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Abstract

Kaolinite is a widely available and inexpensive substance that has been successfully employed to decontaminate different
hazardous contaminants from wastewater by adsorption. In this study, halloysite-like nanotubes (HNTs) were prepared via
intercalation followed by ultrasonic rolling of the kaolinite layers. Then, maghemite nanoparticles were co-precipitated
within the HNTs matrix to produce a maghemite/HNTs nanocomposite (MG@HNTs). XRD, SEM, TEM, FTIR, and a BET
analyzer were used to characterize the MG @HNTs nanocomposite, which was then utilized to eliminate Cd(II) from aqueous
solutions (water and wastewater). Using a batch methodology, the impact of various adsorption parameters on Cd(II) removal
was explored. MG@HNTSs nanocomposite exhibited a high adsorption capacity (ge) of 264.47 mg g~ for Cd (II). The kinetic
data well conformed to pseudo-2nd-order, while the adsorption isotherms conformed to the Langmuir model. The desorption
study demonstrated that the MG@HNTSs nanocomposite could be successfully regenerated and recycled five times, without
losing its original removal efficiency. Furthermore, MG @HNTs exhibited effective implementation to remove cadmium from
real water samples, including tap and industrial wastewater. This study confirmed the successful application of MG@HNTs
as an efficient, eco-friendly, and sustainable adsorbent at a high level of feasibility for the uptake of hazardous contaminants
from industrial wastewater.
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1 Introduction

One of the most important environmental concerns that
humanity has faced in recent decades is water contamina-
tion. Contamination of water with harmful metal ions like
cadmium, as well as heavy metals discharged into aquatic
habitats, are both major concerns [1]. It is known that Pb,
Co, Cr, Hg, Se, Zn, As, Cd, U, and Ni are toxic metals that
are released into the environment in significant quantities,
posing major health dangers to humans [2]. These metals,
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particularly Cd, accumulate in numerous tissues of living
creatures and cause a variety of defects and diseases, posing
a severe environmental and public health threat [3]. There-
fore, novel and contemporary water treatment technologies
are being developed worldwide to control the unregulated
release of these harmful substances in wastewater in order to
decontaminate the environment [4].

Different heavy metals’ removal techniques have been
designed, including ion exchange, reverse osmosis, mem-
brane filtration, flotation, electrochemical precipitation,
evaporation, and adsorption. Several researchers have
applied adsorption to get rid of hazardous heavy metals from
wastewater in recent years [5—15]. Adsorption is a common
technique given that it is simple to use at low concentrations;
efficient for harmful pollutants’ removal with high capacity
and low cost, and environmentally friendly [16-18]. Fur-
thermore, as nanotechnology advances, nanomaterials have
been successfully synthesized and have demonstrated higher
efficiency and faster adsorption rates for heavy metals than
conventional adsorbents [19, 20]. Magnetic nanoparticles are
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popular among nanomaterials because of their wide range
of advanced uses in areas including catalysis, data storage,
nano-tagging, adsorption, medicine, ferrofluids, and wastew-
ater treatment [21-25].

Although nanomaterials with magnetic properties have
been widely proposed for heavy metal ions removal from
wastewater [26, 27], there hasn’t been much research on the
investigation of maghemite nanoparticles (y-Fe,O3) as heavy
metals’ adsorbents [28, 29]. Besides, the issue of the instabil-
ity of magnetic nanoparticles, which leads to agglomeration,
has prompted research on hybrid materials [30] to overcome
the issues of agglomeration while keeping the special prop-
erty of magnetism in the new material. In this regard, clay
minerals have different active sites, and therefore, they are
an excellent candidate for a hybrid with maghemite [31-33].

Clay minerals are a type of hydrous aluminosilicate with
a sheetlike structure and very small particle size, less than
two microns. Clay minerals, especially natural clays, were
employed as efficient adsorbents because of their porosity,
high surface area, cation exchange capacity, acidity, surface
electrical charge, and many types of active sites. Kaolinite is
a clay mineral that comprises tetrahedral sheets (SiO4) and
octahedral sheets (AlO(OH)4) of the 1:1-type. It is a potent
adsorbent that has been recently used in several studies to
remove diverse types of contaminants [34, 35]. Also, the
clay minerals with tubular structures at the nanoscale, as hal-
loysite (Al,(OH)4Si2,05.2H50), have attracted the interest of
adsorption experts [36, 37]. The primary form of halloysite
found in nature is the nanoscale tubular halloysite, which is
a polymorph of kaolinite that is hydrated and holds a water
molecules’ layer between the aluminosilicate layers [38].

Generally, multilayer aluminosilicate nanoscrolls can be
produced by rolling clay material layers under appropri-
ate intercalation, delamination, and ultrasonic scrolling [39,
40]. The synthesis of halloysite-like nanoscrolls from platy
kaolinite has been investigated by many researchers [41-44].
These nanoscrolls exhibit a wide range of properties and
morphologies that make them beneficial substitutes for
halloysite nanotubes [45]. Halloysite has a one-of-a-kind
one-dimensional mesoscopic/macroscopic porous structure;
therefore, it has been applied to different applications [46,
47].

Herein, halloysite-like nanotubes (HNTSs) were prepared
via intercalation followed by ultrasonication rolling of kaoli-
nite layers. The current method for HNTs preparation con-
sumes less time and less electricity than the previous reported
methods [40, 48, 49]. Then, the physicochemical characteris-
tics of the prepared HNTs were enhanced through the loading
of maghemite nanoparticles (MG) using the co-precipitation
method. To the best of the authors’ knowledge, it is the
first time to prepare magnetic halloysite-like nanotubes
nanocomposite using maghemite nanoparticles to be applied
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to wastewater treatment. The novel prepared nanocom-
posite (MG@HNTSs) was employed to remove cadmium
ions as a model pollutant from aqueous solutions (water
and wastewater). Incorporation of maghemite nanoparticles
is expected to enhance the physicochemical characteris-
tics of the halloysite-like nanotubes. Versatile techniques
were employed to characterize the prepared materials. In
addition, the adsorption kinetics, isotherms, thermodynam-
ics, and reusability were also explored. Here, the prepared
MG @HNTSs nanocomposite outperformed many other com-
posite materials in the Cd(I) decontamination process.

2 Experimental Methods
2.1 Materials

Natural kaolinite powder was supplied by Morgan Chemical
Ind (Egypt). Cetrimonium bromide (CTAB) was purchased
from MP Biomedicals, Inc. (France). Methanol (MeOH),
ethanol (EtOH), and dimethyl formamide (DMF) were from
Piochem for Laboratory Chemicals (Egypt). Ferric chloride
(FeCl3.6H,0) was supplied by Spectrum Chemical MFG
Corp (Egypt), and ferrous sulfate (FeSO4.7H>0) and cad-
mium nitrate (Cd(NO3),) were procured from Eisen-Golden

(Egypt).
2.2 Procedures

2.2.1 Intercalation of Kaolinite and Preparation
of Halloysite-like Nanotubes (HNTs)

Kaolinite (10-20 g) was treated with distilled water (500 mL)
to remove surface impurities. This procedure was carried
out six times in a row in order to remove all contaminants.
The suspension was centrifuged for 10 min after each wash.
Finally, kaolinite drying was carried out in a drying oven at
100 °C for two days.

To prepare the DMF-intercalated kaolinite [50], 25 g of
kaolinite was blended with 200 mL of DMF solution (10%
H>0: 90% DMF, v/v) under constant stirring for around 24 h.
The formed fine particles were collected by centrifugation
and washed repeatedly with methanol to remove extra DMF.
The hybrid material (Ka/DMF) produced by intercalating the
kaolinite layers with DMF was dried at 60 °C for 24 h. After
that, to produce the methoxy kaolinite [51], 10 g of Ka/DMF
was dissolved in 200 mL of MeOH and stirred at 100 °C for
12 h. The suspension was centrifuged and then dried at 60 °C
for 24 h.

To produce HNTs, 1.0 g of methoxy kaolinite was blended
with CTAB in a 50 mL MeOH solution and stirred for 48 h
at ambient temperature. Then, to complete the rolling of alu-
minosilicate sheets and to generate HNTs, the combination
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was treated with ultrasonication for around 4 h. The resul-
tant aluminosilicate nanotubes (HNTs) were gathered using
centrifugation, washed extensively with distilled water and
ethanol five times to eliminate any surfactant excess, and
then dried for 24 h at 80 °C. Lastly, the formed HNTs were
calcined at 300 °C for two hours to eliminate any surfactant
contamination.

2.2.2 Preparation of Maghemite/Halloysite-like Nanotubes
Nanocomposite (MG@HNTSs)

The chemical co-precipitation technique was utilized to
prepare maghemite/halloysite-like nanotubes nanocompos-
ite (MG @HNTs). First, magnetite/halloysite-like nanotubes
nanocomposite (Mag/HNTs) was prepared according to the
procedures proposed by Xu et al. with some modifications
[52]. In brief, HNTs were added to a solution of ferric chlo-
ride and ferrous sulfate with a molar ratio of 2:1 for n Fe** to
n Fe™ and agitated for 20 min at 298 K to generate a stable
suspension. The temperature was then raised to 353 K. After
that, ammonia solution was added drop by drop to adjust the
pH to (9-10), causing iron oxide to precipitate, and the stir-
ring was continued for 1 h. Finally, the prepared Mag/HNTs
sample was washed using distilled water and EtOH, and dried
under a vacuum for 24 h at 333 K, followed by calcination at
573 K for 2 h to form maghemite/ halloysite-like nanotubes
nanocomposite (MG@HNTs).

2.3 Characterization

XRD patterns of kaolinite, HNTs, maghemite, and
MG @HNTSs nanocomposite were examined with a D8 Focus
X-ray diffractometer (Bruker, Germany) with CuKa radia-
tion (A = 0.154 nm, 40 kV, 40 mA) in a scan range (26)
of 5° to 75°. The FTIR spectra of the prepared samples
were reported on a Perkin-Elmer IR spectrophotometer in the
range of 4004000 cm~!. Transmission electron microscopy
(TEM) images were picked up with a JEM-2100 microscope
(JEOL, Japan). The samples’ surface morphology was inves-
tigated by scanning electron microscopy (Zeiss SEM Ultra
60). The specific surface area and pore characteristics were
estimated employing the BET method (BET model BEL-
SORP, BEL Master—Ver 7.1.0.0, MicrotracBEL, Corp). The
size distribution was estimated through the BJH method.

2.4 Cadmium Uptake Studies

The batch equilibrium approach was applied to conduct the
adsorption experiments. In particular, 50 mL of Cd(Il) was
mixed with 0.025 g of MG@HNTS using a thermally con-
trolled shaker at a speed of 200 rpm. The initial pH impact
on Cd(II) adsorption onto MG@HNTSs was investigated at

different pH levels (2—7) with shaking for 2 h at room tem-
perature. The solutions’ pH was changed by adding drops
of 0.1 mol L~! HCI and/or 0.1 mol L~! NaOH. By mixing
MG @HNTs with aqueous solutions of Cd(II) at various time
intervals, the contact time infleunce on the Cd(II) removal
efficiency using MG@HNTs was evaluated. In addition, the
change in the removal efficiency with the variation of the
initial Cd(II) concentration (10 to 200 mg L~ 1) was studied.
Also, different masses (0.025, 0.05,0.1,0.2,0.4,and 0.5 g) of
MG@HNTSs were shaken with Cd(II) solutions while keep-
ing the other parameters constant to examine how the used
adsorbent mass affects the removal behavior. Cd(I) adsorp-
tion was also tested at various temperatures in the range of
25 to 65 °C. After the MG@HNTSs nanocomposite had been
removed after each adsorption test, the solution was sep-
arated by centrifugation and filtered using Whatman filter
paper. The remaining Cd(II) concentration was determined
by an AA-7000 atomic absorption spectrophotometer (Shi-
madzu, Japan).

The Cd(II) ions uptake by MG@HNTS (¢.) inmg g ! can
be estimated as follows:

_ V(G = Co)
m

9e ey

where V refers to the volume of solution (L), Cy,: initial
cadmium concentration (mg L™"), Ce: the remaining Cd(II)
concentration (mg L1y at equilibrium in solution, and the
MG@HNTSs mass is m (g). The percentage of removal using
MG@HNTs is represented as:

Co—C
Removal efficiency (%) = % X
(o]

100 2)

2.5 Regeneration and Reusability Studies

Before performing the desorption experiments, Cd-loaded-
MG@HNTSs were first washed many times with distilled
water to eliminate any Cd(II) ions that were not strongly
bonded to the nanocomposite surface. To carry out the regen-
eration procedure, 0.2 g of Cd-loaded-MG@HNTs that were
loaded with 10 mg L ™! Cd(II) were shaken with a solution of
0.01 mol L' HCI (50 mL) for an hour at a speed of 200 rpm
at room temperature. Equation (3) was used to estimate the
desorption efficiency (%) as follows:

Desorption efficiency (%)
_ Amount of released Cd(II) ions
" Amount of sorbed Cd(II) ions

100 3)

Reusability was achieved by employing the regenerated
MG@HNTSs nanocomposite in the subsequent adsorption
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Fig.1 XRD patterns (a) and FTIR spectra (b) of kaolinite, HNTs,
maghemite, and MG@HNTSs nanocomposite

experiments and repeating the adsorption—desorption tech-
nique several times with the same adsorbent sample. The
MG@HNTSs sample was washed extensively with distilled
water before drying; therefore, it could be used again in the
next cycle.

3 Results and Discussion
3.1 Characterization Results
3.1.1 Crystalline and Structural Properties

The structural properties and quantitative analysis of the
maghemite, kaolinite, HNTs, and MG @HNTs nanocompos-
ite were studied based on the XRD technique as displayed in
Fig. 1a. Natural kaolinite is highly crystalline, and its diffrac-
tion peaks were detected at 2-theta of 12.33°, 24.82°,26.65°,
and 38.37°, which were attributable to the crystallographic
planes of (00 1), (002), (11 1), and (2 0 2), respectively
[40, 53, 54]. The basal spacing of the major diffraction peak

Springer

of kaolinite was determined to be 0.72 nm. As shown in
Fig. 1a, the evidence for the intercalation and elimination
of molecules between the interlayers of kaolinite was pro-
vided by a reduction in the intensity of the main dgg; basal
diffraction of kaolinite with a maximum of d = 0.717 nm.

In the HNTs sample, the (001) kaolinite reflection still
exists but at a very low intensity, and a new diffraction peak
for HNTs appears at 260 = 8.87 (doo1 = 0.99 nm). The do1
value in this work is 0.99 nm, which is larger than that of
some previous reports [40, 55, 56]. In addition, the basal
reflections emerged at 0.99 and 0.72 nm, indicating the pres-
ence of residual untransformed kaolinite [57]. On the other
side, after the maghemite nanoparticles’ incorporation into
the HNTs sample, the reflections of the HNTSs that were dis-
covered in the MG@HNTs pattern had a very small shift and
their intensities decreased.

Figure 1a also shows the XRD pattern of the nanocrys-
talline maghemite (y-Fe;O3) structure. Typical peaks
detected at 26 of 30.26°, 35.66°, 43.34°, 53.78°, 57.38°, and
62.96° were indexed to the crystal planes of (22 0), (31 1),
(400),(422),(511),and (44 0), respectively (JCPDS card
no. 39-1346) [58, 59].

3.1.2 Functional Chemical Properties

Figure 1b shows the FTIR spectra of kaolinite, HNTs,
maghemite, and MG@HNTSs nanocomposite throughout a
frequency range of 4000-400 cm™". In kaolinite, the peaks
at 3697, 3655, and 3622 cm~! exhibited the characteristic
—OH stretching. The peaks at 3697 and 3653 cm™! were
assigned to the stretching of the outer AI-OH groups, while
the one at 3622 cm~! was due to the inner AI-OH groups
stretching [60, 61]. The wide peak at 3438 cm™! and the
one at 1633 cm™! were assigned to the stretching and bend-
ing vibrations of the —OH groups of the physically adsorbed
water molecules, respectively [61]. Also, the Si—O stretching
in the tetrahedral sheet was indicated by the strong peaks at
1035 and 471 cm™! [62]. The observed peak at 914 cm™!
was assigned to stretching of Al-Al-OH functional groups
in the octahedral layer, which is characteristic of the kaoli-
nite structure [56]. In addition, the peaks at around 695 and
539 cm™! corresponded to the Si—O-Al structure stretching
[56].

As shown in Fig. 1b, the primary kaolinite peaks in the
HNTSs spectrum after intercalation and sonication of kaoli-
nite were slightly displaced from their locations, and their
intensities were seen to be slightly less than those of kaolinite
[56]. After the incorporation of maghemite nanoparticles, the
FTIR spectrum of the MG @HNTSs nanocomposite exhibited
no significant changes within HNTs. However, the intensity
of the peak at 541 cm™! slightly increased due to the stretch-
ing vibration of Fe—O functional groups [58, 63]. On the
other hand, the broad peak around 3417 cm~! seen in the
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maghemite spectrum indicated the presence of the OH groups
[63], which disappeared in the MG @HNTSs nanocomposite.

3.1.3 Morphological Properties

SEM and TEM images (Fig. 2) were utilized to describe the
structural morphology of kaolinite, HNTs, and MG@HNTs
nanocomposite. Figure 2a, d reveals the high crystalline
nature of kaolinite crystals that had a plate-like shape with
a pseudo-hexagonal structure of 0.5-2 pm in size. After
the processes of intercalation and ultrasonication rolling,
the kaolinite layers were transformed into nanotubes (tabu-
lar nanoscrolls), which revealed the successful delamination
and folding of the layers of kaolinite (Fig. 2b, e). Also, the
images of HNTs showed some uncurled kaolinite sheets.
Figure 2e clearly demonstrates the formation of HNTs with
typical cylindrical shapes. Moreover, the TEM image showed
that the nanotubes had an average diameter ranging from
70-200 nm and the length of the cylinders ranged from
0.5-2.7 pm. The structural morphology of the MG@HNTSs
nanocomposite was revealed by the SEM and TEM images
(Fig. 2c, f). As shown in Fig. 2c, the synthesized nanocom-
posite had a brighter surface due to the occurrence of
maghemite particles that covered the surface.

3.1.4 Surface Area and Pore Size Analysis

The N> adsorption isotherms and pore size distribution of
kaolinite, maghemite, HNTs, and MG@HNTs are illustrated
in Figs. S1 and S2. The nitrogen isotherm for kaolinite in Fig.
S1 (a) shows a Type II isotherm, which is indicative of the
presence of abundant macropores [38]. Also, the samples of
HNTs and MG@HNTs still show Type II isotherms (Fig.
S1(b,c)). This may be due to the presence of uncurled kaoli-
nite sheets, as previously observed in TEM images (Fig. 2e,
). On the other hand, the isotherm of maghemite showed
a Type IV (Fig. S1(d)), indicating the presence of abun-
dant mesopores and a high gas adsorption capacity. Fig. S2
shows the BJH pore size distribution curves of kaolinite,
maghemite, HNTs, and MG@HNTSs. As noticed, kaolinite,
HNTSs, and MG@HNTSs nanocomposite have pores spanning
from micropores to macropores. In contrast, maghemite had
pores inside, which were mainly mesopores.

Table 1 displays the values of the specific surface area
(SSA) and porosity characteristics of maghemite, kaolinite,
HNTs, and MG@HNTSs nanocomposite. As observed, the
SSA of kaolinite increased after the intercalation, exfolia-
tion, and ultrasonication processes, where the SSA increased
from 8.34 m? g~! for kaolinite to 10.95 m?> g~! for HNTS.
In the MG@HNTSs nanocomposite, it can be seen that with
the maghemite nanoparticles’ incorporation into the HNTs
matrix, the SSA also increased. The observed increase in the

SSA with the maghemite nanoparticles’ inclusion was pos-
sibly because of the partial intercalation of maghemite in the
clay layers, thus creating new interlayer porosity [64]. The
increase in the SSA of MG@HNTs is expected to be benefi-
cial for adsorption. Moreover, it can be noted that the decline
in the pore volume of MG@HNTSs compared to that of HNTs
was due to the maghemite nanoparticles being introduced
into the HNTs matrix.

3.2 Cadmium Uptake Studies

3.2.1 Comparison Between the Prepared Samples for Cd(ll)
Removal

Figure 3a shows an assessment of the removal efficiency
of kaolinite, maghemite, HNTs, and MG@HNTSs nanocom-
posite for Cd(II) removal under the same circumstances:
0.05 ¢ MG@HNTs, 100 mg L=! Cd(I), pH 6, 4 h of
contact time, and temperature of 25 °C. The removal effi-
ciency of MG@HNTSs nanocomposite for Cd(II) ions was
the highest among the other samples. This is due to the
fact that MG@HNTSs nanocomposite combines the fea-
tures of both maghemite and HNTs. Moreover, maghemite
nanoparticles were consistently distributed on the surface
of MG@HNTs, as revealed from TEM results, which also
increases the adsorption capability of the nanocomposite.
Therefore, MG@HNTSs nanocomposite was selected as an
optimal adsorbent for the subsequent studies.

3.2.2 Impact of Initial pH

One of the vital factors that regulates the adsorption pro-
cess is pH. The influence of solution pH (2—7) on the Cd(II)
adsorption using MG@HNTSs was investigated as shown in
Fig. 3b. The value of pHpzc for MG@HNTSs was evalu-
ated (Fig S3) using batch equilibrium method [65], and it
was found to be 6.5. It was noticed that cadmium ions have
adsorption in the pH range of 2 to 7, where the adsorption
reached a plateau at pH 6. In the highly acidic media (pH =
2), Cd(II) adsorption was relatively low due to competition
for binding sites of MG@HNTSs nanocomposite between the
excess protons and Cd(II) cations. However, as pH increased
from 3 to 7, the surface charge of the MG@HNTSs nanocom-
posite became more negatively charged. Therefore, as the
pH of solutions increased, the competition between Cd(I)
ions and protons was limited, and the electrostatic attraction
between the negatively charged MG @HNTs surface and the
positively charged Cd(II) ions was enhanced, resulting in the
rise of Cd(II) adsorption. Consequently, pH 6 was utilized as
the optimum pH in the subsequent experiments. Based on the
pHpzc value and these observations, the electrostatic interac-
tion was not the exclusive mechanism for Cd(II) adsorption

@ Springer
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Table 1 Porosity characteristics and BET surface areas of the prepared

materials

Materials Total pore Mean pore SSA (m?
volume (cm? diameter (nm) g~ 1y
gh

Maghemite 0.3099 16.52 75.05

Kaolinite 0.0769 36.88 8.34

HNTs 0.1007 36.81 10.95

MG@HNTs 0.1065 32.94 12.94

by MG@HNTSs, and it is possible that a variety of sorp-
tion processes (electrostatic attraction, surface complexation,
ion-exchange, and co-precipitation) were involved in Cd(II)
removal. Wang et al. (2022) reported similar results for Cd(II)
removal.

3.2.3 Impact of Contact Time

To investigate the contact time impact, 0.025 g of
MG@HNTS was contacted with a 50 mL solution of 100 mg
L~!' Cd(II) ions at different time intervals at pH 6. The
results for the Cd(Il) adsorption are demonstrated in Fig. 3c.
The results revealed that the removal efficiency of Cd(II)
using MG @HNTs raised as the contact time increased, until
it reached equilibrium after 120 min. The data indicated
that adsorption was rapid at the beginning, with more than
75% of Cd(II) ions were adsorbed within 10 min, and then
the adsorption became much slower with the progress of
time till equilibrium was achieved. This could be because
the adsorption active sites on the MG@HNTSs surface were
being depleted. As observed, the Cd(Il) adsorption onto
MG@HNTs attained equilibrium after 120 min. Therefore,
the rest of experiments have been run for 120 min, which was
the optimal time for Cd(II) removal.

@ Springer



Arabian Journal for Science and Engineering

3.2.4 Impact of Initial Cd(ll) Concentration

Figure 3d shows the impact of Cd(II) concentration on
the adsorption capacity using MG@HNTSs nanocomposite,
which was explored at different concentrations (5, 10, 25,
50, 100, and 150 mg L=') using 0.025 g MG@HNTs at pH 6
and 2 h of contact time. It was found that as the initial Cd(II)
concentration increased, so did the capacity of uptake. When
the Cd(II) concentration rose from 5 to 150 mg LY, the
uptake capacity increased from 10 to 243 mg g~!. This may
be attributed to the diffusion of Cd(II) ions from the solu-
tion phase to the MG@HNTS’ surface due to the increase
in the driving force of Cd(Il) ions, promoted by the rise in
the Cd(I) concentration. As a consequence, the collisions
between Cd(Il) ions and the MG@HNTSs’ surface improved,
and thereby the uptake capacity increased in accordance with
Abdelbasir et al. [66].

3.2.5 Impact of Adsorbent Mass

Adsorption is significantly impacted by the mass of adsor-
bent utilized. Figure 3e depicts the impact of MG@HNTSs
mass on the Cd(II) removal efficiency. The removal percent-
age decreased significantly with the rise in the MG@HNTSs
nanocomposite mass. This might be ascribed to areduction in
the overall adsorption surface area available for Cd(II) ions’
binding as a consequence of the aggregation or overlapping
of the adsorption binding sites caused by the excessive num-
ber of MG@HNTs particles [67, 68]. Therefore, 0.025 g of
MG@HNTSs was chosen as the optimal MG@HNTSs mass
for all other experiments.

3.2.6 Impact of Temperature

The temperature impact on the Cd(II) adsorption using
MG @HNTs is shown in Fig. 3f. In this study, the temperature
was ranging from 25 to 65°C under the conditions of 50 mL
of 100 mg L~! of Cd(I) at pH 6, 2 h of contact time, and
0.025 g of MG@HNTs. The figure showed that the Cd(II)
removal efficiency using MG @HNTs decreased with the rise
of temperature.

3.3 Adsorption Isotherms

In this study, the most common adsorption isotherm models
were adopted to determine the fraction of Cd(II) at equilib-
rium that reached the adsorbent and solution phases. The
equilibrium data of the Cd(II) removal using MG@HNTSs
were investigated using Freundlich, Langmuir, Dubinin-
Radushkevich (D-R), and Temkin isotherm models.
According to the Freundlich isotherm, adsorbents have
heterogeneous surfaces with a variety of adsorption potential
sites. The linearized Freundlich isotherm model [69] can be
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represented as:
1
logge = - log C. + log Ky @)

where g, is the adsorption capacity (mg g~ ') at equilibrium,
the Freundlich constant is K¢ (mg g~!), and the adsorption
intensity is (1/n). A straight line was fitted to the data by
plotting log g vs. log C (Fig. 4). The values of K¢ and n are
illustrated in Table 2, where a value of (1 < n < 10) indicated
a favorable adsorption of Cd(II) onto MG@HNTs [70].

The Langmuir isotherm, on the contrary, implies that
adsorption occurs as a continuous monolayer of adsorbate
molecules covering homogenous sites on the adsorbent’s sur-
face [71], implying that once an adsorbate occupies a site,
no additional adsorption can occur at that occupied site. The
Langmuir isotherm is expressed by Eq. 5 [72]:

C C 1
— = ®)
qe dmax Imax KL

where gmax is the maximum Cd(IT) adsorption capacity (mg
g~ 1) and K1 is the Langmuir constant. By plotting C¢/qe ver-
sus Ce, the values of gmax and K1, can be estimated (Fig. 4
and Table 2). As seen in the table, the Langmuir model’s
correlation coefficient (R?) value was larger than that of the
Freundlich model, demonstrating that the Langmuir model
was correlated with the obtained experimental data. This
implied that monolayer adsorption was taking place and that
the surface of the prepared MG@HNTSs was homogeneous
in nature.

R1, is a dimensionless constant (R, = 1/(1 + K, Cy))
that may be used to describe the features of the Langmuir
equilibrium model. A favorable Cd(II) adsorption process
onto MG@HNTSs was demonstrated by the obtained value of
RL (0 <Ry < 1) (Table 2).

The D-R model isotherm is a generalized version of the
Langmuir type [73]. The linearized D-R model equation may
be expressed as follows:

In(ge) = Be* + In(gpr) (6)

where the D-R optimum monolayer adsorption capacity is
denoted by gpr (mg g~ 1), the activity coefficient with respect
to the mean adsorption energy is 8 (mol® kJ~2), and & is the
Polanyi potential that has the following relationship with the
equilibrium concentration:

e = RTln[l + Ci} 7

(&
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Fig.4 Adsorption isotherms for 3 0.14
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T is the temperature (K), and R is the gas constant
(8.3145 T K~ mol~!). The next formula is used for the esti-
mation of the mean adsorption energy (E).

E=(p)" ®

Figure 4 displays the plot of In g versus &> for Cd(II)
adsorption on MG@HNTs, while Table 2 displays the esti-
mated values of D-R parameters. As demonstrated, the value
of E was < 8, indicating that physisorption dominated Cd(II)
adsorption onto MG@HNTs [74].

Temkin model isotherm considers the consequences of
interactions between adsorbates and adsorbents on the
adsorption process. Equation (8) gives the Temkin isotherm’s
expression [75].

RT
de = 7

mKr+ 2L c 9)
= n — In
by T

where br is correlated with the adsorption heat (kJ mol™1),
and KT is a constant (L g_l). The ge vs. In (Ce) plot for
Cd(I) ions adsorption using MG@HNTs with a slope of
(RT/bt) and intercept of (RT/bt) In KT) is demonstrated
in Fig. 4. Table 2 displays the K1 and bt values. The bt
value was < 20 kJ mol—!, which is distinctive of weak elec-
trostatic interactions [76]. Therefore, the Cd(II) adsorption
onto MG@HNTs was consistent with the physisorption pro-
cess.

Table 2 The estimated parameters of the examined isotherm models for

Cd(II) removal using MG@HNTs

Isotherm model Parameters Values
Freundlich K (mg g_l) 52.64
n 1.86
R? 0.9269
Langmuir K (Lmg™ 1) 0.406
gmax (mg g™l 264.47
R? 0.9909
RL 0.016
Dubinin-Radushkevich B 6.66 x 1072
(D-R) gDR 164.16
E (kJ mol~1) 2.74
R? 0.8929
Temkin Kt 11.53
br (kJ mol™1) 0.06
R? 0.9221

3.4 Adsorption Kinetics

The kinetics of Cd(II) adsorption using MG@HNTSs were
investigated. The rate of reactions between Cd(II) ions and
active sites of MG@HNTSs was described by the pseudo-
Ist-order, the pseudo-2nd-order, and intra-particle diffusion

@ Springer



Arabian Journal for Science and Engineering

Table 3 The estimated parameters of the examined kinetic models for
Cd(II) removal using MG@HNTSs

Kinetics model Parameters Values
Pseudo-1st-order ki 0.024
qe (exp) (mg g_l) 190.5
ge (mg g™ 63.11
R? 0.9753
Pseudo-2nd-order ko 0.001
Ge (exp) (Mg g™") 190.5
ge (mgg™") 193.9
R? 0.9994
Intra-particle diffusion ki 5.136
C 131.27
R? 0.9811

models. The pseudo-1st-order model as given by the Lager-
gren model as follows [77].

log(ge — qv) = log ge — (k12/2.303) (10)

The pseudo-2nd-order can also be written in a linearized
form:

fo_L 2 (11
a  Kxa?  ge

where ¢ is the adsorption capacity (mg g~!) at any time inter-
val (¢), k1 is the pseudo-1st-order rate constant (min~1), and
k is the pseudo-2nd-order rate constant (g mg~! min~!). The
graphs of log (g. — g¢) versus time and #/g; versus time were
plotted as demonstrated in Fig. 5b. Furthermore, the con-
stants’ values are tabulated in Table 3.

A pseudo-2nd-order model is more acceptable, based on
the R values, for a better description of the kinetiecs of Cd(II)
adsorption onto MG@HNTs.

3.4.1 Intra-Particle Diffusion Model

The intra-particle diffusion model [78] was used to fit the
kinetic experimental results using Eq. (12).

@ = ki 4 C (12)

1 0.5)

The intra-particle diffusion rate constant (g mg™" min~
is k;, while the intercept is C (mg g~'), which represents
the boundary layer thickness. The intercept and slope of the
plot of g; versus 195 can be used to estimate k; and C val-
ues (Fig. 5¢). The plot showed two stages without passing
through the origin point, which suggested that the intra-
particle diffusion was not the only rate-determining stage
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to control the Cd(IT) adsorption onto MG@HNTs. The first
stage corresponded to surface adsorption, where the ions of
Cd(II) diffused from the solution to the MG@HNTSs’ surface,
and the second stage expressed the penetration of Cd(II) ions
into the inner pores of MG@HNTs.

3.5 Thermodynamic Parameters

The mechanism of adsorption processes at different tem-
peratures was explored through thermodynamic quantities,
including changes in Gibbs free energy (AG), change in
entropy (AS), and change in enthalpy of adsorption (AH).
To determine the AG, AH, and AS values for the Cd(II)
adsorption using MG@HNTs, the following equations were
used [68]:

InKg4 = AS _AH (13)
=R TRT
AG = AH —TAS (14)

The dissociation constant (K 4) was estimated from (Kq =
qe/C.) and the plot of In K4 versus 1/T was determined to be
linear as shown in Fig. 5d. The values of AH and AS were
estimated from the slope and intercept of the Van’t Hoff plot
(Eq. 13), respectively. A list of the estimated thermodynamic
parameters is provided in Table 4.

The decrease in K4 with the rise in the temperature implied
that the Cd(II) adsorption onto MG@HNTSs was exothermic
in nature. Also, the negative values of AG indicated the spon-
taneity of the Cd(II) adsorption. Also, it can be noticed that
less negative values of AG were attained with the rise in
temperature, demonstrating that the Cd(II) adsorption onto
MG @HNTSs was suppressed at higher temperatures. The neg-
ative value of AH was an indication of the typical exothermic
adsorption process. In addition, the negative value of AS
inferred that during the Cd(II) adsorption, the randomness
degree at the MG@HNTSs/solution interface decreased.

3.6 Regeneration and Reusability Studies

Regeneration is a critical step since it affects the effec-
tiveness, capacity, and cost of developing adsorbents for
wastewater treatment [79]. To investigate the regeneration
possibility, the desorption process was studied using 0.01 mol
L~! HCI as the desorption solution. The amount of des-
orbed Cd(II) was quantified and the desorption efficiency
for Cd-loaded-MG@HNTs was estimated using Eq. (3). The
reusability of MG@HNTSs was checked for several cycles,
and the findings are illustrated in Fig. 6. As demonstrated,
MG@HNTSs can be reused for Cd(II) elimination, with a
promising capacity for five cycles and a slight reduction in
capacity as the number of regeneration processes increases.
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Fig.6 Reusability of MG@HNTs nanocomposite for Cd(II) removal

To ensure the stability of MG @HNTSs nanocomposite, the
XRD pattern of Cd-loaded-MG@HNTs after the regenera-
tion process was recorded (Fig. S4). The figure clarifies that
the XRD pattern of the regenerated MG@HNTSs was almost
the same as that of the original MG@HNTs, indicating the
MG@HNTS’ stability.

concentrations of other metal ions in the tested industrial
wastewater sample were measured. In this regard, Pb(Il) and
Co(II) coexisted with Cd(II) at concentrations of 13.33 and
15.72 mg L1, respectively. The tap water sample was spiked
with 10 mg L~! of Cd(I). The effectiveness of MG@HNTs
as an efficient adsorbent to decontaminate cadmium ions
from real samples is shown in Table 5. The obtained results
demonstrated the selectivity and feasibility of MG@HNTSs
to decontaminate real water samples from Cd(II).
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Table 5 Cd(II) removal from real water samples using MG@HNTs

Water samples Cd(IT), mg L™ Removal
%o
Before After
treatment treatment
Industrial 36.3 1.78 95.1
wastewater
Tap water 10.0 0.34 96.6

Table 6 A comparison of uptake capacities of MG@HNTs with differ-
ent adsorbents

Adsorbent Gmax (mg g~")  References
Iron oxide nanoparticles 167.36 [80]
Pectin—iron oxide magnetic 48.99 [81]
nanocomposite
Kaolinite nanotubes 116.3 [40]
Kaolin 41.84 [82]
MnO-kaolinite 36.47 [83]
Unmodified kaolinite 12.58 [84]
APMS-MMT nanoclay 143.32 [85]
Zero valent iron graphene 134 [86]
composites
Acid-modified kaolinite 114 [87]
Nanocomposite material (CPM) 186.36 [88]
DMTD grafted mesoporous 167.33 [89]
silica
DPDB immobilized mesoporous 176.19 [90]
silica
MG@HNTs 264.47 This study

3.8 Comparison with Other Adsorbents

The estimated gmax for the Cd(II) adsorption using
MG@HNTS is compared to other adsorbents as shown in
Table 6. The information in the table reflected the high uptake
adsorption capacity of MG@HNTSs nanocomposite in com-
parison with many other adsorbents. This can be primarily
attributed to the alteration of kaolinite sheets into nanotubes
and the maghemite nanoparticles’ incorporation as well. Fur-
thermore, the significant adsorption capacity was most likely
due to the abundance of functional groups on the MG@HNTSs
surface, which provided more surface adsorption sites for
Cd(I) uptake.

4 Conclusion

In this study, the physicochemical characteristics of a locally
abundant kaolinite clay as an adsorbent were enhanced by
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producing halloysite-like nanotubes, which were combined
with the extraordinary properties of maghemite nanoparti-
cles to produce an eco-friendly and low-cost sorbent with
high adsorption capacity for wastewater treatment. The pre-
pared maghemite/halloysite-like nanotubes nanocomposite
(MG@HNTSs) has been characterized and applied to remove
Cd(I) ions from wastewater. Variable parameters affect-
ing the adsorption process were explored. The optimal pH
for Cd(Il) removal was pH 6 with a maximum adsorption
capacity of 264.47 mg g~!. MG@HNTs offered an out-
standing improvement for Cd(I) decontamination process
when compared to other composite materials. The experi-
mental data correlated with the pseudo-2nd-order kinetics
and the Langmuir isothermal model. Further, the values
of AG were negative, suggesting that Cd(Il) adsorption
using MG@HNTSs occurred spontaneously. MG@HNTSs had
a five-cycle Cd(II) removal capacity and can decontaminate
real samples with high selectivity from Cd(II). In sum-
mary, the findings of this study proved the effective use of
MG @HNTs for wastewater treatment as an eco-friendly and
sustainable adsorbent.
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