Materials Chemistry Horizons RESEARCH

Efficacious Remediation of Methylene Blue (MB) and Crystal Violet (CV) from
Aquatic Environment Using Magnetic Hydrogel Halloysite Nanotubes

Leila Choopani 2, Mohammad Mehdi Salehi 2, Reza Eivazzadeh-Keihan &*, Ali Maleki &*

2 Catalysts and Organic Synthesis Research Laboratory, Department of Chemistry, Iran University of Science and Technology, Tehran
16846-13114, Iran

*Corresponding author: reza_eivazzadeh@alumni.iust.ac.ir (R. Eivazzadeh-Keihan); maleki@iust.ac.ir (A. Maleki)

MQH Mater. Chem. Horizons, 2025, 4(1), 29-48 d 1 10.22128/mch.2026.3080.1069

ABSTRACT

A magnetic gelatin/pectin halloysite nanotube
composite (Ge/Pec-HNTs@IONP) was synthesized
via a two-step process. First, a gelatin/pectin
(Ge/Pec) hydrogel was fabricated and crosslinked
with  glutaraldehyde. Subsequently, halloysite
nanotubes (HNTs) were incorporated, and the
composite was magnetized in situ by embedding iron
oxide nanoparticles (IONPs) to yield the
final Ge/Pec-HNTs@IONP magnetic hydrogel.The
physicochemical properties of the synthesized
adsorbent were characterized using several
analytical techniques: FT-IR, XRD, FE-SEM, EDX,
TGA, VSM, and BET surface area analysis. The BET
results indicated a surface area of 35.244 m?-g™", a
pore volume of 0.0690 cm®-g™", and an average pore
size of 7.83 nm. VSM analysis confirmed its
magnetic properties with a saturation magnetization
of 14.51 emu-g™'. TGA demonstrated good thermal
stability, with approximately 78% of the mass retained up to 600 °C.The adsorption efficiency of the Ge/Pec-
HNTs@IONP composite was evaluated for the removal of cationic dyes, Methylene Blue (MB) and Crystal Violet
(CV), from aqueous solutions. Key operational parameters, including solution pH (4-10), adsorbent dosage (0.003—
0.03 g), contact time (5-30 min), and initial dye concentration (25—-150 mg-L™"), were systematically investigated to
optimize the process.The adsorption isotherm data were best described by the Freundlich model, indicating
multilayer adsorption on a heterogeneous surface. Kinetic studies revealed that the adsorption process followed a
pseudo-second-order (PSO) model for both dyes, suggesting chemisorption as the dominant mechanism.
Furthermore, the composite demonstrated excellent reusability, maintaining its adsorption capacity without
significant loss over three consecutive adsorption-desorption cycles under optimal conditions.
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1. Introduction

Over the past few years, industrial pressure has increased dramatically due to global population growth and
technological development [1,2]. The textile industry, in particular, faces significant challenges in meeting the rising
demand for fabrics [3]. Across multiple sectors, including textiles [5], cosmetics [6], plastics [7], and paper [8],
synthetic dyes are heavily utilized to impart colour to finished products [4]. The effluents from these industries contain
significant concentrations of dyes, which require treatment before discharge [8]. Notably, approximately 15% of the
dyes used in industrial processes are released into the environment [9].

Common textile dyes such as methyl orange (MO) [10], Rhodamine B (RhB) [11], methylene blue (MB) [12,13],
Congo red (CR) [14], crystal violet (CV) [15,16], Safranin-O [17], and Reactive Black-5 (RB5) [18] can be classified
as neutral or cationic based on their specific chemical properties [19]. Many of these dyes, particularly aromatic
organic compounds like MB, are highly stable, toxic, and pose serious health risks to humans, including nausea,
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vomiting, tissue necrosis, and neurological damage [20,21]. Dyes such as CV are not only common industrial
pollutants but are also known to have teratogenic, carcinogenic, and mutagenic effects, making their environmental
release both hazardous and illegal [20,22]. Consequently, there is an urgent need to develop efficient processes for
treating wastewater contaminated with MB and CV (chemical structures shown in Figure S1).

Several techniques have been developed for water decolorization and dye removal from industrial effluents. These
methods include coagulation [23,24], photodegradation [25], chemical oxidation [26], flocculation [27],
electrodialysis [28], membrane filtration [29], and adsorption [30,31]. Among these, adsorption stands out due to its
simplicity, eco-friendliness, high efficiency, and cost-effectiveness for removing toxic dyes [32]. While other methods
are effective, they often suffer from drawbacks such as high operational costs, significant energy consumption, and
the generation of concentrated sludge, limiting their large-scale practicality [33,34]. Adsorption, by contrast, offers
enhanced efficacy, selectivity, ease of recovery, and overall economic viability for contaminant removal [35,36].

Various adsorbents have been explored for this purpose, including porous materials [35,36], bioadsorbents [37],
carbon nanotubes [38], metal-organic frameworks (MOFs) [39], and polymer-based systems [40,41]. Recently,
researchers have focused on naturally occurring biopolymers, such as cellulose [49], gelatin [50], chitosan [51], pectin
[52], alginate [53], and xanthan gum [54], due to their unique advantages, including non-toxicity [43], low production
cost [44], biodegradability [45,46], and favorable adsorption properties [47,48]. Hydrogels, which are three-
dimensional (3D) crosslinked polymeric networks, are particularly effective because their abundant functional groups
can directly interact with and entrap pollutant molecules [55-57].

Gelatin (Ge), a bio-based protein derived from animal skin, bones, and connective tissues [58,59], is widely used in
food, pharmaceutical, and chemical engineering industries due to its low cost, biocompatibility, and biodegradability
[60—-63]. Its abundance of hydroxyl, carboxyl, and amino groups allows for easy gelation and functionalization [64—
66], making it an excellent base material for constructing 3D hydrogel structures [67,68]. Pectin (Pec), commonly
extracted from apple pomace and citrus peels [69—71], is another promising biopolymer used in food, pharmaceutical,
and chemical applications. It can be crosslinked with gelatin via glutaraldehyde, forming imine bonds between
aldehyde and amine groups to create stable hybrid hydrogels [72,73]. Pec possesses numerous electron-rich functional
groups (e.g., carboxyl, hydroxyl, acylamino) that enable strong electrostatic interactions with metal ions and organic
cations, enhancing its suitability for adsorption applications [76,77]. Beyond adsorption, Pec-based materials are
utilized in tissue engineering [78,79], drug delivery systems [80,81], pharmaceuticals [82,83], food industries [84,85],
biomedical devices [85], contact lens manufacturing [86], and photography [87].

To improve the performance of biopolymer-based adsorbents, researchers often incorporate functional
nanomaterials. Magnetic nanocomposites, for instance, facilitate easy separation from treated water using an external
magnet. However, they can suffer from drawbacks such as poor mechanical strength [90], low adsorption efficiency
[91], and difficult processability when combined with natural materials [92]. Incorporating iron oxide nanoparticles
(IONPs) into hydrogels can enhance their mechanical and thermal strength, adsorption capacity, and separability [97—
99]. Similarly, porous minerals like halloysite nanotubes (HNTSs), a naturally occurring aluminosilicate from the
kaolinite group [103,104], are attractive due to their low cost, high surface area, porosity, cation exchange capacity,
and stability [105,106]. HNTs have been extensively studied for contaminant removal because of their unique tubular
structure, high absorbability, and excellent stability [107,108]. Previous studies have demonstrated the effectiveness
of HNT-based composites for dye adsorption. For example, Sadia Ata et al. reported a 98.7% removal of methylene
blue using a halloysite-based hydrogel film within 30 minutes [110]. Lei Li et al. developed magnetic nonwovens with
HNTs and IONPs for efficient heavy metal ion adsorption [111]. Selcan Erdem et al. achieved 88.3% tetracycline
removal using halloysite-chitosan-alginate composites [112]. E. Tiirkes et al. reported 83.9% MB adsorption using
magnetic halloysite-chitosan nanocomposites [113].

Building on these advances, this study aims to develop a novel multifunctional adsorbent by integrating HNTs as a
porous mineral, IONPs as a magnetic component, and a Pec/Ge biopolymer hydrogel matrix. The formulated
composite, designated “Ge/Pec-HNTs@IONP,” is fabricated by first preparing a Ge/Pec hydrogel crosslinked with
glutaraldehyde, then incorporating HNTs, and finally performing in-situ magnetization to embed IONPs. This design
is intended to enhance the specific surface area, porosity, and functional group density of the adsorbent. The resulting
Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes are expected to exhibit superior adsorption
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performance for cationic dyes like MB and CV from aqueous solutions, offering a promising solution for efficient
wastewater treatment.

2.Experimental
2.1. Materials and apparatus
Table S1. and Table S2. represent the materials, i.e., reagents, solvents, and instruments utilized in this study.

2.2. The Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes
2.2.1. Preparation of Ge/Pec Hydrogel

The Pec solution was stirred continuously for an hour at room temperature (r.t.), adding 3.00 g of Pec to 50 mL of
distilled water (d.w.). To make 3.00 g of a Ge solution, the powdered Ge was dissolved in 40 mL of d.w. at 40°C with
continuous stirring for an hour. The Ge and Pec solutions were combined and agitated for two hours atr.t.. To crosslink
the Pec and Ge, 0.94 mL (1.0 g) of glutaraldehyde was added to the solution drop-by-drop and incorporated into the
mixture. The mixture was then agitated for two hours at r.t. to achieve homogeneity.

2.2.2. Preparation of Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes

First, 10 mL of d.w. was used to evenly distribute 0.198 g of HNTs. The Ge/Pec hydrogel solution is then combined
with the HNTs solution and stirred for 15 minutes. 40 mL of d.w. is used to dissolve the metal ions FeCl3;.6H,0O (2.425
g) and FeCl,.4H,O (1.1 g) before adding Ge/Pec-HNTs to the hydrogel. N> atmosphere was employed once the
mixture's temperature was stirring 70°C. A dark solution (Ge/Pec-HNTs@IONP) was produced by adding ammonia
solution (8 mol.L-!, 20 mL) to the combination. 1.5 hours were spent stirring the final nanocomposite. The Ge/Pec-
HNTs@IONP magnetic hydrogel halloysite nanotubes' black residue was rinsed with d.w. then, we used an external
magnet to separate it numerous times. The magnetic hydrogel halloysite nanotubes were dried at the Owen for six
hours at 65°C. The pathway preparation of Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes is illustrated
in Figure 1.
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Figure 1. Schematic illustration of Gé/Peé-HNTé@IONP magnétié hydrogel haﬂloysite nanotube preparation.

2.3. Batch adsorption experiments

Several tests included investigations on the Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes' capacity
to absorb MB and CV from aqueous environments. The effect of several parameters, for instance, pH, adsorbent dose,
Duration time, initial concentration of MB and CV, and absorption time, were evaluated on the surface adsorption
process. The pH was adjusted to a range of 2-10, using 1.0 M sodium hydroxide (NaOH) and 1.0 M hydrochloric acid
(HCI) solutions. Different dosages of the nanocomposite hydrogel range from 0.003-0.03 g, with a duration of 5-30
min. and the initial MB and CV concentrations of 25-150 ppm for the best absorption conditions. Furthermore,
different models of equilibrium adsorption isotherms, such as Langmuir and Freundlich, were studied ,and the relevant
constants were determined. In addition, kinetic studies were performed using pseudo-first-order (PFO) and pseudo-
second-order (PSO) models. Three experiments were conducted, and the average of the three results was calculated
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to minimize errors. We measured the concentrations of MB and CV using a UV-visible spectrophotometer, along with
their wavelengths, Figure S2 and Figure S3. We have illustrated the calibration curves for MB and CV Using the
Egs. (1) and (2)[114].
Removal effectiveness and absorption capacity MB and CV were determined every instant[115].
Ci—Ce )
o ) X 100

Qe = (=) xV )

In this relation, Q. is the absorption capacity (mg.g™!), C; is the initial concentration of the adsorbate in the solution
(L.mg™), Ce is the equilibrium concentration of the adsorbate after reaching equilibrium (L.mg™"), M is the amount of
Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes (g), and V is the solution.

% Adsorbtion = (

2.4. Regeneration and reusability

To evaluate the potential for regeneration of the cationic dyes, a retrievability assessment was conducted, Ge/Pec-
HNTs@IONP magnetic hydrogel halloysite nanotubes expensive treatment procedures for water treatment. We
conducted two consecutive reuse cycles of the Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotube
regeneration after MB and CV adsorption to evaluate the effectiveness of two consecutive reuse cycles under optimum
conditions. The procedure used to conduct the desorption experiment on MB and CV. After MB and CV adsorption
by Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes in optimum conditions, i.e., 10.0 mL of solution
volume, 0.003 g of adsorbent dosage, 25 and 20 min contact time duration, solution pH of 8, 150 mg.L"! initial
concentration at 25 °C for MB and CV respectively, the magnetic hydrogel halloysite nanotubes the mixture was
stirred at 25 °C in a solution of HCI (0.1 M). Desorption was followed by magnetic isolation of the magnetic hydrogel
halloysite nanotubes. UV—Vis spectrophotometers determined the amount of released MB and CV. We were using
Egs. (3) we calculated the desorption percentage (D%)[116].

D (%)= 3 X 100 3)

A is the number of impurities adsorbed in the washing solution (mg), and B is the number of contaminants adsorbed
on the Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes (mg).

3. Results and discussion

An organic-inorganic adsorbent synthesized from Ge/Pec hydrogel with abundant amine and carboxyl groups
formed by halloysite, which is a hollow tubular structure composed of alumina and silica layers, and the inner surface
of the tube has a negative charge, which makes it an ideal material. Ge/Pec-HNTs@IONP magnetic hydrogel
halloysite nanotubes were loaded to absorb cationic dyes such as MB and CV. Such magnetization of Ge/Pec-HNTs
by IONP resulted in easy recovery of Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes. Ge/Pec-
HNTs@IONP magnetic hydrogel halloysite nanotubes are absorbent. It is active with a porous structure and
environmentally friendly properties, essential in removing organic pollutants in its recyclability. Spectral routes will
be discussed to investigate the application and performance of the absorber using the captured analyses.

3.1 Characterization
3.1.1. FT-IR spectroscopy

Infrared spectroscopic analysis was used to investigate the preparation of the Ge/Pec-HNTs@IONP magnetic
hydrogel halloysite nanotubes and confirm the presence of functional groups, as shown in Figure 2. An FT-IR
spectrum of HNTs appears in Figure 2a. with two distinct peaks at 3696 and 3622 cm™!, corresponding to the surface
OH groups within the HNTs lumen and the inner OH groups located between the tetrahedral and octahedral sheets of
the HNTs. Besides, the in-plane Si—~O-Si stretching mode is detected around 1010 cm™'. In addition, there are bands
observed before 1000 cm™! associated with the symmetric stretching modes of the Si—O or Al-O groups. The spectrum
of Pec (Figure 2b) indicated a peak at 3412.9 cm™' due to the stretching of ~OH groups. The peak at 2935.3 and 2927.9
cm! indicated C-H stretching vibration. The C=O carbonyl stretching vibration describes a strong absorption band
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around 1635.5 cm™!. The peaks at 1456 and 1386 cm™ could be assigned to ~CHj scissoring and —~OH bending vibration
peaks, respectively. The peak at 1045.7 cm™! suggested -CH-O—CH- stretching. The peak at 1132.8 cm! indicated
the presence of~-CH—OH in aliphatic cyclic secondary alcohol. According to Figure 2c¢, the absorption peak at 3442.8
cm'! in the FTIR spectrum of Ge can be attributed to N-H stretching and O—H stretching. C—H stretching is responsible
for the peak at 29225.4 cm™' and the peak at 2855.7 cm™!. The peak at 1635.5 cm™! represents the absorption band of
amide I, while the peak at 1457.5 cm-1 represents the absorption band of amide I1. Peaks at 3432 cm™' are due to NH
and OH stretching vibration (Figure 2d). The absorption peaks at 2930 and 2874 ¢cm™! were assigned to symmetric
and asymmetric C-H bonds. The characteristic polysaccharide adsorption bands observed at 1057 cm™! and 1034 cm"
' C-O-C glycosidic bond stretches. Also, the peak in the 1420 cm™ and 1628 cm™ region is related to the stretching
bond of C-N and C=0 of the amide group (type II). The absorption peak observed in 1326 cm™! was attributed to the
N-C stretching vibration of amide III and the C=O carbonyl stretching vibration by describing a strong absorption
band around 1628 cm™!. Aldimine coupling (AIC) reactions (CH=N) took place during the crosslinking process, and
the characteristic absorption of aldimine groups can be seen at 1420 cm™. Al-OH and Si-O peaks that confirm the
presence of HNTs appeared at 3774 cm™ and 900 cm™'. Fe-O absorption band was observed at 674 cm™!, confirming
iron nanoparticle synthesis [35].
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Figure 2. The FT-IR spectra of (a) HNTs, (b) Pec, (¢) Ge, and (d) Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes.
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3.1.2. XRD analysis

Using an XRD analysis between 5°-70°, the crystallization of the Ge/Pec-HNTs@IONP magnetic hydrogel
halloysite nanotubes was evaluated (Figure 3a). The XRD analysis of HNTs (Figure 3a (III)) corresponding to the
JCPDS file No. 29—-1487 of HNT showed characteristic peaks at 12.450° and 25.61°, showing a layered structure with
SiO4 tetrahedra and AlOs octahedra ordered in an ordered arrangement [117]. The XRD pattern of IONP MNPs
(Figure 3a (II)) exhibits diffraction, corresponding to the miller indices of the standard formula IONP with card no.
JCPDS, 01-074-0748, and the XRD spectra of IONP-MNP reported in the literature (20 =30.68°, 35.90°,43.43", 54.43",
57.46°, and 63.20° The crystal planes in which they are located at (22 0), (3 1 1), (4 00), (42 2), (3 3 3), and (4 4 0))
[118]. The XRD pattern of the Ge/Pec-HNTs@IONP magnetic hydrogel (incorporating halloysite nanotubes) is
displayed. Figure 3a (I) presents all the observed diffraction peaks corresponding to the composite material.
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Figure 3. (a) The XRD pattern of (I) Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes, (II) IONP MNPs, and (III)
HNTSs, and (b) The EDX spectrum of Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes.

3.1.3. EDX analysis

To identify the elements of the material structure, it was used to identify and confirm the constituent elements of
Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes. As seen in the weight (atomic%), values for carbon
(C), oxygen (O), Iron (Fe), nitrogen (N), Silicon (Si), and Al are 6.94% (18.22%), 17.76% (35.03%), 70.02% (39.57),
78.98% (60.87), and 1.01% (2.27%), respectively. The diagram is illustrated in Figure 3b. it was confirming the
Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes.

3.1.4. TGA analysis

The thermal stability of Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes has been investigated using
thermal gravimetric analysis in the range of 50 to 800 °C under an N, atmosphere (Figure 4a). The thermal
characteristics behaved in a three-stage breakdown manner between 64 °C and 234 °C, 234 and 450 °C, and 450 and
800 °C. The evaporation of adsorbed water molecules or solvents causes the first step of weight loss (about 3%),
which takes place below 200°C. The rapid mass loss lasted from 234 to 450°C, attributed to the dissociation of
functional groups and Ge and Pec chains (Step 2). About 78% of this composition's weight has been preserved; the
magnetic hydrogel halloysite nanotube bed exhibits high thermal resistance because it contains magnetic iron
nanoparticles (Step 3).

3.1.5. VSM analysis

The magnetic properties of Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes were drawn from -10000
to +10000 Oe, which can be seen in Figure 4b. According to the obtained results by comparing IONP (Figure 4b (I))
with Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes (Figure 4b (II)) the magnetic saturation of 56.26
emu.g”! and 14.51 emu.g! are obtained respectively, it can be concluded that there has been a significant reduction,
which is due to the non-magnetic property of the Ge/Pec-HNTs.
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Figure 4. (a) TGA curves of Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes, and (b) VSM curves of (I) IONP
MNPs, and (IT) Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes.
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3.1.6. FE-SEM analysis

Glutaraldehyde-linked Ge/Pec can be analyzed using SEM (Scanning Electron Microscopy) to understand their
structural properties and morphology [119]. The SEM image of glutaraldehyde-linked Ge/Pec hydrogel shows a
porous, interconnected network structure with irregularly shaped particles and big pores of glutaraldehyde-linked
Ge/Pec hydrogel, most likely as a result of network formation inside the composite hydrogel (Figure 5a-c). The
surface of the particles appears rough and uneven, indicating the presence of chemical crosslinking between Ge/ Pec
hydrogel, which causes a dense network structure, provides mechanical stability, and enhances their functional
properties. The Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes images (Figure Sd-f) revealed an
irregular texture, and porous cavities on the surface showed relatively large pores.

‘ #
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Figure 5. SEM images of (a-c) Ge/Pec- HNTs and (d-f) Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes.

3.1.7. BET analysis

The theory of nitrogen gas adsorption and desorption was carried out to understand the physical adsorption of gas
molecules on Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes and Ge/Pec-HNTs as an essential
analysis technique for measuring specific surface area, Pore volume, and pore size as illustrated in Figure 6 [120]. In
Table S3, BET surface area, pore volume, and average pore diameter of (a) Ge/Pec-HNTs and (b) Ge/Pec-
HNTs@IONP magnetic hydrogel halloysite nanotubes are summarized based on Barrett, Joyner, and Halenda (BJH)
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theory. It has been observed in two materials that there is hardly a hysteresis loop in adsorption/desorption isotherms
at pressures ranging from 0.45 to 1.0 p/po, which indicates that holes are present in mesoporous materials (Type IV).
The results of BET are shown in Table S3. In the diagram related to the material Ge/Pec-HNTs, the surface area of
7.377 m?%.g"! was measured. After in-situ magnetization of IONP, the surface area of Ge/Pec-HNTs@IONP magnetic
hydrogel halloysite nanotubes reached 35.244 m2.g’!, and the pore size and pore volume increased. An adsorbent
solution for water pollution can be made from microporous magnetic hydrogel halloysite nanotubes with a high
porosity structure and a large specific surface area.
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Figure 6. Panel (a) is the isotherms of N2 adsorption-desorption (a) Ge/Pec-HNTs, and (b) Ge/Pec-HNTs@IONP. Panel (b)
demonstrates the pore size distribution of (a) Ge/Pec-HNTs and (b) Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes.

3.2. Optimization of the effective parameters on the MB and CV adsorption

When using adsorbents, some factors contribute to removing organic contaminants from the water, including the
pH, adsorbent dosage, duration time, and concentration of MB and CV in beginning pollutants. Changing these
variables can improve the effectiveness of organic pollution removal.

3.2.1. Solution pH

Before optimizing various parameters, calibration curves for the MB and CV dyes are provided in Figures S1 and
S2, respectively. Different factors influence the adsorption process of organic dyes, including the pH of the solution,
the adsorbent dose used, the contact time, and the initial concentration of the contaminant. Additionally, these
parameters can be optimized to improve contaminant removal. The pH effect on the MB and CV adsorption on the
Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotube is presented in Figure 7a. Due to the increased pH of
the solution from 4 to 8 for CV and 4 to 10 for MB, the adsorption capacity increased from 138.919 mg.g*! and 89.421
mg.g! to 148.237 and 132.052 mg.g™!, respectively. On the other hand, when the pH was elevated to 10, CV exhibited
a reduced adsorption capacity of 141.896, and MB exhibited an increased adsorption capacity of 132.052 mg.g"!. Due
to the electrostatic repulsion between the OH anions and the OH groups of the magnetic hydrogel halloysite nanotubes,
CV has lower adsorption capacities at high pH amounts (i.e., 8). Moreover, both dye molecules with a cationic dye
molecule are strongly bonded by hydrogen bonds between Ge/Pec-HNTs@IONP magnetic hydrogel halloysite
nanotube. As a result, both dyes operate best at pH 8 and 10 for CV and MB, respectively, which minimizes the
amount of cationic and anionic substances located in the solution and assists pollutant and magnetic hydrogel
halloysite nanotube interactions. Based on the results of this study, electrostatic attraction was found to be the driving
force for MBs and CVs with positively charged structures when the Ge/Pec-HNTs@IONP magnetic hydrogel
halloysite nanotube had a negative surface charge, which led to improved adsorption at high pH levels. According to
the experimental results, MB and CV had the most excellent adsorption capacity when the solution pH was 10 and 8,
respectively.
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3.2.2. Adsorbent dosage

Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes amount at optimum pH=8 for CV and 10 for MB.
By Figure 7b, as the adsorbent dosage is increased from 0.003 g to 0.03 g, the adsorption capacity of the magnetic
hydrogel halloysite nanotubes for MB and CV decreased from ca. 213.947 mg.g! and 23.807 mg.g™! to 243.018 mg.g"
! and 24.8418 mg.g", respectively. A large amount of MB and CV is available for the adsorption of Ge/Pec-
HNTs@IONP magnetic hydrogel halloysite nanotubes. It refers to the increased contaminant amount available to the
magnetic hydrogel halloysite nanotubes, resulting in enhanced adsorption capability at lower adsorbent dosages.
Therefore, 0.003 g of Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes, a dose of adsorbent, was most
effective for further studies.

3.2.3. Contact time

The effect of contact time of 5, 10, 15, 20, 25, and 30 minutes on pigment capacity in Ge/Pec-HNTs@IONP
magnetic hydrogel halloysite nanotubes. At optimum pH=8 and 10 for CV and MB, respectively, 75 mg.L"! of the
MB and CV dyes and 0.003 g of adsorbent dose have been studied (Figure 7¢). The research concluded that the ideal
contact times for MB and CV were 25 and 20 minutes, respectively. Initial interactions between dye molecules in an
aqueous solution and many vacant magnetic hydrogel halloysite nanotube sites allow for a rapid mass transfer. The
interactions between adsorbent functional groups and MB and CV become more intense as contact time is extended
to 25 min (215.289 mg.g!) and 20 min (249.189 mg.g™!) until the maximum equilibrium adsorption capacity is
reached. After this point, however, there was no further improvement in adsorption capacity, which can be attributed
to the Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes approaching equilibrium and occupying active
sites.

3.2.4. The initial concentration

It is generally agreed that the initial concentration of the cationic dye is one of the most critical and influential
variables involved in the adsorption process. The effect of the initial concentration of MB and CV on the effectiveness
of its removal by Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes was studied. The initial
concentrations of the dye studied were 25, 50, 75, 100, 125 and 150 mg.L!. The conditions studied were optimal
(pH=10 and 8, Time 25 and 20 minutes for MB and CV, respectively, and adsorbent dosage 0.003 g). The effect of
the initial concentration of MB and CV on adsorption capacity by the synthesized adsorbent is depicted in Figure 7d.
It is evident that lowering the starting concentration of cationic dye from 25 mg.L! to 150 mg.L" reduces the
adsorption capacity of 79.298 to 582.22 and 82.689 to 485.535 for MB and CV, respectively. The saturation of the
adsorbent surface at high cationic dye concentrations was the primary factor responsible for this declining trend. The
number of active sites on the adsorbent remained constant despite a rise in the overall number of cationic dye
molecules, which caused this event. As a result, the findings above suggest that the adsorption processes at high
concentrations of the adsorbed material depend on the concentration at the beginning of the experiment. It also shows
that increasing the dye's initial concentration positively affects the adsorption capacity. Additionally, the maximum
adsorption percentages for the cationic dyes MB and CV by the Ge/Pec-HNTs@IONP magnetic hydrogel halloysite
nanotubes adsorbent are 76.91% and 97.10%, respectively.
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Figure 7. (a) solution affects pH (4- 10), (b) adsorbent dosage (0.003- 0.03 g), (¢) contact time (5-30 min), and (d) initial
concentration (50-400 mg.L).

3.3. Adsorption isotherm and kinetics studies

In the present work, MB and CV interact with organic pollution via the adsorption isotherm investigation of Ge/Pec-
HNTs@IONP magnetic hydrogel halloysite nanotubes. Langmuir and Freundlich's models have analyzed adsorption
equilibrium isotherms and maximum adsorption capacity. The Langmuir isotherm explains how organic
contamination adsorbs into a single layer of adsorbents. During homogeneous adsorption, all sites in the adsorbent
interact with the contaminant regardless of their energy, affinity, or surface area. The organic contamination forms a
complete monolayer on the surface of the adsorbent to achieve maximum adsorption capacity. A multilayer adsorption
model based on heterogeneous surfaces of adsorbents, unlike Freundlich's model. An adsorbent's heterogeneous
surface allows multilayer adsorption of contaminants. These formulas correspond to the Langmuir Eqs (4) and
Freundlich (5) models[121].

. I S (4)

de K1.Qmax Qmax

Ing, =InK, + %ln C.lngq, (5)

The Q. and Qmax represent the equilibrium MB and CV concentrations (mg.L™"), C. is the equilibrium MB and CV
concentration (mg.L™"), and K; (L.mg™") is the equilibrium adsorption capacity. According to Ce/Q. plots and Ce InQ.
plots. MB and CV can be absorbed in high concentrations from the adsorbent when n > 1. Figure 8a and b. shows the
Langmuir and Freundlich isotherm charts; details of both isotherms are illustrated in Table S4. MB and CV are better
suited to the Freundlich isotherm than the Langmuir isotherm. Compared to other adsorbents, it has shown the most
excellent adsorption capacity for the MB and CV. The fabricated nanocomposites exhibited excellent Qmax compared
to various other adsorbents previously reported. Several physicochemical characteristics associated with fabricated
adsorbent systems contribute to the high values of Qmax, including easy diffusion of organic pollutants into Ge/Pec-
HNTs@IONP magnetic hydrogel halloysite nanotubes. These magnetic hydrogel halloysite nanotubes effectively
remove cationic dyes from wastewater contamination by absorbing them. The study and forecasting of different
adsorption processes, equilibrium times, and the rate-limiting stage of the adsorption process can all be done using
adsorption kinetics. Based on pseudo-first-order (PFO) and pseudo-second-order (PSO) models, this study
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investigated the MB and CV adsorption rates onto the Ge-Pec hydrogel-HNTs/IONP magnetic hydrogel halloysite
nanotubes adsorbent. They are mathematically expressed using Eqs. (6) and (7), respectively[121].

k
Log(Qe — Q) = LogQe — =t ©)
Lt .1 (7
Q  kpQ3 + Qe t

Here, Q; stands for the period adsorption capacity of the Ge/Pec-HNTs@IONP magnetic hydrogel halloysite
nanotubes, and Q. (mg.g™!) for the Hassan equilibrium adsorption capacity. The PSO rate constant is K> (g.mg.min™")
according to the PFO rate constant K(1/min). In Figure 8¢ and d and Table S4. With the pertinent data, the linear
kinetic graphs are displayed. MB and CV adsorption kinetics on Ge/Pec-HNTs@IONP magnetic hydrogel halloysite
nanotubes is better explained by the PSO model, according to correlation coefficients and differences between

calculated and observed Q. values of the two kinetic models under investigation.
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Figure 8. (a) Langmuir, (b) Freundlich isotherms, (c) pseﬁ(io-ﬁrst-order (PFO), and (d) pseudo-second-order (PSO) models.

Table 1. Compared to earlier published investigations, an assessment of the material’s maximum adsorption capacity Ge/Pec-

HNTs@IONP magnetic hydrogel halloysite nanotubes.

Adsorbent Qmax (mg.g™) Ref. Adsorbent Qumax (mg.g™) Ref.
MB CvV

Xylan and gelatin 26.04 [122] Pect/AILP-Kal 72 [123]

nanocomposite

Pectin membrane 19.39 [124] Mag./silica/pectin NPs 125 [125]

(Pect/AILP-Kal) 76 [123] Gelatin hydrogel (GH) 138.89! [125]
nanocomposite
GT-CAG-cl- 94.9 [126] Gelatin/Chitosan 2334 [127]
polyAA hydrogel
PAC-nZVI 99 [128] Pec-g-poy (AMPS-co- 329 [129]
AAm)

Dop-Pec hydrogel 111.1 [130] PAC-nZVI 344 [128]
Ge/Pec 123.54 Present work Ge/Pec 156.76 Present work
Ge/Pec- 384.561 Present work Ge/Pec-HNTs@IONP 485.534 Preset work

HNTs@IONP
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3.4. Recovery and reusability

The reusability of Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes was examined to research the
absorption of MB and CV dyes. Three sequential adsorption and desorption cycles were carried out to test the
recyclability of Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes, according to the results shown in
Figure S4. Reusing adsorbents can save money and energy, which is why, after MB and CV were adsorbed on the
Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes, the desorption process was carried out by soaking the
material in an HCI solution of 0.1 M at ambient temperature. After being removed from a magnet, the adsorbent was
repeatedly cleaned in d.w. and ethanol. The adsorption percentages after two cycles change from 76.91 to 65.070%
and 97.107% to 94.45%, and the desorption percentages change from 84.23% to 80.82% and 82.42% to 79.32% for
MB and CV, respectively. The results demonstrate that the magnetic hydrogel halloysite nanotubes can desorb and
resorb MB and CV for two more cycles without significantly reducing adsorption capacity.

3.5. Suggested mechanisms for the adsorption process

There are several phases in the adsorption mechanism of Ge/Pec-HNTs@IONP magnetic hydrogel halloysite
nanotubes to remove MB and CV dyes (Figure 9). The hydrogel matrix, in the first place, provides a porous structure
that enables MB and CV dyes to penetrate the hydrogel. HNTs present in the hydrogel increase the ability of the
hydrogel to absorb materials due to their high surface area and abundant OH groups on the surface and inside by
creating hydrogen bonds with MB and CV dyes. Also, functional groups in MB and CV structures participate in
electrostatic interactions with functional groups on surfaces. In addition, the Ge/Pec hydrogel has functional groups,
such as amino groups, that can form hydrogen bonds with MB and CV dyes through van der Waals forces. A very
effective adsorbent for removing MB and CV dyes from aqueous solutions is created by Ge/Pec-HNTs@IONP
magnetic hydrogel halloysite nanotubes.

T __.EN
£ ~':H"\ec\\msw'“
f pactio®

Adsorption mechanism

Ge/l’ec-HN’l's@lONl"D

Crystal Violet

N
S $
> &
>
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Figure 9. The suggested mechanism for adsorption of MB and CV by the Ge/Pec-HNTs@IONP magnetic hydrogel halloysite
nanotubes.

4. Conclusions

Using HNTs, Ge/Pec hydrogel, and IONP MNPs, a practical, cost-effective, and environmentally friendly adsorbent
Ge/Pec-HNTs@IONP magnetic hydrogel halloysite nanotubes was created in this study to treat wastewater containing
dangerous organic compounds including MB and CV-dyes. Ge/Pec-HNTs@IONP magnetic hydrogel halloysite
nanotubes have a considerable elimination percentage of 87.33% and 86.69% for MB and CV dyes, respectively,
according to the data obtained under ideal conditions. The Freundlich model was used to interpret these experimental
findings on the adsorption of the dye’s CV and MB on the Ge/Pec-HNTs@IONP magnetic hydrogel halloysite
nanotubes, with maximal adsorption capacities of 582.21 and 577.95 mg.g™! for CV and MB, respectively. The model
with the best fit to the experimental data was PSO model kinetics. The experiment's outcomes suggest that chemical
processes impact the dye’s CV and MB adsorption. Finally, this research demonstrates that the created Ge/Pec-
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HNTs@IONP magnetic hydrogel halloysite nanotubes are an effective adsorbent composite for wastewater treatment
and cationic dye pollution removal.
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