANZ/TC was successfully coated with Fe3O4 nanoparticles.

In order to determine the particle size of the tested adsorbent, 50 particles were mea-
sured using ImageJ software (release/version 2.15.1), and the histogram of the particle size
distribution is displayed in Figure 4g. Based on the attained histogram of ANZ/TC/MNPs,
the greatest number of particles was concentrated in the 9–10 nm range. Statistical data
revealed that the magnetic ANZ/TC/MNPs biosorbent had a particle size with an aver-
age of 9.27 nm. Furthermore, the standard deviation in the particle size distribution of
ANZ/TC/MNPs adsorbent was equal to 1.98 nm, which indicated a slighter size distribu-
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tion for the studied adsorbent. The distinct particle size distribution for ANZ/TC/MNPs
confirmed the high performance of the developed adsorbent in removing MB dye from
solutions [40,41]. The magnetic behavior of the examined magnetic-bio-based adsorbent
(ANZ/TC/MNPs) was investigated at room temperature using a vibrating sample magne-
tometer. The magnetic hysteresis loop of this magnetic adsorbent is displayed in Figure 4h.
The saturation magnetization was found to be 26.62 emu/g.
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For the studied ANZ/TC/MNPs adsorbent, the TGA curve shows two notable weight
loss events that happen at different temperature ranges (Figure 5). The TGA analysis
indicates an initial minor weight loss (1.72% at a temperature below 200 ◦C, which is likely
attributed to the evaporation of mechanically bound water and elimination of other impu-
rities [42]. In the second phase, a weight loss (~7.86%) is observed within the temperature
range of 200–600 ◦C, which could be related to the oxidation of organic components and the
degradation of the hydroxyl (-OH) groups in the ANZ/TC/MNPs structure [43]. The last
stage of weight loss (600–800 ◦C) is assigned to the release of oxygen during the oxidation
of Fe3O4 to form the hematite phase and the complete decomposition of the developed
ANZ/TC/MNPs adsorbent [21,42]. Furthermore, the DSC curve reveals three prominent
peaks. The first peak, which is observed between 100 and 150 ◦C, is likely related to the
evaporation of H2O molecules. The release of organic matter and chemically held water
from the ANZ/TC/MNPs composite may be the reason of the second peak, which occurred
between 200 and 600 ◦C. The final peak, around 600–800 ◦C, is associated with the com-
prehensive dehydroxylation of zeolite and the formation of hematite (Fe2O3) mineral [42].
Overall, the TGA and DSC findings demonstrate the high stability of ANZ/TC/MNPs
adsorbent until 600 ◦C.
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The nitrogen adsorption–desorption measurements of ANZ/TC/MNPs and BJH pore
sizing distributions are presented in Figure 5. Based on the International Union of Pure
and Applied Chemistry (IUPAC) category [44], the ANZ/TC/MNPs exhibits a type IV
isotherm plot featuring an H3 hysteresis curve observed in the 0.3–1 range. This hysteresis
loop represents the mesopore structure of the developed ANZ/TC/MNPs composite
with the existence of slit-like pores and cylindrical pores [45]. The specific surface area
and the average pore diameter of ANZ/TC/MNPs were 13.148 m2/g and 21.859 nm,
respectively (see Figure 6). The pore size distribution function obtained by BJH-model
(Figure 6b) was found to be around 13.647 nm. This distribution can improve the pores’
accessibility, which makes it easier for MB molecules to diffuse and interact throughout the
adsorption processes.
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3.2. pH Effect and Zeta Potential Calculation

The effect of changing the pH of the solution from 2.0 to 10.0 on the ANZ/TC/MNPs
adsorbent’s ability to remove MB dye is shown in Figure 7a. The ANZ/TC/MNPs surface
becomes protonated when exposed to high concentrations of H+ ions at pH 2.0 and 4.0,
which are extremely acidic conditions. As a result, the uptake percentages are reduced to
21% (pH 2.0), 29% (pH 3.0), and 39% (pH 4.0) due to the strong repulsive forces between
the protonated functional groups of the adsorbent and the positive MB molecules. On the
other hand, MB removal percentages increased from 63% to 87% when the pH was raised
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from 6.0 to 7.0. The active sites of the ANZ/TC/MNPs adsorbent most likely deprotonated,
improving the removal of MB. Finally, the electrostatic attraction between the negatively
charged sites of the ANZ/TC/MNPs and the MB ions produced the optimum values of
MB uptake at pH 8.0 and 10.0.
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According to Horie and Fujita [46], nanoparticles with zeta potentials (ZP) ≥+25 mV
or <−25 mV are generally considered to be highly stable. A negative zeta potential of
−28.3 mV was observed in the ANZ/TC/MNPs composite (Figure 7b). The ZP value
decreased with increasing solution pH, which was explained by an increment in the
number of hydroxyl ions in the solution as well as the deprotonation of the functional
groups in the adsorbent. The ANZ/TC/MNPs’ surface bears a significant negative charge,
which supported its strong stability against aggregation [46]. Therefore, a pH of 8.0 was
chosen for the solution in all of the MB adsorption experiments based on the pH experiment
and zeta potential quantities.

3.3. Classical Modeling

The parameters derived from classical fitting of the MB adsorption data to the non-
linear forms (Figure 8) are listed in Table 1. The R2 values indicated that MB adsorption on
the ANZ/TC/MNPs adsorbent was described by these models at temperatures of 25, 40,



Magnetochemistry 2024, 10, 91 10 of 18

and 55 ◦C (R2 > 0.98). Therefore, the best classical model was selected using the Chi-square
values. The affinity of the Freundlich model to fit the experimental data was confirmed
by the lowest χ2 value across all temperatures, as seen in Table 1. Consequently, different
functional groups of ANZ/TC/MNPs led to the foundation of several MB layers. The
monolayer capacities (qmax) were 268.67, 290.28, and 307.73 mg/g at 25, 40, and 55 ◦C,
respectively (see Table 1). The rise in (qmax) as the temperature increased indicated that
the interface of MB–ANZ/TC/MNPs was driven by an endothermic type. Notably, when
the solution temperature rose from 25 to 55 ◦C, the KF increased from 5.97 to 12.51 mg/g,
verifying the endothermic reaction between MB and the ANZ/TC/MNPs adsorbent. Ad-
ditionally, the 1/nF values (Table 1) ranged from 0.735 to 0.720 (i.e., all values were <1.0),
implying a favorable removal process at small concentrations of MB dye [47,48].
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Table 1. Parameters of the conventional models used in fitting MB adsorption data.

Isotherm Model Parameters

Langmuir T (◦C) qmax(mg/g) KL(L/mg) R2 χ2

25 268.67 0.018 0.9772 6.31
40 290.28 0.019 0.9817 5.42
55 307.73 0.028 0.9854 4.31

Freundlich
KF(

(mg/g)(mg/L)−1/n
) 1/nF

25 5.97 0.735 0.9914 5.81
40 8.91 0.721 0.9974 4.72
55 12.51 0.720 0.9986 3.64

3.4. Statistical Physics Modeling

Since statistical advanced models involve a number of steric and energetic components,
their application is generally crucial to comprehending the adsorption behavior. The
position of dye molecules and the molecular-scale interaction mechanism can be clearly
seen by interpreting these physicochemical parameters at each temperature. It is crucial
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to clarify that these details cannot be provided by the parameters that arrived from the
classical models. The results of the R2 and RMSE calculations for the values given in
Table S1 showed that the double-layer model with two adsorption energies (Model 2) fitted
the MB adsorption data well (i.e., R2 > 0.99 and RMSE ranged from 0.78 to 1.35). Thus, using
the double-layer model, the n, NM, and Qsat (steric) and ∆E (energetic) parameters were
computed and analyzed. As previously indicated, the Supplementary Materials present the
assumptions for these models as well as the identification of the related parameters [21,34].

3.5. Insights into the MB Uptake Mechanism via Steric Parameters E Interpretation
3.5.1. The n Parameter

According to Badawy et al. [21], the MB adsorption mechanism can be described by
three conditions, all of which are characteristically supplied by the number of molecules
per active site (i.e., the n parameter).

First condition (n < 0.5): two or more ANZ/TC/MNPs active sites may share an
adsorbed MB molecule, offering a horizontal orientation and multi-docking mechanism.

Second condition (0.5 < n < 1): asymmetric geometries, such as vertical and horizontal
adsorption positions, distinguish the MB-ANZ/TC/MNPs interfaces.

Third condition (n ≥ 1): one or more MB molecules can be removed by the ANZ/TC/
MNPs functional groups, suggesting a vertical orientation and multi-molecular mechanism.

Figure 9 shows the solution temperature performance of the steric n parameter, which
is associated with MB adsorption onto ANZ/TC/MNPs.

Magnetochemistry 2024, 10, x FOR PEER REVIEW 11 of 19

3.4. Statistical Physics Modeling
Since statistical advanced models involve a number of steric and energetic 

components, their application is generally crucial to comprehending the adsorption 
behavior. The position of dye molecules and the molecular-scale interaction mechanism 
can be clearly seen by interpreting these physicochemical parameters at each temperature. 
It is crucial to clarify that these details cannot be provided by the parameters that arrived 
from the classical models. The results of the R2 and RMSE calculations for the values given 
in Table S1 showed that the double-layer model with two adsorption energies (Model 2) 
fitted the MB adsorption data well (i.e., R2 > 0.99 and RMSE ranged from 0.78 to 1.35). 
Thus, using the double-layer model, the n, NM, and Qsat (steric) and ΔE (energetic) 
parameters were computed and analyzed. As previously indicated, the Supplementary 
Materials present the assumptions for these models as well as the identification of the 
related parameters [21,34].

3.5. Insights into the MB Uptake Mechanism via Steric Parameters E Interpretation
3.5.1. The n Parameter

According to Badawy et al. [21], the MB adsorption mechanism can be described by 
three conditions, all of which are characteristically supplied by the number of molecules 
per active site (i.e., the n parameter).

First condition (n < 0.5): two or more ANZ/TC/MNPs active sites may share an 
adsorbed MB molecule, offering a horizontal orientation and multi-docking mechanism.

Second condition (0.5 < n < 1): asymmetric geometries, such as vertical and horizontal 
adsorption positions, distinguish the MB-ANZ/TC/MNPs interfaces.

Third condition (n ≥ 1): one or more MB molecules can be removed by the 
ANZ/TC/MNPs functional groups, suggesting a vertical orientation and multi-molecular 
mechanism.

Figure 9 shows the solution temperature performance of the steric n parameter, 
which is associated with MB adsorption onto ANZ/TC/MNPs.

Figure 9. Calculations of of (a) n, (b) NM, (c) Qsat, and (d) ∆𝐸 as a condition of temperature for MB 
adsorption.
Figure 9. Calculations of of (a) n, (b) NM, (c) Qsat, and (d) ∆E as a condition of temperature for
MB adsorption.

Table S2 in the Supplementary Materials presents the n values related to the MB
uptake as the temperature increased, providing the values of 1.97 (25 ◦C), 1.87 (40 ◦C),
and 1.14 (55 ◦C). So, the third condition was achieved during the MB-ANZ/TC/MNPs
interaction based on the three previously stated conditions. Consequently, the eliminated
MB molecules were arranged vertically, and at every solution temperature, a functional
group of the fabricated magnetic biosorbent can capture numerous MB molecules (i.e.,
multi-interaction mechanism). The low level of MB aggregation at 55 ◦C suggested that
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this dye could be quickly removed from the ANZ/TC/MNPs surface at different func-
tional groups of this adsorbent prior to its aggregation in solution. Furthermore, the
MB-MB aggregation in solutions (i.e., before adsorption) was predictable. Moreover, it is
evident that the temperature increase had no effect on the adsorbate’s geometry or the
adsorption mechanism.

3.5.2. The NM Parameter

Figure 9 displays the performance of the NM parameter for MB removal by the
ANZ/TC/MNPs composite at 25◦, 40◦, and 55 ◦C. The NM value improved from 27.7
to 142.17 mg/g within 25◦ to 55 ◦C (see Table S2). The removal of MB molecules may
have been aided by the addition of new active sites, which became more efficient at higher
temperatures, as evidenced by the parameter’s increase with an increase in temperature.
Additionally, the endothermic type of the adsorption process was supported by raising this
steric factor as temperature increased. Raising the solution temperature to 55 ◦C clearly
decreased the MB aggregation and regularly enabled more dye molecules to hold added
ANZ/TC/MNPs receptor sites. Overall, when the solution temperature is changed, the
tendencies for the n and NM parameters usually show opposite outlines [9,34,47].

3.5.3. The Qsat Parameter

The adsorption ability of the ANZ/TC/MNPs composite in removing MB molecules
is assessed via determination of this steric parameter [21]. The Qsat was 109.16, 159.4, and
324.14 mg/g at 25, 40, and 55 ◦C, respectively (Table S2 and Figure 9). The endothermic
behavior between the MB dye and the ANZ/TC/MNPs effective sites was confirmed by
increasing the Qsat with raising the uptake temperature. It is noticeable that as the tempera-
ture increased, the Qsat and NM factors showed the same affinity (see Figure 9). In general,
the adsorbate’s mobility and kinetics improved in the solution with rising temperature,
leading to an increase in the number of interactions between the MB molecules and the
newly occupied ANZ/TC/MNPs active sites. This behavior contributed significantly to the
rise in the NM parameter and frequently, the corresponding Qsat one at each temperature.
Consequently, the main variable influencing the ANZ/TC/MNPs adsorption capacity was
the steric NM parameter.

3.5.4. Energetic Parameters (∆E)

The values of the MB adsorption energies in relation to each solution temperatures
are shown in Figure 9. At all temperatures, the ∆E1 and ∆E2 were positive, indicating
an endothermic interaction between MB and ANZ/TC/MNPs. As expected, at all tem-
peratures, the ∆E1 values were greater than the ∆E2 values (i.e., MB–MB interface was
lower than the MB–adsorbent interaction). Also, the obtained energies were less than
25 kJ/mol, indicating that MB molecules and the active sites of ANZ/TC/MNPs were sub-
ject to physical interactions like electrostatic and hydrogen bonds. During the adsorption
process, hydrogen bonding between the -OH groups of the ANZ/TC/MNPs surface and
the aromatic rings of the MB structure is possible. Additionally, a major element of the
removal system was the electrostatic attraction between the cationic MB molecules and the
tested adsorbent’s negative active sites. Additionally, the produced magnetic biosorbent
displayed a mesoporous structure, which suggested that filling of the adsorbent pores may
be involved during the adsorption system. It can be observed that as temperature increased,
both the steric Qsat and the energetic ∆E values improved. Based on our knowledge of
steric and energetic characteristics, we can therefore conclude that the steric (NM) and
energetic (∆E) parameters were the main factors affecting the MB adsorption performance
and mechanism on ANZ/TC/MNPs. Figure 10 illustrates the prospective mechanism of
interaction between the functional groups of ANZ/TC/MNPs and MB molecules, as set up
by the experiments and the physicochemical parameters of the double-layer model.
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3.6. Thermodynamic Functions
3.6.1. Entropy

Figure 11a shows how the entropy factor changes with MB concentration at various
temperatures. Prior to the half-saturation concentration, the MB adsorption system’s
disorder degree increased as the MB concentration increased until it reached its maximum
value. The active adsorption sites of ANZ/TC/MNPs are typically empty at the start of
the MB uptake process, which allows the MB molecules to interact with a great number
of effective sites. In the context of an order case, a decrease in the entropy parameter was
noted as a result of MB molecules filling ANZ/TC/MNPs, particularly after half-saturation.
Finally, the achievement of zero entropy signifies the complete saturation of every active
site in ANZ/TC/MNPs [20].
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3.6.2. Gibbs Free Energy

Figure 11b displays the conduct of this thermodynamic parameter with the dye
concentrations. At all temperatures, the Gibbs free energy was negative, which led to
us suppose that the MB adsorption system was thermodynamically spontaneous [21].
Additionally, at very low dye concentrations, the Gibbs free energy began at zero and
frequently decreased as the adsorbate concentration increased.

3.6.3. Internal Energy

The behavior of internal energy varied as the MB concentration increased, as seen in
Figure 11c. The adsorption system’s ability to release energy to the outside was designated
by the negative value of internal energy, which suggested a high level of interaction
between the MB molecules and the ANZ/TC/MNPs product [20,21]. Furthermore, the
interface between the MB and the ANZ/TC/MNPs happened spontaneously according to
the internal energy values that were negative.

3.7. Salinity Effect on MB Adsorption

When the concentration of salt was raised from 0.2 to 1.2 g/L, it was observed that
the removed amounts of the tested MB dye decreased from 86 to 71 mg/g (Figure 12).
This could be a result of salt ions’ screening action, which resulted in inhibiting the MB-
ANZ/TC/MNPs electrostatic attractions [12]. Furthermore, this decrease in the MB uptake
values might be related to the occupation of specific ANZ/TC/MNPs active sites by
sodium ions.
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3.8. Reusability and Stability of ANZ/TC/MNPs Adsorbent

The outcomes of five consecutive regeneration and repurposing cycles of the prepared
magnetic ANZ/TC/MNPs adsorbent for the removal of MB were considered. The per-
centages of 93, 87, 83, 78, and 74% of MB uptake were achieved after the first, second,
third, fourth, and the last cycles (see Figure 13). According to this result, the magnetic
adsorbent can efficiently remove MB several times without suffering a major reduction in
its adsorption effectiveness. In summary, ANZ/TC/MNPs is a helpful adsorbent and can
be used in industrial applications.
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3.9. Comparison with Other Adsorbents

The maximum MB adsorption capacity by ANZ/TC/MNPs in comparison to mul-
tiple raw (e.g., montmorillonite and zeolite) and modified (e.g., magnetic serpentine,
Fe2O3/montmorillonite, and SDBS-modified zeolite) materials is listed in Table 2. Conse-
quently, the as-synthesized ANZ/TC/MNPs is recommended as a promising magnetic
biosorbent for the remediation of water contaminated with MB dye.

Table 2. Comparison of sorption capacities for dissimilar materials and the developed
ANZ/TC/MNPs.

Adsorbent qmax
(mg/g) References

PVA/CMC/TUR film 102 [28]
Montmorillonite (Mt) 64.43 [31]

Fe2O3-Mt 106.38 [31]
OMWCNT-Fe2O3 1.11 [32]

OMWCNT-κ-carrageenan-Fe3O4 1.24 [32]
Magnetic montmorillonite 69 [49]

Zeolite 8.67 [50]
SDBS-modified zeolite 15.68 [50]
Fibrous clay minerals 39–85 [51]

Fe3O4/serpentine composite 201 [12]
Treated ball clay 25 [52]
ANZ/TC/MNPs 268.67 Current study

4. Conclusions

A biodegradable and eco-friendly magnetic nanocomposite (ANZ/TC/MNPs) based
on combining the H2O2-activated zeolite/turmeric carbohydrate polymer combination
with magnetite nanoparticles was successfully synthesized, characterized, and used in
MB adsorption. MB adsorption was carried out at pH 8.0 solution, dye concentration
(25–200 mg/L), shaking time (2 h), and a temperature range of 25–55 ◦C. Equilibrium
models following the assumptions of conventional and statistical physics theories were
applied. The MB adsorption results were fitted by both the conventional Freundlich
model and the statistical double-layer adsorption model. With values ranging from 268.67
to 307.73 mg/g, the tested composite’s maximum uptake capacities were greater than
those of other adsorbents. A vertical geometry and multiple interactions mechanism were
proposed by the steric parameters. Energetically, physical forces such as electrostatic
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interactions and hydrogen bonds were outlined. Thermodynamic analysis revealed the
endothermic and spontaneous nature of the MB adsorption system. The high stability of
the magnetic biosorbent and its prospective industrial applications were confirmed by the
characterization, adsorption, and regeneration results.
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