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Abstract: Dyes are one of the major environmental pollutants throughout the world, leading to pollu-
tion and numerous diseases. Though several techniques have been applied for the remediation of
dyes, most of them are ineffective. The authors developed a halloysite clay/zinc oxide nanocomposite
(HC/ZnONC) via a chemical route in the present study. The nanocomposite and its constituents,
i.e., raw halloysite clay (HC) and zinc oxide nanoparticles (ZnONPs) (synthesized using the same
chemical method) were analyzed for their detailed properties by sophisticated instruments. The field
emission scanning electron microscope (FE-SEM) and transmission electron microscope (TEM) analy-
sis showed spherical-shaped ZnONPs with an average size of 54.9 nm and tube-like shapes of HC
with a diameter ranging from 40-200 nm and a length at the micron scale, while the nanocomposite
had incorporated ZnONPs in their tube-like structures. Ultraviolet-Diffuse Reflectance Spectroscopic
(UV-DRS) study revealed the photocatalytic ability of the nanocomposite with a band of 3.08 eV.
A high surface area of 60.25 m? /g and the microporous and mesoporous nature of the nanocomposite
were confirmed by the Brunauer-Emmet-Teller (BET) surface area analyzer. Finally, the developed
nanocomposite was used for the remediation of methylene blue from the aqueous solutions, and the
efficiency of removal varied from 90 to 97%.

Keywords: clay; methylene blue; nanocomposites; amorphous; crystallization

1. Introduction

Dyes are colored fragrant organic compounds that absorb light and give color to the
visible region [1]. Dyes are also applied to give a permanent color to the substrates, and
due to these features, they are widely used in industries such as textiles, food, rubber,
printing, cosmetics, pharmaceuticals, plastics, paper, and concrete [2—6]. These industries
produced huge amounts of wastewater containing carcinogenic and toxic dyes that pollute
water, making it unfit for human consumption [7]. Every year, a million tons of dyes are
dumped into the river or other water bodies. After reaching water bodies, they may lead
to pollution that affects flora and fauna. Moreover, dyes will lead to reduced sunlight
penetration through the water bodies, thus the plants living at the bottom will not be able
to absorb the light [8].

One of the most widely used dyes in various industries is methylene blue, used for
dyeing silk, wool, paper, and cotton. Methylene blue (MB) is an aromatic heterocyclic
basic dye that comes under the class of polymethine dye. Industrial dyes are some of the
dominant chemicals that increase the percentage of water pollution [9]; among these dyes,
MB is toxic, carcinogenic, and non-biodegradable and can be a severe threat to human
health and environmental safety [10]. MB causes many dangers to human health, such
as respiratory distress, abdominal disorders, blindness, and digestive and mental disor-
ders [11]. Various treatment techniques are being used for the removal of dye compounds

Water 2023, 15, 1427. https:/ /doi.org/10.3390/w15071427

https://www.mdpi.com/journal /water


https://doi.org/10.3390/w15071427
https://doi.org/10.3390/w15071427
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0001-5448-7676
https://orcid.org/0000-0001-7810-8925
https://doi.org/10.3390/w15071427
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w15071427?type=check_update&version=1

Water 2023, 15, 1427

2 0f23

from wastewater [12-14]. Recently, the use of nanotechnology-based methods has received
great attention in the area of wastewater treatment [15,16].

Nanoparticles (NPs) have chemical and physical properties that make them very
different from the respective bulk materials due to their small size and large surface-to-
volume (SVR) ratio [15,16]. One such NP is zinc oxide nanoparticles (ZnONPs), which
have gained huge attention in the last decade due to their photocatalytic activity in ad-
dition to their small size and high surface-area-to-volume ratio [15]. It is widely used
in environmental cleanups such as pollutant removal (organic and inorganic), medicine,
and cosmetics [16,17]. ZnONPs are synthesized by all three possible routes: biologically
by microbes and plants, chemical routes such as precipitation, co-precipitation, etc., and
physically by ball milling, physical vapor deposition, etc. They are commonly used alone
or along with large particles on which they are decorated or functionalized. Recently,
Khan et al. [18] and Khan et al. [19,20] reported the synthesis of ZnONPs by the chemical
co-precipitation method and applied them for the remediation of pesticides from wastew-
ater. Recently, Khan et al. [21] synthesized ZnONPs from zinc precursors and assessed
their toxicity against cell lines [22,23]. Purcar and their team synthesized ZnONPs that
were modified with various silane-based coupling agents via the sol-gel method. After
analysis of all the developed materials, the investigators studied the thermal stability and
wettability parameters for all the hybrid materials [24].

Clay is one of the natural particles, which is mainly hydrated Ferro-alumino-silicates [25].
Clay must have at least a diameter of fewer than two microns. It is present in nature in
rocks, soil, muddy areas etc. [26,27] and has important roles in medicine [28], environ-
mental cleanup [29-32] and construction [33]. The surface area of clay is an area which
is accessible to ions and molecules when the clay is present in aqueous solutions [34].
However, there are various types of clay, for instance halloysite, montmorillonite, kaolin,
vermiculites etc. [35]. Recently, halloysite clay (HC) has gained huge popularity in the field
of research and remediation purposes. It has layered structures that are well reported
by numerous investigators in the literature; for instance, Albdiry et al. [36] reported its
crystalline nature, which is shown below in Figure 1.

Various investigators have used HC for environmental purposes, such as the removal
of dyes, heavy metals, and pesticides. For instance, Peng et al. [37] used HC for MB dye
removal, and Kamble et al. described the various application of HC [38]. Few investigators
have used HC in medicine as a drug delivery agent, as did Hanif et al. [28]. In addition to
this, it has also been used in cosmetics such as sunscreen and protecting agents, for instance
by Borah et al. [39]. There are several examples where HC has been used either directly or
has been decorated by metallic or non-metallic nanoparticles to form a nanocomposite [40,41].

Nanocomposite (NC) is a matrix in which nanoparticles are added to improve the
specific properties of a material [42]. Due to the properties of NC, researchers and compa-
nies have considered using this material in many fields, such as environmental clean-up,
medicine, etc. [42—44]. Properties that have undergone substantial improvements include
mechanical properties, thermal stability, more surface appearance, improved electrical
conductivity, increase chemical resistance and many more [45]. NCs are multiphase solid
materials with structures that have one, two or three dimensions less than 100 nanometers
(nm) in a single phase or with structures with nano scale repeatable distances between the
different phases that make up the material [10,46]. Nanoparticles, nanosheets, nanofibers,
and carbon nanotubes (CNTs) [47] are examples of separate inorganic units of nanocompos-
ite materials [43]. NCs are the best candidate for significantly improving the microscopic
properties of products [45,48-50]. Recently, HC and ZnONPs have gained huge attention
in the field of nanocomposite development.
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Figure 1. Schematic presentation showing the crystalline structure of halloysite clay (a), front view
of HC structure (b) and arrangement of elements i.e., O, Si, Al, hydroxyl and other groups in the
crystalline structure of HC (c) adapted from [36].

Shu et al. [51] reported the formation of halloysite nanotubes decorated by zinc oxide
nanoparticles and silver nanoparticles (Ag). The HC was micron-sized, while the size
of the ZnONPs was 100 nm and the size of the Ag was 8 nm. The developed nanocom-
posites were used for antimicrobial activity against Escherichia coli. The Ag-ZnONPs-HC
nanocomposite showed better antimicrobial activity [51]. Sudhakar (2021) investigated the
thermomechanical properties of organically modified polymer clay nanocomposites for
packaging applications. In this study, the crystalline sharp peaks of the clay in X-ray diffrac-
tion (XRD) became widespread upon annealing with polymers, indicating that organo
montmorillonite (MMT) can be successfully bonded to each other by polymer chains [52].
Choudhary et al. [53] developed an NC where silver nanoparticles were decorated on the
surface of montmorillonite (MMT). The clay particles were large flakes with a layered
structure and were micron-sized, and they were used for the removal of MB dye from
aqueous solutions [53]. Gnanamoorthy et al. [10] synthesized copper nickel oxide (CuNiO5)
and reduced graphene oxide (rGO) nanocomposite via a chemical route and applied them
for the remediation of MB dye by photocatalytic action. The developed NC showed better
efficiency for the removal of MB dye from the aqueous solutions [10]. Zsirka et al. [54]
developed an NC of ZnONPs and HC, where the ZnONPs were synthesized via a chemical
precipitation route. The average size of the synthesized ZnONPs was 10-22 nm, and the
shape was quasi-spherical scale-like. The developed NC was used for the remediation of a
phenolic compound (4-nitrophenol) [54].
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Purcar and their team developed a thin film from silica—titanium oxides and silica-
aluminum oxide (5i-Al;O3) and utilized them for the remediation of various cation dyes,
including MB, malachite green, crystal violet and rhodamine B from the wastewater.

Caprarescu and their team showed the efficient remediation of Indigo Carmine dye
from a synthetic solution by using electrodialysis conducted in an ion exchange membrane
process. Here, a batch electrodialysis system was carried out at different current identities
(0.05, 0.1 and 0.15 A). The authors concluded that when the current intensity was increased,
the color removal efficiency (CR%) and electrical conductivity also increased, and the
optimum value was obtained at 0.15 A (CR > 97%) [55].

Caprarescu and their team used two types of membranes, namely a normal membrane
and another one modified with a natural fruit extract (rosehip). After the analysis of both
types of members by analytical instruments, they were used for the remediation of crystal
violet dye from synthetic wastewater. Here, the investigators carried out the treatment in a
developed three-compartment laboratory-scale electro-dialysis cell. The authors found that
the maximum dye removal percentage achieved was (>96%) after 1 h and 30 min by using
membranes doped with natural fruit extract [56].

One year later a team led by Caprarescu developed a special type of membrane that
was enriched with commercial gooseberry bud extract, which was placed by electrodial-
ysis. Further, the investigators used this system for the remediation of MB dye from the
simulated wastewater. The authors revealed that the CR% and EC increase with time and
the maximum value of CR% were achieved at one hour (CR, 89%) [57].

Recently, Modrogan and their team tried to remove methyl orange dye from synthetic
wastewater by using magnetite and polyvinyl alcohol-based nanocomposite. Here, the
investigators assessed the photodegradation method by using variable dosages of the
nanocomposite and amount of hydrogen peroxide (H,0;), and various pH levels. From
this investigation, investigators concluded that hydrogen peroxide is one of the dependent
factors for the complete degradation of MO dye. Moreover, the authors also concluded
that HyO, could also accelerate the degradation of MO dye to more highly oxidized
intermediates in the presence of UV radiation (99.35%) [58].

The current research work emphasizes the synthesis of ZnONPs and their utiliza-
tion as a surface functionalization agent on the surface of natural nano clay to form a
nanocomposite. One objective is to synthesize ZnONPs via the ultrasonication method and
to characterize and confirm them by various analytical instruments. Another objective is to
characterize the halloysite nano clay with analytical instruments. Another objective was to
functionalize the synthesized ZnONPs on the HC surface. Another objective was to utilize
the developed nanocomposite for the remediation of methylene blue dye from simulated
wastewater. One final objective was to observe the effect of the dose of nanocomposites,
MB dye concentration, etc. on the adsorption of dye from the simulated wastewater.

2. Materials and Method
2.1. Materials

Halloysite nano clay (H4Al,OgSi;-2H,0) [Sigma-Aldrich, Schnelldorf, Germany, AR
grade], Zinc Nitrate Hexahydrate (Himedia, Ahemdabad, Gujarat, India, AR grade), car-
bamide (Himedia, Gujarat, India, AR grade), and double distilled water (DDW).

2.2. Methods
2.2.1. Synthesis Procedure for HC/ZnONC

The development of NC was carried out by the ultrasonication-assisted precipitation
method. Pure ZnONPs were also synthesized by using the same method under similar
conditions (such as temperature, pH, and sonication and drying time period) without using
HC. A mixture was prepared by adding HC, urea and zinc nitrate hexahydrate in DDW
and was placed in a water bath ultrasonicator (Sonar, 40 kHz). When the urea is dissolved
in water, it produces carbonate anion and ammonia, whereas HC ensures the uniform
distribution of ZnONPs throughout the matrix. The formation of the nanocomposite is
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shown in Figure 2. The formation of ZnONPs in the matrix of the HC by using urea as a
precipitating and stabilizing agent might have followed the following Equations (1)—(5):

CO(NH,), + 3H,0 — CO, + 2NH;H,0 (1)
2NH;3-H,0 + CO; — 2NH, + CO3~ + OH )
Zn(NO3),-6H,0 + HyO — Zn*" + 2NO; + 7H,O (3)
47Zn*" + CO3™ + 60H™ + Hy0 — ZnyCO3(OH),-H,O (4)
ZnyCO3(OH),-Hy0 — 4ZnO + 4H,0 + CO, (5)
m* w* n® w* n*
OH OH OH OH OH | | | | |
O T y 2. 9 9 &
Zn (CH2CO0H ) 2
| LT 3
[ TR I 0 0 0 00
OH OH OH OH OH R, T, T
« InO §
G Halloysite nanotube o}
Light ~~ MB N
Adsorption
4+—
Degradation

Figure 2. Schematic method for the formation of HC/ZnONC adapted from [39].

2.2.2. Synthesis of Nanocomposite

For the synthesis of HC/ZnO NC, a mixture of HC with urea and zinc nitrate hexahy-
drate (precursor for ZnO nanoparticles) was prepared in DDW. The sonication-assisted
precipitation method was used, and the complete process is shown below in Figure 3.

2.2.3. Preparation of Dye Solution

An aqueous solution of MB with about 50 mL of dye was prepared by dissolving MB
at a concentration of 25 ppm, 50 ppm, 100 ppm and 200 ppm in an Erlenmeyer flask. The
samples were then stored for future use.
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Figure 3. Schematic steps involved in the synthesis of HC/ZnONC.

2.2.4. Remediation of Dye

In each of the four different concentrations of MB dye, about 20 mg of NC was added.
The doses of the NC were kept constant throughout the experiment, and measurements
were taken against time. The sample was kept in a closed chamber fitted with UV light and
which had a magnetic stirrer for continuous stirring at 500 rpm. An aliquot of about 5 mL
was taken out after regular intervals to detect the concentration of MB over time. After
every 15 min, about 5 mL of sample was extracted from the reaction mixture to measure
the residual concentration of dye using a UV /visible spectrophotometer. The reaction was
carried out for 75 min; after 75 min, the color of the dye faded, after which the reaction was
stopped. The percentage removal of MB dye was calculated by using Formula (6):

Gt

Co —
% Dye Removal = 0(37 x 100 (6)
0

where Cy = initial concentration (mg/L); C; = MB concentration at time ‘t" (mg/L).

3. Characterization of Synthesized HC/ZnO Nanocomposite

The synthesized ZnONPs, HC and HC-ZnONC were analyzed by various sophis-
ticated instruments such as Fourier transform infrared (FT-IR), ultraviolet-Diffuse Re-
flectance Spectroscopic (UV-DRS), X-ray diffraction (XRD), field emission scanning electron
microscopy (FE-SEM), electron diffraction spectroscopy (EDS), transmission electron mi-
croscopy (TEM), Brunauer-Emmett-Teller (BET) and thermogravimetric analysis (TGA)
for the identification and confirmation of the particle.

UV-Vis analysis: The measurement of all three samples was done by using a Halo
double-beam spectrophotometer (D-B 200 Shimdzu, Chiyoda-ku, Tokyo, Japan) in the
range of 200-800 nm at a resolution of 1 nm. The samples were dispersed in the DDW,
followed by ultrasonication before the UV study.

UV-Diffuse Reflectance Spectroscopic (DRS) Analysis: The UV-Vis diffuse reflectance
spectra of ZnO and HC/ZnO nanocomposites. The DRS spectra of ZnONPs and HC/ZnONC
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were analyzed by using the Kubelka—Munk theory. The calculation of the band gap was
carried out by the Kubelka-Munk Formula (7),

(1-R)?

K =
2R

@)
where K = transformed reflectance as per Kubelka—-Munk
R = % Reflectance

FTIR measurement of the sample was done by using a spectrum SP 65 Perkin Elmer
(Waltham, MA, USA) instrument by using the solid KBr pellet method. The measurement
of the samples was conducted in the mid-IR range of 400-4000 cm ™!, at a resolution of
1 nm. All the samples were separately taken along with KBr and mixed in a 98:2 mg ratio.
The mixture was thoroughly mixed in a mortar and pestle. Finally, a pellet was prepared
by using a mechanical pellet-making machine. XRD analysis for all the solid powder
samples was analyzed by using D-8, Advance, Bruker (Ettlingen, Germany) model. XRD
patterns were recorded in the 2-theta range of 20-70 with a step size of 0.02 and a time
of 5 s per step at 40 kV voltage and a current of 30 mA. The crystalline and amorphous
phases were determined by the XRD. FESEM was done for the morphological as well as
elemental analysis of all the samples. All the powder samples were separately spread
on carbon tape, which was placed on an aluminum stub. Aluminum stub holders, along
with the samples, were placed in a gold sputtering unit for gold coating. Once the gold
coating was finished, the samples were taken out, and morphological analysis work was
conducted by using FESEM FEI, Nova, NANOSEM 450 (Eindhoven, The Netherlands)
microscopy. The images of the samples were taken at different magnifications. TEM
measurement was conducted to obtain internal structures and determine the exact size of
the particles developed. The samples were prepared by dispersing the nanoparticles and
composites in double distilled water and by ultrasonication for 10 min in an ultrasonicator
(Sonar, 40 kHz). The sample was then prepared by the drop-casting technique, where
samples were placed on carbon-coated copper grids. The measurement of the size and
shape of particles was conducted by using FEI Model Tecnai G2 20 Twin (200 kV) (USA)
instruments operated at a voltage of 200 kV, at different magnifications. The crystallinity of
the particles was analyzed by the scattering area electron diffraction (SAED) pattern. TGA
measurement was done to find the thermal stability of all three samples. The measurement
was conducted by using the Netzsch TG-209 model instrument. The grounded samples
were taken in a crucible and subjected to 25-1000 °C, and the temperature was raised
to 10 °C per minute. The dynamic argon flow was about 99.98%, and TG curves were
recorded. BET analysis was carried out to evaluate the specific surface area and porosity of
the HC and HC/ZnONC by using Brunauer—-Emmett—Teller and Barret-Joyner—-Halenda
(BJH) models. Pore volume size distribution was analyzed by using the BJH model through
the nitrogen adsorption—-desorption isotherms measurements. SSA values were calculated
by using a liner arrangement. The analysis was conducted by using Micromeritics ASAP
2000-type instrument (Norcross, GA, USA).

4. Result and Discussions
4.1. UV-Vis Study of ZnONPs, HC and HC/ZnONC

A typical spectrum of HC, ZnONPs and HC/ZnONC is shown in Figure 4. The HC
shows an absorbance peak at 265 nm, while the ZnONPs show a sharp absorbance peak
at 375 nm, and HC/ZnONC shows an absorbance peak at 290 nm. The peak for ZnONPs
was missing from the HC/ZnONC. The results were in agreement with previous works by
various investigators [59]. A few investigators have also reported similar absorbance peaks
for ZnONPs, HC and HC/ZnONC.
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Figure 4. UV-Visible spectra of HC, ZnONPs and HC/ZnONC.

4.2. UV-Diffuse Reflectance Spectroscopic (DRS) Analysis

Figure 5 shows the UV-DRS spectra and band gap of ZnO and HC/ZnONC. The data
show that the ZnONPs can absorb UV radiation at 375 nm. The bandgap energy calculated
for ZnONPs at 375 nm was 3.15 eV. The obtained result was similar to the results reported
earlier by different investigators, for instance Peng et al. [59] and Pradeeswari et al. [60].
It can be seen that the UV absorption band for HC at 265 nm was shifted in the case of
HC/ZnONC at 290 nm, which is an indication of the improved optical properties of HC
due to its modification using ZnONPs. The band gap energy calculated for HC/ZnONC
was 3.08 eV, which is comparatively narrower than the band gap energy of pure ZnONPs.
This difference in band gap energies is mainly due to the oxygen vacancies [61]. As per
Wang et al. [62] and Kalanur et al., with an increase in oxygen vacancies concentration, the
delocalization of the impurity phase increases, which overlaps the valence band edge and
decreases the band gap [62]. The chemical passivation and absorptivity of the HC resulted
in a higher catalytic effectiveness of the HC/ZnONC. Peng et al. also reported similar
results for ZnONPs and NC developed from ZnO NPs and halloysite clay [37]. Chitra et al.
also showed a band gap near this range for various NCs [61].

4.3. FTIR Analysis ZnONPs, HC and HC/ZnONC

Typical FT-IR spectra of ZnONPs, HC and HC/ZnONC can be shown in Figure 6.
The FT-IR spectrum of HC shows peaks at 3698 cm ™! and 3622 cm ™!, which is attributed
to the hydroxyl group present in the layers of clay. Another peak in the HC sample is
at 1680 cm~!, which is attributed to the -OH group of interlayer water molecules. The
presence of two hydroxyl groups was also reported by Gaaz et al. [63] and Kamble et al. [38].
One hydroxyl group was present on the inner side between the nanotube layers, while the
second one was present on the external surface [38]. The peaks at 1120 cm 1, 1034 ecm 1,
790 cm~!, and 688 cm ™! are attributed to the bending and stretching vibrations of Si-O-Si,
which are present in the clay [37]. The band at 910 cm ! and 536 cm ! is attributed to
the metal oxides, mainly Al-O/AI-OH (bending vibration) and Si-O-Al (bond vibrations),
which are present in the clay in the form of aluminosilicates. Gaaz et al. [63] also obtained
similar results for the HC in their investigation [63]. Obtained results were consistent
with previous results obtained by several investigators such as Alkatheeri et al. [64], and
Bordeepong et al. [65].
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Figure 5. UV-DRS spectra and band gap of HC and HC/ZnONC.

The ZnONPs showed broad peaks at 3576 cm~! and 3474 cm ! in the FTIR spectrum,
which are attributed to the O-H stretching of the hydroxyl group in the water molecule.
A small peak at 2397 cm ™! and 2427 cm ™! is attributed to the absorption of atmospheric
carbon and C-H stretching in the alkane group. The peak at 1634 cm ! and 1385 cm™!
is attributed to the carbon stretching (symmetric and asymmetric) associated with the
attachment to the ZnONPs during its synthesis process. The peaks near 630 cm ™!, 519 cm ™!
and 460 cm ™! are attributed to the metal oxides, i.e., Zn-O-Zn stretching and the vibrational
phonon of ZnO. The obtained results were similar to the previous results obtained by the
investigators for the ZnO NPs. Investigators have also obtained similar peaks for their
reported sample [66]. Previously, Getie et al. [67] also reported similar results for the
synthesized ZnONPs [67].
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Figure 6. FTIR spectra of Halloysite clay, ZnONPs and HC/ZnONC.

The FTIR spectrum of ZnONPs and HC is shown in Figure 6. Most of the peaks were
similar to the peaks for both the individual particle, i.e., ZnONPs and HC. The peaks
of the ZnONPs were absent from the nanocomposite, which were previously present at
1634 cm~!, 826 cm ™! and 631 cm~!. The major FTIR assignments of all three samples of
ZnONPs, HC and ZnONP-decorated HC are summarized below in Table 1.

Table 1. Major FTIR assignments of ZnONPs, HC and HC/ZnONC.

Atmospheric . :
Samples Hydroxyl Group Carbon Si-O-Si Al-O/Al-OH Zn-O-Zn
ZnONPs 3576 & 3474 cm ! 2397 & 2427 cm ! 1634 & 1385 cm ™! 630,519 & 460 cm !
HC 3698, 3622 &1680 cm ! 1120, 1034 & 790 cm ™! 910 & 536 cm ™!
HC/ZnONC 3800 cm~! 1400 cm ! 1132 900400 cm ™!

4.4. XRD Analysis of ZnONPs, HC and HC/ZnONC

The XRD analysis was conducted to investigate the amorphous as well as the crys-
talline nature of the developed materials. Figure 7 shows a typical XRD pattern of ZnONPs,
HC and HC/ZnONC. The ZnONPs shown peaks at 31.46° (d = 2.8 A), 34.19° (d = 2.6 A),
36.02° (d = 2.5 A), 47.41° (d = 1.9 A), 56.30° (d = 1.6 A), 62.90° (d = 1.4 A), and 67.92°
(d=1.3A). The following peaks resemble the crystallographic orientations in (100), (002),
(101), (102), (110), (103) and (112), respectively. All the peaks obtained here were consistent
with the result obtained by Peng et al. [37]. The investigators reported almost the same
peaks. The obtained peaks were matched with the JCPDS (card no. 36-1451) and indicated
the presence of the wurtzite phase. Previously, various investigators also reported similar
results for the synthesized ZnONPs, for instance Pradeeswari et al. [63].
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Figure 7. XRD patterns for HC, ZnONPs and HC/ZnONC.

The XRD patterns of HC show peaks at 11.7° (d = 7.5 A), 19.8° (d = 4.4 A), and 24.53°
(d=3.6A),3825° (d=23A),6236° (d = 1.4 A), which match up with the crystallographic
orientations of (001), (020), (002), (200) and (114), respectively. The obtained peaks were
matched with the JCPDS (card no. 09-0451) of HC, which confirmed the particle. The
peak at 11.95° is due to the partially dehydrated HC, and the position of reflection is 001.
The peak near 26.5° is due to the quartz and mullite presence in the clay samples due to
alumino-silicates mineral. A similar quartz peak was also obtained by Zsirka et al. [56],
whose peak was at 26.6e. It shows a sharp peak, as clay has hydrates of Si and Al. Similar
results were also revealed by various investigators such as Gaaz et al. [68] and Shu et al. [51].

The XRD pattern of HC/ZnONC shows all the peaks of both the original particles,
which suggests the successful crystallization of the ZnONPs on the HC surface. Besides
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this, there is no other peak in the sample that indicates the purity of the sample. Besides
this, it also suggests the absence of any other type of reaction core and shell, as suggested
by Peng et al. and Shu et al. [51]. There is a formation of a new peak in the NC at 35°,
which was initially absent from both the materials. The same peak was also obtained by
Peng et al. [37].

4.5. Morphological and Elemental Analysis

Figure 8a,b shows the FESEM micrograph of HC, whereas Figure 8a shows micron-
sized interlayered tube-like particles stacked one over the other. Figure 8b shows the fine
structure of HC, which again reveals the layered structures of the particles. These particles
are generally rod-shaped and are aggregated to form a large structure. The length of the
particles ranges from 80 nm to several microns, while the width varies from 40-200 nm.
Gaaz et al. [63], Peng et al. [37] and Kamble et al. [38] also reported a similar morphology
of halloysite particles [69]. Figure 8c shows TEM images of HC particles that clearly show
rod-shaped particles that are 80 nm to 7-8 microns in size. The width of the particles is
40 nm to 200 nm. Figure 8d shows the SAED pattern of the HC particles, which reveals
the amorphous nature of the particles. The average size of the HC particles was about
85.1 nm. There are several reports in the literature by various investigators that support the
morphology of the particles. Gaaz et al. [63] also reported a tube-like structure of HC, where
the size was about 150 nm to several microns in length and 20-100 nm in diameter [63].
Figure 8e shows the EDS spectra of the HC particles, while the table shows the elemental
composition of the HC particles. The spectra show peaks for Al, Si, O, C and Zn. Out of
these, O is present in the highest concentration by wt.%, i.e., 56.91%, followed by 5i (19.2),
Al (17.9%), C (5.91%) and Zn (0.08%). The high percentage of O, Al, and Si indicates the
purity of the HC particles. The carbon and traces of Zn reflect the impurity present in the
sample. The results obtained by various investigators also indicate a similar elemental
composition, for instance those from Gaaz et al. [63].

The FESEM of the ZnONPs is shown in Figure 9a,b. Those of Figure 9a,b are quasi-
spherical and shaped like agglomerated particles. The particle size varies from 20 to
120 nm, but due to aggregation, the size has increased, as evident from FESEM. There was
no capping agent used during the ZnONPs synthesis. Moreover, the calcination of the
ZnONPs might have increased the size due to fusion. Figure 9c shows TEM micrographs of
the ZnONPs at a resolution of 200 nm, which indicates the fusion of the spherical particles.
The average size of the particles is 59.62 nm. Figure 9d shows the SAED pattern of the
as-synthesized ZnONPs, which reveals the crystalline nature of the particle. Figure 9%
shows the EDS spectra of the ZnONPs, along with the EDS elemental table. The EDS
spectra show peaks for C, O, Zn, and Mg. The elemental composition in wt. percentage
was dominated mainly by O and Zn, which was 20.34% and 63.05%, which indicates the
formation of the ZnONPs. The high percentage of both O and Zn indicates the purity of
the samples. C is mainly due to the capping agent used during the formation of ZnONDPs.
Besides this, there is a small intensity peak for Mg, which is about 0.08 wt. percent in the
sample as an impurity. A similar morphology was also obtained by Shu et al. [51].

Figure 10a,b shows FESEM micrographs of HC-ZnONC developed by the interaction
between ZnONPs and HC. Both figures show the white-color depositions of spherical
particles on the rod-like, layered particles. This indicates the deposition of ZnONPs on the
surface of HC particles. Figure 10c shows TEM images of rod-like structures with sizes of
generally one to several microns in length and varying between 40 and 200 nm in width.
The TEM image shows small particles inside the HC rod-like particles, which indicates the
invasion of smaller ZnONPs in the pores and interspaces of the HC particles. Figure 10d
shows the SAED pattern of HC/ZnONC, which indicates the amorphous nature, but the
crystallinity of the HC increased in comparison to the previous one. This is due to the
occupied incorporation of ZnONPs. The crystalline ZnONPs are not present in the SAED
pattern, which indicates that HC particles masked the ZnONPs. Figure 10e shows the EDS
spectra of the developed HC-ZnONC, along with the elemental table of the sample. The
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EDS spectra show peaks for O, C, Al, Si, and Zn. The high percentage of O along with
Zn, Al and Si indicates the formation of composites. The high O content also indicates
the presence of such elements in the form of oxides. Similar results were also obtained by
various investigators whose data were lower than our results, for instance Shu et al. [51].
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Figure 8. (a,b) FE-SEM micrographs; (¢) HR-TEM images; (d) SAED pattern; (e) EDS spectra and

elemental table of HC.
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Figure 9. (a,b) FE-SEM micrographs; (c) HR-TEM images; (d) SAED pattern; (e) EDS spectra and
elemental table of ZnONPs.

4.6. BET Surface Area Analysis

A typical absorption desorption isotherm and corresponding BJH absorption curve
is shown in Figure 11a for the HC particles. HC particle shows type 4 sorption isotherm
against H3 hysteresis loop at a high relative pressure, suggesting the presence of mesopores
simultaneously. By the BJH method, the average pore diameter (APD) of the HC particle
was 3.813nm (inset in Figure 11a). From the BET, it was revealed that the surface area of
the HC particles was 54.75 m? /g, and the total pore volume (TPV) was 0.269 cc/gm (shown
in Table 2). Previously, several investigators obtained similar results for HC particles, for
instance Peng et al. [37].
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Figure 10. (a,b) FE-SEM micrographs; (¢) HR-TEM images; (d) SAED pattern; (e) EDS spectra and
elemental table of HC/ZnONC.

Table 2. Surface area, total pore volume, and average pore size of HC/ZnONC.

Material Specific Surface Area Pore Volume Average Pore
(m?/g) (cc/g) Diameter (nm)
Halloysite clay (raw) 54.751 0.269 3.813

HC/ZnO nanocomposite 60.258 0.149 3.707
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Figure 11. N, adsorption—desorption BET isotherm and the pore size distribution (inset) for Halloysite
clay (a) and HC/ZnONC (b).

Figure 11b shows a typical N2 absorption desorption isotherm and a corresponding
BJH absorption curve for the HC-ZnONP NC. As per the IUPAC classification of adsorption,
the developed NCs reveal type-1V isotherms, which is a characteristic feature of mesoporous
materials [70]. Type IV isotherms are denoted by the presence of hysteresis as observed in
the isotherm curve of the ZnONPs/HC composite. The hysteresis loop obtained here is a
type of H2-H3 that is dominated by H2. This ensures the presence of both mesopores and
micropores simultaneously. By this technique, the calculated SA was 60.258 m?/g, whereas
PV was 0.149 cc/g and APD was 3.7076 nm. The SA of the HC-ZnONPs NC was much
higher than the original HC particles, respectively. The pores are nanosized along with a
high SA, indicating the higher adsorption potential of the developed NC. Similar results
were also obtained by Peng et al. [37], who concluded that the NCs have a much larger
surface area [37].

4.7. TGA Analysis of Halloysite Clay and HC/ZnONC

TGA analysis was done to study the thermal stability of the HC/ZnONC. Figure 12
shows TG curves for the NC, where it shows a total weight loss of HC (20%), ZnO NPs
(2%) and HC/ZnO NC (17%) when the temperature varied from 25-1000 °C. The HC
curve indicates weight loss in three steps; firstly, when the temperature was 25-100 °C
there was a 3% wt. loss. This wt. loss could be attributed to the loss of water molecules
adsorbed physically on the surface of the NC. In the 2nd step, near 100-400 °C, there
was wt. loss of about 4%, and in the final 3rd step, there was wt. loss of about 11% near
400-550 °C. The wt. loss in the 3rd step could be attributed to the dehydroxylation of the
Al-OH group in the HC. The results reported here are similar to previous results obtained
by Gaaz et al. [37,54,68].

The TGA curve of HC also reveals a three-step wt. loss: the first being 3%, the second
one being 4% and the third being 11% at 25-100 °C, 100-400 °C and 400-550 °C, respectively.
The first wt. loss could be attributed to the loss of physically adsorbed water molecules,
and the third due to the dehydroxylation of the AI-OH group in HC [37]. The TGA curve
of ZnONP was quite stable thermally, as it showed a wt. loss of only about 2% due to
the loss of adsorbed water molecules. From the TGA investigation, about a 17% wt. loss
was revealed in the HC/ZnONC between 25 and 1000 °C. The TG curve shows a two-step
degradation process. In the temp. range of 25400 °C, the loss in wt.% was 7%, which
was attributed to the loss of water/moisture. About of a 10% wt. loss was observed in the
second step in the temp range of 400-600 °C due to dehydroxylation and devolatilization
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reactions. The NC showed better thermal stability than the HC from the TGA study whose
values are shown in Table 3.
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Figure 12. TGA analysis of Halloysite clay, ZnO and HC-ZnONC.

Table 3. TGA details of HC, ZnONPs and HC/ZnONC.

Halloysite Clay HC/ZnONC

Breakdown Step (Temp.) (Temp.) Due to
1st step 25-100 °C 25-400 °C Loss of water molecule
2nd Step 100-400 °C - dehydroxylation
3rd step 400-550 °C 400-600 °C dehydroxylation and volatilization

5. MB Dye Removal Study by HC/ZnO Nanocomposite

From the above instrumental analysis, it was found that NC has a band gap of 3.08 eV,
which suggests its suitability as a photocatalytic material as well as an adsorbent due to
its high SA and porous nature. An aliquot was taken after every minute-long interval
and analyzed by UV-Vis to check the decolorization of the dye. The adsorbent-based dye
remediation study was carried out with the help of UV-Vis. MB dye has an absorption
maxima at 665 nm, which was measured for the initial sample. The absorption maximum
of the dye was continuously decreased from 15 min to 75 min. The absorption peak of MB
dye reached zero within 15 min after reaching equilibrium, and there was a desorption of
the dye molecules from the surface of the adsorbent. An increase in the absorption peak
was observed. As far as the other three concentrations (50, 100 and 200 ppm) are concerned,
maximum decolorization was obtained at between 15 and 30 min of contact time. Figure 13
shows the UV-Vis absorbance spectra of MB dye from the aqueous solution by using HC-
ZnONC., while Figure 14 shows the dye removal percentage for all four concentrations
concerning time by using NC which is summarized in Table 4.
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Figure 13. Absorption spectrum for remediation of MB dye using HC/ZnO NC for 25, 50, 100 and
200 ppm dye concentrations.
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Figure 14. Percent removal of MB dye for different concentrations using HC/ZnONC.

Table 4. Summarized result of the materials and dye removal.

MB MB MB MB
Parameters ZnONPs HC HC/ZnONC 25ppm  50ppm 100 ppm 200 ppm
BET (SSA, m?/g) 54.751 60.258
Spherical Rod-shaped
Morphology Ph d Rod-shaped with spherical
shape ZnONPs
XRD Crystalline Crystalline Crystalline
Dye removal with 975%  9545%  93%  78.61%

HC/ZnONPs
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From Figure 14, it is evident that the highest percent removal of MB dye was within
15 min of contact time. Equilibrium was attained after 30 min; thereafter, no noticeable
change in the color was observed. By using HC/ZnONC as an adsorbent, 97.5% MB dye
removal was reached with 25 ppm, 95.45% with 50 ppm, 93% with 100 ppm and 78.61%
with 200 ppm of aqueous solutions. The NC has shown potential for the remediation
of dyes; due to its relying on active hydroxyl free radical oxidation (-OH), it will cause
chromophoric group hydrophobic (-s-) oxidation to the sulfone group. Peng et al. [37]
also remediated the MB dye by using HC, ZnONP and HC/ZnONC, whereas the current
authors have used only the NC for the dye removal. The superior activity of the NC is due
to the combined effect of both ZnONP and HC’s support as an adsorbent. Peng et al. [37]
reported that HC minimizes the recombination rate of ZnO NPs’ surface electron holes and
band gaps. The immobilization of ZnONP on HC creates novel integrated photocatalytic
adsorbents that are more valuable for practical application.

From the above results, it is clear that the mechanism of adsorption of MB dyes is via
simple adsorption techniques. The authors showed a possible mechanism of adsorption of
dyes by the photocatalytic effect of ZnONP decorated by HC in Figure 15.

0,

Reduction

H,0

Oxidation

-
H*+OH
Figure 15. HC/ZnONC mediated photocatalytic degradation mechanism of MB dye removal.

Previously, Jian and their team also carried out an experiment for the remediation of
MB dye from wastewater under visible light radiation. The investigators used Ce/ZnO,
which was decorated on the carbon nanofibers, which in turn was developed by the
electrospinning method followed by a hydrothermal technique. The investigators used
different concentrations of the dopant of Ce. Finally, the investigators concluded that the
composite was more efficient in the remediation of MB dye in comparison to individual
NPs. Moreover, the developed ecofriendly photocatalyst exhibited good stability and
reusability and could be applied for numerous applications [71].

6. Conclusions

The synthesis of zinc oxide nanoparticles via a chemical approach and their incorpo-
ration into the nano clay is possible using the ultrasonication method. The synthesized
ZnONPs were spherical shaped, 20 to 120 nm in size and crystalline in nature as confirmed
by the microscopic techniques and XRD. The raw halloysite clay was rod shaped and
80 nm to 7-8 microns in size and crystalline in nature, as revealed by TEM and XRD. The
instrumental analysis revealed the incorporation of small-sized zinc oxide nanoparticles
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inside the mesoporous and microporous clay by ultrasonication, and the size of the devel-
oped nanocomposite varied from one to several microns in length and about 40-200 nm in
width. The FTIR revealed the formation of ZnONPs and nanocomposite due to peculiar
functional groups. UV-DRS showed the potential of developed nanocomposite in the field
of wastewater treatment due to the small band gap. The microscopic analysis showed
the agglomeration of ZnONPs and the incorporation of small ZnONPs into the tube-like
clay particles. The EDS confirmed the formation as well as the purity of the samples.
TGA showed the thermal stability of the samples, while BET showed that the developed
nanocomposites are microporous to mesoporous in nature. The high surface area and
low band gap made the nanocomposite a potential candidate for methylene blue dye
removal from aqueous solutions, and the developed nanocomposite showed a dye removal
efficiency from 90 to 97%, out of which the highest removal percentage was exhibited
when the MB dye concentration was lowest, i.e., 25 ppm, and the lowest was when the dye
concentration was highest, i.e., 200 ppm. The developed material could be applied for the
remediation of the majority of the cationic dyes. Moreover, it could also be used for the
remediation of antibiotics from both simulated and natural wastewater. Moreover, in the
future, its potential could also be assessed as a nano fertilizer, which will help in the slow
and sustained release of nutrients to plants.

7. Future Prospective

Halloysite clay is a low-cost, naturally available nano clay that has tunable properties,
and its structure and properties make it an alternative to carbon nanotubes. HC can be
used to develop stable composite materials with metal nanoparticles and multi-component
nanosystems for application in the biomedical and pharmaceutical fields and for the
remediation of environmental pollutants. HC-based nanocomposites could be employed for
the treatment of emerging environmental contaminants in an eco-friendly manner, which
cannot be removed using conventional treatment methods. The use of clay nanocomposites
with metal and metal oxide nanoparticles and biomaterials holds great possibilities for
water treatment. The addition of metal oxide nanoparticles imparts the properties of
disinfection and photocatalysis. Different clay minerals can be functionalized and modified
with different metal nanoparticles and natural adsorbent materials. Further research in this
area may provide more effective results for water treatment.
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