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HIGHLIGHTS

e The synthesis of magnetic halloysite
nanotubes (HNTs) for eco-friendly clay.

e The dye removal model for bonding
structures among magnetic HNTs and
dyes.

e Different pH environments for the
behavior of magnetic HNTs after dye
absorption.

o Modified HNTs is promising for organic
dye removal and wastewater treatment.
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ABSTRACT

Halloysite nanotubes (HNTs) have been extensively investigated for potential utilization due to their unique
structure and properties as a type of natural, eco-friendly clay. The synthesis and modification of magnetic
halloysite nanotubes was studied using several experimental techniques including SEM, TEM, FT-IR, Raman
spectroscopy, UV-Vis spectroscopy, and BET. Dye absorption experiments were conducted to understand bonding
using EDS, XPS, XRD, and Raman spectroscopy. In this study, we evaluated Sunset Yellow FCF (SY) dye removal
as a model to understand bonding structures among magnetic HNTs, magnetic particles, and dye molecules. We
focus on the interactions of SY-magnetic HNTs and characteristics of magnetization by VSM after SY dye
adsorption, which highlight the notable features of magnetic halloysite nanotubes. We used different pH envi-
ronments to study the behavior of magnetic HNTs after dye absorption. The application of these modified HNTs
is promising for future organic dye removal and wastewater treatment.
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1. Introduction

In the past decade, several industries have been widely using water-
soluble acid dyes for food, cosmetics, and textiles. All dye compounds
are pollutants or residues of organic mixtures and are probably harmful
to all aqua cultures and humans [1]. Some organic dyes are not biode-
gradable due to the stable complexes of aromatic structures. The accu-
mulation of high-concentration dyestuffs in an aqueous environment
may cause serious problems of carcinogenicity and toxicity [2-4]. Thus,
the increasing necessity of numerous techniques for water treatment is
necessary, especially in the field of wastewater. To achieve dye removal,
several chemical, physical, and biological methods have been developed
including coagulation, chemical oxidation, degradation (electro-
chemical, photocatalytic, aerobic, and anaerobic microbial), membrane
separation, and adsorption [5-11]. Among these methods, adsorption is
a typical candidate due to its low cost, simple concept, and ease of
implementation [12].

Mesoporous materials are a fascinating category of materials that
possess unique properties such as high surface area, adjustable range of
pore size (from 2 to 50 nm), and well-defined pore structures that allow
their application in chemical sensing, adsorption, and photocatalysis
[13-15]. However, using pure mesoporous elements like silica in
wastewater treatment is not very effective due to their low thermal and
hydrothermal stability. To overcome this, doping of heterogeneous
atoms on the surface of native mesoporous material has become popular
in water research [16]. Amorphous mesoporous structures play a sig-
nificant role as a supporting material, but chemical modifications, such
as doping with nanoparticles, can enhance their properties and result in
synergistic effects in adsorption and photocatalysis.

Moreover, the adsorption method has been used for more than 100
years since first receiving attention in 1912 when Chapman and Siebold
used kaolin clay mineral [17]. In nature, clay minerals are popular
worldwide at a reasonable cost. Clay minerals provide great potential as
effective and recyclable adsorbents and dye removers [18,19]. Specif-
ically, inorganic clay minerals are ubiquitous due to their various
morphologies including rod-like, fibrous, tubular, lamellar, and
layer-pillared structures [20].

Among these inorganic clay minerals, halloysite nanotubes (HNTs)
are eco-friendly adsorbents for many applications in green chemistry
[21]. After the first mention in 1826 by Berthier as a clay mineral of the
kaolin group with a 1:1 dioctahedral structure, the chemical formation
of halloysite is slightly different in that its unit layers are separated by a
water monolayer [22]. The formula of halloysite clay can be described
as Al,SisO5(OH)4enH20 [23]. Structurally, HNTs form an aluminosili-
cate mineral similar to kaolinite and are composed of a Si-O-Si tetra-
hedral sheet that is overlapped by an octahedral Al-OH group inner
surface [24], [25].

Natural HNTs have a hollow interior, with a wall thickness that can
vary between 10 and 50 nanometers. The inner and outer surfaces of
HNTs, known as their lumens, are smooth and covered with hydroxyl
groups, providing the material a negative charge. Halloysite nanotubes
may provide a unique interpolating space with water molecules to
provide a 10 Angstrom (A) basal layer within the lumens [26]. The
surface charges of HNTs make the system highly reactive, easily
absorbing and retaining various molecules and ions.

Halloysite clay has garnered considerable attention from the scien-
tific community due to its biocompatibility and low toxicity [27].
Creating a layer-by-layer structure in the confined tubular HNT lumen is
important. In addition, attachment of magnetic nanoparticles to the
surface of HNTs is crucial for the separation of modified magnetic HNTs
in dye removal applications. This strategy provides a unique tubular
porous structure and a large surface area typical of natural aluminosil-
icate clay mineral to provide high adsorption and high selectivity for
many chemicals [28,29].

Acidification of the clay minerals can remove all the functional
carbonate groups and metal ions that leach in the process, allowing
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enhanced adsorption properties of magnetic HNTs [30]. Acid treatment
of clay minerals effectively can remove carbonates and partially remove
metal ions. Acid treatment also results in an increase in the number of
silanol groups, surface activity, and acidic sites, which ultimately
improve the adsorption properties of clay minerals. Notably, the Si-O-Si
bonds or silicate clay are not damaged by common acids other than
hydrofluoric acid (HF) [31]. In contrast, alkaline conditions have been
shown to possess stronger corrosion capabilities, affecting both metal
cations and Si-O-Si bonds. Thus, in this research, three pH environments
of pH 4, pH 7, and pH 10 are tested.

Several dyes have been investigated [32]. Among these, Sunset
Yellow FCF was selected to test the ability of magnetic HNTs to separate
and remove dyestuffs. The major features of Sunset Yellow FCF would be
navigated by this work and other comparisons are mentioned in the
supplementation with the other two dyes, which are Methylene Blue and
Rhodamine B. Sunset Yellow FCF is a typical synthetic dye with five
main characteristics suitable for this research. First, it is used in various
industries, including textiles, cosmetics, and food coloring [33]. Second,
this yellow dye is an aromatic compound with a fixed molecular weight
of 432.4 g/mol, indicating that these molecules contain one or more
aromatic rings in the chemical structure [34]. This common feature
provides an intense and long-lasting color. Third, Sunset Yellow is highly
soluble in aqueous solutions, especially water, allowing this dye to be
easily utilized in many water-based environments [35]. Moreover, this
yellow chemical has been reported to have some degree of toxicity,
particularly at high concentrations [36]. Last, adsorption of Sunset
Yellow FCF dye molecules in aqueous solutions can be achieved using
positively charged surfaces [37]. Fig. 1.

2. Materials and methods
2.1. Solvents and reagents

Halloysite nanotubes (HNT, kaolin, molecular weight (MW)
= 294.19 g/mol; CAS No.: 1332-58-7) and Sunset Yellow FCF Dye
content 90% (452.37 g/mol; d = 0.617 g/crn3; CAS No.: 2783-94-0)
were purchased from Sigma Aldrich. FeClye4 H20 (d = 2.53 g/cm3),
FeClze6 H,O (d = 1.82 g/cm3), and ethanol (Absolute, MW = 46.07 g/
mol; CAS No.: 64-17-5) were purchased from Merck Millipore. Deion-
ized (DI) water was extracted from Milli-Q (Perm C =11.3 uS/cm; re-
sistivity = 18.2 MQecm). Sodium hexaphosphate (SHMP) and other
chemical reagents were purchased from Sigma Aldrich.

2.2. Halloysite nanotube purification

Briefly, 25 g of halloysite nanotube clays were placed in a two-neck,
round Duran glass flask and dissolved in 125 mL DI water with a cross
magnetic bar constantly stirring for 3 h. Then, 2.5 g of SHMP (NaPOs)g,
granular, > 99%, Alfa Aesar) was added to the mixture under constant
stirring while the pH of the solution was modified to 8.5 using 0.1 M
NaOH aqueous stock solution (98%, GR, Daejung Chemicals). Next, the
obtained mixture, including the purified HNTs, was decanted and
centrifuged at a rotational speed of 2500 revolutions per minute (rpm)
for 12 min. The precipitates were washed with DI water several times
and combined with the sedimentation phases until the supernatant of
the washed solution was clear before another centrifugation process at
10,000 rpm for 15 min. The obtained precipitate was dehydrated via
lyophilization for 2 days to remove any water traces and droplets in the
centrifuge tubes. The final dried powder was denoted as ‘pHNTs,’ pris-
tine HNTs.

2.3. Modification of magnetic halloysite nanotubes
Synthesis of mHNTs from the obtained pHNTs is described in a

previous study [38]. Briefly, the pHNTs were preheated in an oven at
100 °C for 12 h. Next, 0.5 g of preheated pHNTSs dissolved in 150 mL DI
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Fig. 1. The structure of modified magnetic halloysite nanotubes with Sunset Yellow FCF dye molecules.

water in a two-neck, round Duran glass flask were sonicated for 15 min
under Ny purging and stirring. Afterward, 1.3 g of iron (III) chloride
hexahydrate (FeClze6 H30) and 0.48 g of iron (II) chloride tetrahydrate
(FeClpe4 H,0) were gradually added to the mixture with constant stir-
ring for 15 min at 60 °C (immersed in an oil bath to control system
temperature). Then, 10.00 mL of ammonium water (CAS No.:
1336-21-6) was added dropwise to the solution at the rate of
0.05 mL/minute with the use of a syringe pump and a 10.00 mL
Henke-Ject syringe connected to a septum of the flask. The reaction was
conducted for 8 h in an oil bath at 70 °C to obtain a black slurry mixture
containing magnetic HNTs. The slurry solution was washed three to four
times sequentially with a mixture of DI water and anhydrous ethyl
alcohol 99.9% (CAS No.: 64-17-5) at a ratio of 1:2. The obtained
mixture was dried in an oven overnight at 65 °C.

2.4. Dye absorption process

The dyes are herein labeled ‘MB’ for Methylene Blue, ‘RB’ for
Rhodamine B, and ‘SY’ for Sunset Yellow. Samples of magnetic HNTs
with dye mixtures are designated as MBB, RBB, and SYB before the
experiment, standing for Methylene Blue Before, Rhodamine B Before,
and Sunset Yellow Before, respectively. After the dye experiment, the
remaining samples in the dye stock solution are designated MBA
-Methylene Blue After, RBA-Rhodamine B After, and SYA-Sunset Yellow
After.

The powders of SYB-mHNTs were prepared in the same small
amounts and were dissolved in solutions with similar pH conditions. A
similar method was applied to all the vials containing magnetic HNTs.
However, the SYA-mHNTSs were separated with various methods after
the dye removal experiment. The mixtures of colorless solutions and
magnetic HNTs in dye vials were lyophilized overnight to remove all
water. In this study, modified magnetic HNTs were synthesized for
Sunset Yellow FCF recognition, and the solution pH was 4, 7, or 10. At
these pH values, magnetic HNTs were shown to be promising candidates
in several facile adsorption-desorption processes for dye removal and
water treatment.

2.5. Characterization techniques

2.5.1. Scanning electron microscopy (SEM)

A surface morphology study was conducted via scanning electron
microscopy (SEM) experiments by analyzing the layers of all specimens.
Specifically, the specimens were loaded onto a silicon wafer square
(7 mm x 7 mm) using 2-3 droplets of each sample solution and were
dried overnight at room temperature. A thin layer of gold was coated

onto the surface of each specimen in 120 s by the ion-sputtering coater
MCM-200. Halloysite nanotubes are non-conductive samples, and the
use of an ion-sputtering coater prevents electron charging during elec-
tron beam imaging. In addition, this method also produces high con-
ductivity of the specimens and improves imaging resolution, sharpness,
and magnification. Samples of pristine halloysite nanotubes, magnetic
halloysite nanotubes, and mHNTs before and after dye removal were
observed using a field-emission scanning electron microscope (FE-SEM,
ThermoFisher APREO S HiVac, FEI) in a high-vacuum environment. The
acceleration voltage for FE-SEM characterization was 15.00 kV, and
secondary electrons and back-scattered electrons were simultaneously
detected.

2.5.2. Transmission electron microscopy (TEM)

The transmission microscopic morphology of magnetic halloysite
nanotubes was optimized on a JEOL JEM-2100 F with a microscope
energy system at 200.00 kV. The single-tile specimen holder was EM-
21010/21020, and the TEM images were captured individually at high
current, and the auto emission current ranged from 13.9 pA to 94.9 pA.

2.5.3. Energy dispersive X-ray spectroscopy (EDS)

The following EDS characterization by TEM on a JEM-ARM200F
(HRP) instrument comprised acquisition parameters of a probe current
of 7.475 nA, a scan time of 180 s, and a counting rate of 340-600 cps in
the energy range of 0-40 keV.

2.5.4. X-ray photoelectron spectroscopy (XPS)

XPS measurements were conducted on a K-Alpha® Spectrometer
System (Thermo Scientific, USA) with a micro-focused monochromatic
Al Ky X-ray source of 1486.6 eV. The equipment method used was a
survey scan with a range of 0-1400 eV, and all core-level spectra were
referenced to the Cj ¢ hydrocarbon peak at 285.0 eV. All the pHNTS,
mHNTs, and dye solutions before and after dye removal were dried and
cast onto a 10 mm x 10 mm silicon wafer. They were mounted inside
the analysis chamber on a 60 mm x 60 mm stage to allow variation in
the position of the electron beam, and the energy input was 12 KeV/
6 mA.

2.5.5. X-ray diffraction (XRD)

X-ray diffraction was conducted using a Bruker D8 ADVANCE
diffractometer for real-time component recognition and validation using
a coupled (8)/theta scan. The analysis angle was 5-90° (step: 0.02°), and
the scan speed time [time/step] was 0.4 s
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2.5.6. Fourier transform — infrared (FT-IR) spectroscopy

The FT-IR measurement of the sample was conducted using a
Thermo Scientific Nicolet iS50 spectrometer with step-scans to compare
the mHNTs after Sunset Yellow FCF dye absorption in three pH
conditions.

2.5.7. Raman spectroscopy

Raman spectroscopy measurements were performed with a disper-
sive Raman microscope equipped with a PhAT probe providing a laser
beam source (A =785 nm, power: 40 mW), illumination diameter of
1 mm, and a CCD detector (Kaiser Optical Inc., USA).

2.5.8. Vibrating sample magnetometer (VSM)

To prepare samples for vibrating sample magnetometry, an amount
of sample with 3-7 mg of powder was entered with a spatula into 2 mL
Eppendorf tubes and weighed. Demineralized water was added to ach-
ieve a concentration of 2.0 & 0.1 mg/mL. After ultrasonic agitation, a
20 uL droplet was carefully deposited on an 8 mm x 8 mm silicon sub-
strate and left to dry overnight.

The in-plane magnetic hysteresis loops of the dried deposits on the
silicon substrates were measured with a DMS model 10 vector VSM. The
system was calibrated with a 0.3 mm thick Ni foil of 6 mm diameter,
which is approximately the size of the dried droplet. The disc has a
weight of 70.6 mg which assumes a moment of 3.89 mAm? using the
literature value for the saturation magnetization of Ni (55.1 Arnzkg’l)
[39]. The diamagnetic contribution of the sample holder and the Si
substrate was subtracted by a linear background signal of 0.5 pAmT .,
obtained by a fit to the high field branches of the in-plane hysteresis
loops. The hysteresis loops were taken at the maximum field range of
2 T, to ensure the samples were saturated.

This study analyzed the reproducibility of the sample preparation
method on pure Fe;O3 and Fe3O4 powder. Despite efforts to weight and
transport accurately, the variation in saturation magnetic moment was
as high as 70%. For a more accurate determination of the saturation
magnetization, larger quantities are required. We could however not
increase the deposited volume over 20 pL without overflowing the
substrate.

2.5.9. Brunauer-Emmett-Teller (BET) measurement
The pretreatment of mHNTs and SYA-mHNTs before BET
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measurement includes several steps. Both sample types were kept in a
vacuum oven at 180°C for 3 h, and then the weight was measured before
pretreatment. Samples were measured using Helium as the gas carrier
and N as the exchange gas on a BELSORP-Mini II (BEL JAPAN Inc.). A
standard sample cell of ~ 1.8 cm® contains 0.3 g of the sample after
pretreatment for BET characterization.

3. Results and discussion
3.1. SEM characterization

SEM was used to characterize the structures and sizes of the pHNTSs
after purification and was used to characterize the mHNTs after modi-
fication of the magnetic particles. The morphologies of pHNTs (Fig. 2A)
and mHNTs (Fig. 2B) illustrate the significant differences after synthesis
and modification of magnetic particles to pHNTs. Fig. 2B reveals that the
mHNTs contained many clusters of a combination of magnetic nano-
particles and modified halloysite nanotubes. From this, we concluded
that mHNTSs formed in sizes up to approximately 2 pym in length, which
are larger than the uniform purified pristine HNTs of 500 nm in length.
Figs. 2C to 2E show that the diameter of the mHNTSs was approximately
30 nm in acidic conditions and larger in NaOH solution. Micrographs of
materials at pH 4, pH 7, and pH 10 show the distribution and surface of
magnetic HNTs in different environments. Different roughnesses on the
surface are shown in Figs. 2C and 2E. However, the system for mHNTs-
SYA in pH 4 showed distributed crystallized clusters of magnetic parti-
cles with HNTs, different from the other environments. Magnetic par-
ticles in mHNTs-SYA 10 are shown in Fig. 2E, while the blended system
of mHNTs-SYA 7 in Fig. 2D is more densely packed and has a complex
morphology.

The consistency of halloysite nanotubes after dye absorption is un-
changed in morphology at pH 7 as the provided supplement information
data (Figure SI 1). However, the size of the magnetic particles on the
surface of HNT outer lumens are extensively different in terms of SYA in
comparison with MBA and RBA. Specifically, the absorbed magnetic
nanoparticle size is in the range of 17.00-22.70 nm for MBA (Figure SI
1 A), and 17.05-21.13 nm for RBA (Figure SI 1B) respectively while the
one in SYA is from ~26.00-42.68 nm (Figure SI 1 C) approximately. It
confirms that the dye molecules are attached to the magnetic particles
on the outer surface of the HNT lumens. This characteristic of outer

Fig. 2. SEM images of (A) pristine HNTs-pHNTs, (B) magnetic HNTs-mHNTs, (C) mHNTSs in pH 4, (D) mHNTs in pH 7, and (E) mHNTs in pH 10.
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surface adsorption for magnetic HNTs would be clearly analyzed and
supported in TEM and EDS characterization.

3.2. TEM characterization

Representative TEM images of the pHNT indicated that pristine
halloysite nanotubes provided an inner lumen < 15 nm and an outer
lumen < 50 nm after purification (Fig. 3A). On the other hand, magnetic
particles on the surface of the mHNTs varied in behavior in different
environments of pH 4 in CH3COOH (Fig. 3B), pH 7 in a mixture of water
and ethanol (Fig. 3C), and pH 10 in NaOH (Fig. 3D). According to TEM,
magnetic HNTs in CH3COOH and in NaOH were slightly different in
magnetic particle size and lumen diameter. Specifically, the inner lumen
diameter is 12.69 nm and 40.94 nm respectively in acid and basic con-
dition of mHNTs while the particles in both environments are mostly
unchanged with diameters of 12.66-17.90 nm in CH3COOH and
12.78-19.13 nm in NaOH. Thus, the lumen diameter remained un-
changed in acidic conditions but were smaller than those in basic con-
ditions in which the particles seem to increase in size. Nanoclusters
consisting of magnetite nanoparticles as subunits were also observed on
the surface and inside of mHNTSs at pH 7 and pH 10, respectively.

After the absorption of Sunset Yellow FCF dye, a TEM morphology
analysis was carried out to investigate the structure of mHNTs (Figs. 3E
and 3F). The results showed that some magnetic nanoparticles adhered
to the walls of the hollow cavities of HNTs. This finding could be
attributed to the unique structure of HNTs, which have a large surface
area, large pore volume, and adequate hydroxyl groups that make it
easier for metal ions to access and adsorb onto the surface. The large
surface area of the HNTs provided more sites of adherence for the

45.63 nm
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( =
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magnetic nanoparticles, while the large pore volume allows greater
access to the interior of the cavities. Additionally, the presence of hy-
droxyl groups on the surface of the HNTs make it easier for metal ions to
adsorb onto the surface due to their affinity for hydroxyl groups. These
findings provide promising insights into the structure and properties of
mHNTs and could have potential applications in various fields including
drug delivery, catalysis, and imaging.

An emphasis of comparison with other two dyes including Methylene
Blue and Rhodamine B is demonstrated in the Supplementation Infor-
mation 2 (Figure SI 2). It is obvious to demonstrate that all the magnetic
nanoparticles attached to the surface of the outer HNTs lumen would
expand in size. Also, several dye molecules are scavenging on the outer
surface after dye absorption process according to Figure SI 1 A for
Methylene Blue, Figure SI 2B for Rhodamine B and Figure SI 2 C for
Sunset Yellow FCF.

3.3. EDS characterization

The analysis of EDS was characterized by scanning the main ele-
ments in the process of synthesizing magnetic halloysite nanotubes. In
Fig. 4A, the presence of aluminum, silicon, carbon, oxygen, nitrogen,
and iron in the mHNTSs system was confirmed at appropriate counts per
second (cps). Moreover, the contribution of iron in EDS characterization
was 5.3%. The backscattering EDS images in Fig. 4B illustrate the
element distribution in a region of a single magnetic halloysite nano-
tube. As can be seen from Fig. 4C, magnetic particles remained on both
the outer and inner lumens of mHNTs.

Similarly, the percentage of Fe is exponentially decreasing to
approximately less than 2% in the order of MBA > SYA > RBA with

':‘k'-?‘\r{l).-t‘) nm C

94.10 N

e

12.69 +1u ! 18.07 nm

2.5 ngr 19.44 nm

12.66am

11.42 nm

51.34 nm 10.53
0 nm

395.92 nm

7.19 nm

Fig. 3. Transmission electron spectroscopy of (A) pHNTs, (B) mHNTs in CH3COOH, (C) mHNTs in DI water & ethanol mixture, (D) mHNTs in NaOH, (E) SYA-mHNTs

(scale 100 nm), and (F) SYA-mHNTs (scale 50 nm).



N.Q. Nguyen et al.

Colloids and Surfaces A: Physicochemical and Engineering Aspects 680 (2024) 132631

3300 -
c
3000

2700 ’
2400 —
2100 |
1800 —

Counts

1500 —

1200 —
Cl
900 — |¥e ‘
600 sl

FeKesc Fere

300411 1

4.00 6.00 8.00 10.00 12.00 14.00

keV

SEl(frame1) = 200 nm = 200 nm

— 200 nm OK C=3200nm 1 200 nm

16.00

Si

A

|
|
|
|
|
|
|
|
|
|
|

1800 20.00

= 200 nm N K

— 200 nm

Fe K

33200 nm Fe K

Fig. 4. (A) EDS measurement of magnetic halloysite nanotubes (keV), (B) backscattering element scan at 200 nm, and (C) Fe EDS scan at 200 nm.

1.89%, 0.44% and 0.29% after dye absorption process in accordance
with the Figure SI 3 including Figure SI 3A Figure SI 3B and Figure SI 3C,
respectively. This EDS results in the interaction between the dye mole-
cules and magnetic particles on the outer lumen of magnetic halloysite
nanotubes for decrease of Iron ratio in comparison with other elemental
ratios remaining unchanged.

3.4. XPS characterization

X-ray photoelectron spectroscopy was used to compare pHNTs and
mHNTs, and the magnetic halloysite nanotubes produced peaks of Fez,
at binding energies of 712 and 725 eV. The ratios of Al-Si in terms of
magnetic and pristine halloysite were significantly different in the two
graphs in Fig. 5. In terms of pHNTs, the Al-Si ratio fit with the natural
background of purified pristine halloysite nanotubes, while Aly, in-
tensity in mHNTs was negligible due to the dominance of magnetic
particles on the surface and inside the lumens of nanotubes. The pro-
portion of Fe in mHNTSs was 15% of elemental composition, and a small
peak assigned to Cly, was indicated the involvement of ferric salt. The
detailed assignment for the binding energy of other elements is listed in
Table 1 for the sample of magnetic halloysite nanotubes. [40].

3.5. FT-IR spectroscopy analysis

Fourier transform infrared spectroscopy of the adsorption process
was carried out before and after the interference of Sunset Yellow dye.

The y-axis was transmittance in percentage (%), and the x-axis was
wavelength in cm ™.

FT-IR spectroscopy is commonly used to verify the formation of
magnetic HNTs (Fig. 6B) and pristine HNTs (Fig. 6A) during the modi-
fication process. The sharp peaks at 893 cm ™! and 887 cm ™! correspond
to the H-O-H deformation band in absorbed water. Peaks at 3675 cm ™
are the stretching of perpendicular surface -O-H, and that at
3601-3605 cm ™! is -O-H stretching of inner hydroxyls. The peaks at
1614 cm ™! and 1616 cm™! for mHNTs and pHNTs, respectively, are
bending of -OH in absorbed water. This bending allows the inner lumen
of mHNTs to expand, producing peaks at 893 and 991 em ™! for pHNTs
and at 887 and 987 cm™! for mHNTs. The moderate peak at 732 cm™!
identified the symmetric stretching of Si-O, and the peak around
618 cm ™! represents the presence of Fe304 in mHNTs. Uniquely, the
peak at 2834-2900 em™! (associated with mHNTSs) is due to symmetric
C-H bonding, which is in a different area from those of pristine halloysite
nanotubes.

3.6. UV-visible spectroscopy

The color change of Sunset Yellow FCF after adsorption was analyzed
by a comparison with two other synthetic organic dyes at two concen-
trations of 0.01 M and 0.05 M. Fig. 7A and Fig. 7D show that the 0.01 M
dye stock solution was nearly transparent, especially in terms of sunset
yellow and methylene blue. By increasing the concentration by five
times, as in Fig. 7B and Fig. 7E, the SY solution was transformed from an
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Table 1

Binding energy summary for main elemental XPS analysis in mHNTSs.
Element Starting Peak Ending
Name Binding Energy Binding Energy Binding Energy

(eV) (eV) (eV)

Aly, 79.73 75.92 72.49
Sizp 107.35 104.05 100.23
Clyp 203.55 199.45 196.77
Cis 293.07 285.55 282.52
Nis 404.90 400.73 396.49
O1 537.32 533.10 528.16
Feyp 740.19 711.49 706.64

orange-yellow color before adsorption to a lighter yellow after adsorp-
tion. The added SY dye in Fig. 7C and Fig. 7F had a concentration of
0.01 M.

The absorption ability of magnetic halloysite nanotubes was
described via UV-vis study of SYB and SYA, as shown in Fig. 8. At the
beginning of the preparation phase, the intensities of the characteristic
peaks of SY (255 nm, 310 nm, and 480 nm) were in the order of
SYB4 < SYB7 < SYB10. When mHNTSs were used for the sunset yellow
system, all the characteristic peaks tended to behave in different orders.
First, the peak of 255 nm broadened, while the 480 nm peak signifi-
cantly decreased, maintaining the adsorption level order of
SYA10 < SYA4 < SYA7. On the other hand, the 310 nm peak almost
disappeared in all three pH environments, indicating loss of the group as
the absorbance increased.

According to the stock solution UV-vis spectroscopy from Fig. 9A,
the identical main peak absorption of Methylene Blue, Rhodamine B and

Colloids and Surfaces A: Physicochemical and Engineering Aspects 680 (2024) 132631

100 4 A
X 8o
@
2 3601 3675
g 60
£
2  40-
s
= ]

20l 991

—— PHNTs
500 1000 1500 2000 2500 3000 3500 4000
Wavelength (cm™)

100 B 7/32
STy >s14 /
-4 \ 2834 2000 3675
3 3605
c
5 oo 1100
=
G
g 40
= 887

20 |

987 ——mHNTs

500 1000 1500 2000 2500 3000 3500 4000
Wavelength (cm™)

Fig. 6. Fourier transform infrared spectroscopy results of (A) pristine halloysite
nanotubes and (B) magnetic halloysite nanotubes.

Sunset Yellow FCF are 665 nm, 555 nm, and 485 nm respectively. As a
result of dye experiment comparison between the immersion of FesO4
(Fig. 9B) and mHNTs (Fig. 9C) at the mild pH conditions, the
enhancement of dye discoloration in mHNTs is observed obviously in
MBA-mHNTs for approximately 100% and SYA-HNTs for more than
85% while. The slight pink color of Rhodamine B makes the absorbance
remaining at 0.3-0.4 a.u. surrounding the peak at A = 555 nm. Hence,
the adsorption capability of the dyes follows the order of MBA > SYA
> RBA at pH 7.

3.7. Raman spectroscopy analysis

Raman spectroscopy was key to identifying, detecting, and quanti-
fying the dye absorption capacity of magnetic halloysite nanotube
before and after the process. The theory of polarizability by Placzek [39]
was used to show that the spectral intensity of Raman bands differed by
several orders of magnitude in each sample of mHNTSs before and after
dye absorption. As can be seen from Fig. 10A, more than 90% of the
absorption peak were negligible and disappeared after immersion of
mHNTs in sunset yellow solution. This means mHNTs effectively
absorbed sunset yellow at pH 4. At pH 7, magnetic halloysite nanotubes
also exhibited high adsorption efficiency, with the presence of all ab-
sorption peaks before and after the interference of Sunset Yellow FCF, as
in Fig. 10B. Moreover, the dye absorption at pH 10 in NaOH provided
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SYA, RBA, MBA and 0.05 M; and (F) 2.5 mL SYA solution 0.01 M at pH 4, pH 7, and pH 10.
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the lowest efficiency compared with other pH conditions in that most of
the peaks decreased by several orders of magnitude but remained
observable.

Evaluating the magnetic bonding transition before and after addition
of sunset yellow dye is important and was conducted here using Raman
spectroscopy as summarized in Table 2. Three main critical peaks for the
bonding of Fe-C and for quantifying the structural system of magnetic
halloysite nanotubes and dye molecules produced vibration peaks at
462-470 cm ™! for Fe-C bonds and at 533-538 cm ™! and 672-677 cm ™!
for magnetite Fe3O4 [41]. The absorption peak of N = N stretching in
the region 1121-1128 cm™! was not observed after the addition of
Sunset Yellow due to the functional bonding between dye molecules and
magnetic particles.

The comparison of the molecular interactions between magnetic
halloysite nanotubes before and after dye adsorption of among (A)
MBB4-mHNTs and MBA4-mHNTs, (B) MBB7-mHNTs and MBA7-
mHNTs, (C) MBB10-mHNTs and MBA10-mHNTs is illustrated in
Figure SI 4. The summary of bonding assignments for Raman peak po-
sitions in terms of Methylene Blue is mentioned in Supplementary In-
formation 5 (Table SI 5). After the Methylene Blue dye absorption by
mHNTs, the main characteristic peaks of Fe-C shift several wavenumbers
to the range 448-454 cm™! while the peaks at 675-678 cm™! are un-
changed for Fe304 band assignment.

3.8. Zeta potential analysis

A Zetasizer Nano ZS was used to characterize the zeta potential in a
liquid medium at different pH values for (a) pHNT and (b) mHNT. Zeta
potential measurements were used to determine the high-performance
characteristics of the medium, making them suitable for further exper-
iments. The preparation phase included a suitable number of disposable
folded capillary cells from Malvern Co. Ltd.

Zeta potential results (Fig. 11) demonstrate the charging behavior of
magnetic and pristine halloysite nanotubes in different environments.
Under a wide range of pH values, zeta potential affected the ability of the
magnetic and pristine halloysite nanotubes to disperse uniformly in
liquid medium. Compared to pHNTs, mHNTs showed better dispersion,
especially at pH 7 (—30 mV), with strong repulsion for negatively
charged particles of overall zeta potential and preventing agglomera-
tion. During acid leaching caused by changing pH, protonation of the
luminol Al-OH species on the surface of pHNTs occurred via H' ions
present in the acetic acid solution, resulting in the formation of posi-
tively charged [AI(OH),]" species [42]. The subsequent weakening of
bonds between Al and O atoms led to partial leaching of Al from hal-
loysite nanotubes. This process decreased the Al content of each

Table 2
Bonding assignments of peak positions from Raman spectroscopy of SYA-mHNTSs
at pH 4, pH 7, and pH 10 (p = rocking; v = stretching; and § = bending).

SYA4 - SYA7 - SYA10 - Bond Assignment

mHNTs mHNTSs mHNTs

(em™) (em™) (em™)

462 470 462 Fe-C

538 536 533 Fe304

638 634 599 SO3-Ry

677 672 673 Fe30y4

741 748 - p(R1)

829 - - p(N-N)

1002 986 986 C-H-Ry

1121 1128 1128 V(N = N); (C-H- Ry)

1175 1178 1177 V(N = N); p(C-H-Ry); p(R1)

1230 1232 1230 8(C-C-Ry); V(C-N); v(C-H-
R1)

1329 1335 1336 v(C-N); v(H-C-C-H-R;)

1392 1388 1389 v(C-C-Ry); 8(Ry, Rp)

1500 1499 1501 V(C-N); v(C-0); p(N-H)

- 1550 1552 8(C-C-Ry); p(N-H); p(C-H)

1595 1596 1596 C-C-Ry; C-H-R,
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Fig. 11. Zeta potentials of pHNTs (red) and mHNTs (black) in the range of
pH 3-12.

aluminosilicate layer from the inner shell to the outer shell, expanding
the multi-layer structure within the nanotube lumen. Furthermore, the
mean standard error of mHNTs was lower than that of pHNTSs, showing a
decrease in fluctuation in potential shift of mHNTs after scavenging of
magnetic particles on the surface of the HNTs.

3.9. XRD analysis

X-ray diffraction is another crucial method for understanding the
interaction of dye molecules and magnetic particles based on the syn-
thesis and purification of pristine halloysite nanotubes. The X-ray
diffraction results revealed the interactions between dye molecules and
magnetic particles. As can be seen in Fig. 12, the mHNTs displayed
distinct peaks compared to the pHNTs in the XRD spectra and demon-
strated hematite nanoparticles according to JCPDS #01-075-0449.
Additionally, the absorption of sunset yellow FCF demonstrated in the
XRD pattern of mHNTs after dye absorption of Sunset Yellow illustrates
SYA-mHNTs in the dried state in DI water. The 26 values of the peak for
magnetic particles were 30.1° and 43.1°, which are attributed to (220)
and (400) crystal planes, respectively [43].

311 3+——SYA-mHNTs
6000 - 2.——mHNTs
1.—— pHNTs
3
S 4000
ol 100
S
c
8
£ 20004
0_
20 40 60 80
20(°)

Fig. 12. XRD analysis of the pristine halloysite nanotubes (1), magnetic hal-
loysite nanotubes (2), and SYA-mHNTs after SY dye absorption (3).
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The (100) (h,k,1) values for the diffraction peak of the dehydrated
state showed a d-spacing of 0.44 nm in pHNTSs, which were lowest after
modification of magnetic particles and were not observed after dye
absorption. Following the absorption process, the SYA-mHNT sample
exhibited high intensity with clear and sharp diffraction peaks. These
peaks corresponded to the planes of the crystal structure, including
(311), (511), and (440), which are associated with the cubic inverse
spinel structure Fe3O4. These findings confirmed the anchoring of
magnetic nanoparticles onto the surface of HNTs. Furthermore, these
diffraction peaks tended to move 1-2 degrees to the left due to the
bonding length and the variation with modification magnitude. After
purification, the region of pHNTSs at 7-12° remained broad, and a similar
trend was observed in the presence of amorphous silica but was not
observed after the synthesis and modification of magnetic particles and
dye molecules according to the dealumination in the 26° region of
20-25° [44]. The large decrease in this region was due to dealumination
after modification with the dye-magnetic particle system for
SYA-mHNTs associated with partial loss of crystallinity after the syn-
thesis of magnetic halloysite nanotubes for mHNTs.

3.10. BET analysis

The analysis of BET isotherms was used to understand the adsorption
capacity of modified magnetic halloysite in the dye adsorption process
before and after sunset yellow involvement.

In Fig. 12, the isotherm describes a similarity in Ny adsorption of
mHNTs before and after the interference of sunset yellow dye. Both
graphs demonstrate the classification of Type IV isotherm by the Inter-
national Union of Pure and Applied Chemistry (IUPAC), indicating the
mesoporosity of magnetic halloysite nanotubes in the range of 2-50 nm.
However, the monolayer-multilayer adsorption and capillary conden-
sation showed a slight difference between the two samples. mHNTSs
(Fig. 13A) showed an H4 type hysteresis loop compared to SYA-mHNTSs
(Fig. 13B) with a small pore size distribution of an H3 type hysteresis
loop. SYA-mHNTSs provided a very narrow distribution, which means the
sunset yellow dye molecules were adsorbed into the magnetic halloysite
nanotubes with high efficiency. The capillary condensation phase of the
SYA-mHNTs showed a p/pg_; closer than that of mHNTSs, illustrating
high adsorption capacity of the non-rigid aggregates of plate-like
particles.

3.11. Vibrating sample magnetometer

Fig. 14 shows the in-plane magnetic hysteresis loops of three samples
taken from a basic (pH 10), neutral (pH 7) and acidic environment (pH
4). The shape of the hysteresis loops is not noticeably affected by the
change in acidity. Since the sample preparation method suffers from
inaccuracy, we chose to present the magnetic signal normalized to the
saturation value. Table 2 shows the quantitative values for the coercivity
and the susceptibility (the slope of the curve at m/mg = 0). Both values,
which are not dependent on the actual value of the saturation magne-
tization, are identical within measurement uncertainty with respect to
acidity. Also, the variation in saturation magnetization is within the
measurement uncertainty, which however is relatively large. Table 3.

According to the Stoner-Wohlfarth theory [45], the saturation
magnetization M is in the region of 3-5 Am?/kg and the coercivity is in
the region of 2.0 ~ 2.4 mTesla with insignificant fluctuation recorded
and summarized in Table 2. Hence, the process of mHNTSs dye absorp-
tion does not affect the changes in saturation magnetization and other
properties including susceptibility (S) and saturation magnetic moment
(m) with negligible variation.

On the other hand, the modified magnetic HNTs illustrate the mag-
netic moment (m) at 0.553 nAm? for the beginning of the dye absorption
(Figure SI 6B) as compared to 0.706 nAm? for pure Fe3O4 (Figure SI 6A).
Approximately two cycles of mHNTs in pH 4 (0.22 nAm?) and pH 10
(0.21 nAm?) could be conducted by using the external magnetic field
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ronment (pH 4) after dye absorption.
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Table 3
Saturation magnetic moment m, saturation magnetization M, coercivity B. and
susceptibility S at m = 0.

m (nAm?) M, (Am?/kg) B, (mT) S (1/T)
mHNT - pH 4 0.22 +0.08 542 2.0+0.3 35+1
mHNT - pH 7 0.13 + 0.04 3+1 2.2+0.2 35+3
mHNT - pH 10 0.21 + 0.08 5+2 2.0 + 0.4 37+1

reusing for future absorption. In terms of pH 7, mHNTSs described the
highest efficiency with the magnetic nanoparticle and dye complexation
showing the lowest magnetic moment and could be affected for the
second cycle of reusing. The cycle of reusability for dye absorption de-
pends on the ability of the magnetic field resulting in the attachment of
magnetic particles on the outer surface of halloysite nanotubes. It is a
promising characteristic for further in-depth analysis and investigation
with the wide range of repeated VSM and dye absorption process.

4. Conclusion

Magnetic halloysite nanotube synthesis is environmentally friendly
and suitable for further scaleup in industrial production at a reasonable
cost. This nanomaterial has potential in various applications including
colloids, dyes and pigments, absorbents, catalysis, and wastewater
treatment. The analysis of bonding structures provided an understand-
ing that can be used for further studies of interactions between magnetic
halloysite nanotubes in several organic dyes with the main target of
Sunset Yellow FCF in comparison with Methylene Blue and Rhodamine
B. Different pH conditions influence magnetic halloysite nanotubes for
future modifications and attachments for different uses. Among these,
SYA-mHNTs at pH 7 demonstrate the highest adsorption capacity
compared to those at pH 4 and pH 10. XPS was used to measure bonding
energies between magnetic particles inside mHNTSs, which are important
in inorganic chemistry and surface catalysis. Moreover, the indepen-
dence of BET analysis in the comparison is promising for use after
incorporating magnetic nanoparticles onto the surface of halloysite
nanotubes. Such magnetic halloysite nanotubes exhibited magnetic
properties, which allowed them to be easily separated and recycled
using a magnet. In conclusion, the magnetization effect is totally inde-
pendence to the absorption capacity efficiency for the system of SYA-
mHNTs. This magnetic functionality has the potential in applications
in numerous fields, including catalytic reactions, adsorption, separation,
and controlled drug release.
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