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Abstract: In this study, the efficiency of functionalized bentonite (F-bentonite) and NiAl-layered
double hydroxide (LDH), as well as their nanocomposites, was explored regarding the adsorption of
cadmium ions (Cd2+) in batch tests. Surface characterization using SEM, EDX, and FTIR analyses
confirmed the successful loading of LDH (NiAl) onto the F-bentonite and the adsorption of Cd2+ onto
the F-bentonite, LDH (NiAl), and LDH/F-bentonite composite adsorbent, suggesting ion exchange
and surface precipitation as the main controlling mechanisms of the formation of adsorbent. An
equilibrium contact period of 60 min was suggested, with the LDH/F-bentonite composite presenting
the highest adsorption capacity and removal effectiveness as compared to the other adsorbents. The
LDH/F-bentonite composite also presented the highest removal efficiency and maximum adsorption
capacity at an optimum pH value of 7.0. A steady increase in the uptake capacity of Cd2+ was
observed by increasing the dosage of the adsorbents, with the LDH/F-bentonite composite having
the best adsorption capacity. The fitting of the pseudo second-order kinetic model to the adsorption
data of Cd2+ suggested chemisorption on the adsorbents’ surfaces as the controlling mechanism.
The Langmuir isotherm with a near-perfect fitting revealed a monolayer adsorption, while physical
adsorption of Cd2+ onto all the adsorbents is proposed using the D–R isotherm. Finally, both
homogeneous and heterogeneous adsorption systems are proposed for all the adsorbents due to the
satisfactory fitting of the Sips and R–P isotherm models.

Keywords: adsorption mechanism; composite adsorbents; kinetic and isotherm; optimum capacity;
physical adsorption

1. Introduction

Water is the most precious natural resource on earth and is essential for the survival of
all living things. Every human being on earth has the right to drink clean and pure water [1].
Sadly, one out of every four people in the globe does not have access to safe drinking water,
according to a report [2]. This is due to the fact that untreated effluents dumped into fresh
water reservoirs are constantly polluting them with a variety of hazardous compounds
such as dyes and heavy metals. Heavy metals are particularly important because they
are poorly biodegradable and can remain in the environment for longer periods of time.
The high levels of heavy metals in drinking water are primarily due to waste disposal
from industries such as electroplating, mining, dyeing, paint manufacturing, fertilizers,
and pharmaceuticals. Cadmium (Cd), lead (Pb), arsenic (As), copper (Cu), and mercury
(Hg) are among the list of toxic heavy metals found in polluted water. The occurrence of
certain heavy metals in drinking water beyond the allowed limit may pose substantial
health concerns to humans [3]. It has been well-established that heavy metals are a major
environmental problem with negative health consequences; thus, it is of critical importance
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to act quickly in developing effective treatment technologies for the removal of heavy
metals from heavy metal-rich industrial wastewater in order to reduce contaminants to
acceptable levels [4].

Among various technologies used for wastewater treatment, adsorption technology is
an ideal solution as it is inexpensive and adaptable to a wide range of pollutants found in
diverse industrial effluents [5]. Adsorbents play an important role in the adsorption process.
Adsorbent materials such as activated carbon [6], polymers [7], biomaterials [8], alumina [9],
zeolite [10], and nanomaterials [11,12] have all been studied, and some have proven to be
highly successful for heavy metal removal. However, there is still a need to develop new
adsorbent materials with improved adsorption capacity to adsorb a variety of pollutants
in contaminated water. In recent years, layered double hydroxide (LDH) has attracted
the attention of researchers as a suitable choice for efficient adsorption processes due to
its higher specific surface area; its various functional groups, especially hydroxyl (OH−)
ions; the reversibility of its structure, its strong exchange capacity, the ease of modifying
layer spacing, and the flexibility of the metal composition [13–15]. Many studies have been
undertaken to remove heavy metal efficiently from industrially complex polluted water by
changing the metals and the M+2/M+3 metal ratios using LDH synthesis, depending on the
application [16–19]. For instance, Moaty et al. [20] synthesized Co-Fe LDH and reported
95% removal of Cd ions from wastewater. Likewise, Ricardo Rojas [21] prepared Ca-Al
LDH and reported higher adsorption capacities for copper, lead, and cadmium ions (Cd2+).
Dinari et al. [20] used poly vinyl alcohol to make an EDTA-ZnAl LDH nanocomposite and
reported a Cd(II) adsorption capacity of 9.54 mg/g. Synthesizing LDH composites with a
variety of well-known carbon-rich adsorbent materials or nanomaterials yielded excellent
results [19,22–26].

In order to continue the quest for more effective and efficient combinations of LDH and
adsorbent materials, this study aimed to synthesize functionalized bentonite (F-bentonite)
with LDH of NiAl. Bentonite clay is an efficient adsorbent material because of its large
specific surface area, its strong mechanical and chemical stability, its ability to be negatively
charged and balanced with exchangeable cations, and its various surface and structural
properties [27–29].

The objective of this research was to combine functionalized bentonite (F-bentonite)
clay with NiAl-LDH to create a novel nanocomposite material that might preserve or
even enhance the key characteristics of each phase while also generating new features
through the interaction of these two materials. Therefore, this nanocomposite material
was synthesize and tested for its efficacy in removing harmful Cd2+ by varying different
parameters such as the shaking time, adsorbent dosage, pollutant concentration, and pH of
the target solution. The findings of the study were intended to give insight into the use of
LDH/F-bentonite as an effective adsorbent for heavy metal removal.

2. Materials/Chemicals and Methodology
2.1. Stock Solution Preparation

Cadmium nitrate (Cd(NO3)2) was obtained from Tianjin, Co., Ltd., (Tianjin, China),
and a stock solution of 1 L was prepared by adding the required amount in double-
distilled water. The stored stock solution was used to prepare the dilutions by using
the double-distilled water so as to obtain the desired initial concentrations of Cd2+, as
per the requirement of each batch test. In addition, the analytical-grade solutions of
sodium hydroxide and hydrochloric acid, each with 0.1 M concentration, were used for pH
adjustment of the metal’s solution, as per the requirement of each batch test.

2.2. Preparation of the Composite Adsorbents

Bentonite clay (bentonite) was used as one of the adsorbents in this study and was
collected from the city of Riyadh in Saudi Arabia. The variable particle size of the collected
bentonite was achieved by grounding and sieving. The functionalized bentonite clay was
prepared by adding 1.5 g of the bentonite into an 80 mL mixture of NaOH (0.2 M) and
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NaHCO3 (0.05 M). The ultra-sonication of the mixture was performed for 30 min while com-
plete dispersion of the bentonite clay in the solution was achieved by continuous stirring.

The LDH of NiAl with a ratio of 1:2 (Al2+/Ni3+) was prepared by mixing 0.3 M of
aluminum nitrate nonahydrate (Al(NO3)3·9H2O) and 0.6 M of nickel (II) nitrate hexahy-
drate (Ni (NO3)2·6H2O) via the co-precipitation method. The continuous agitation of both
solutions in deionized water was performed with a dropwise addition of the ammonia to
maintain the solution’s pH at 10.0 until the precipitate was performed within a time period
of about 30 min.

The composite adsorbent of LDH and F-bentonite was prepared by dissolving appro-
priate concentrations of both salts in the required amount of double-distilled water. After
achieving the complete dissolution of the salts with continuous stirring, the solution of
the functionalized bentonite clay was added dropwise in this mixture. After 30 min of
vigorous stirring, 1 M NaOH solution was added dropwise to obtain a solution pH of 10.0.
The resulting precipitate was separated by centrifugation after maintaining the mixture
at 60 ◦C for 3 h, and the pH neutrality was attained by extensive washing of the mixture
using the deionized water. The final product was kept for 8 h in an oven at 80 ◦C and then
placed in a desiccator for later use.

2.3. Characterization Techniques

The characterization of these adsorbents was performed using scanning electron
microscopy (SEM) (HITACHI S-3000N, Kyoto, Japan), energy dispersive X-ray spectroscopy
(EDX), and Fourier transform infrared (FTIR) spectroscopy. The SEM micrographs were
obtained at magnifications of 250×, 500×, and 2000× before the treatment and the visibly
porous nature of the adsorbents’ surface were analyzed. The measurements were made at
a working distance of 25 mm under an acceleration voltage of 5 kV, while a specified SEM
steel stab holder was used to hold the dry powder samples. To avoid electrostatic charging
of the samples, the steel stab holders were coated with a thin layer of platinum before being
inserted into the SEM sample chamber to take the images under a high vacuum. EDX
analysis was performed using the EDX detector, an optional accessory for the SEM. This
detector allows the use of the generated X-rays as a signal to generate information about
the chemical composition of the sample, including the elements present, their distribution,
and their concentration. The attenuated total reflectance method was used for the FTIR
spectroscopy using the Vertex-70 instrument (Bruker, Billerica, MA, USA) to determine
the surface properties of the solid material with 16 sample scans at a spectral range of
600–4000 cm−1 and a resolution of 4 cm−1. The aforementioned techniques provided
an insight into the chemical composition as well as the morphology of these adsorbents
before and after the adsorption of Cd2+ and were employed to examine the surface of
the nanocomposite materials and to evaluate the mechanism involved in removing the
target contaminant.

2.4. Measurement of the Adsorption Capacities and Removal Efficiencies

The sample solutions with the desired initial concentrations of Cd2+ were agitated in
a temperature-controlled shaker (30 ◦C with 220 rpm, Wise Cube orbital), obtained from
Daihan Scientific Co. Ltd., Wonju, Republic of Korea. Depending on the volume of the
tested solution (50 or 100 mL) in conical flasks, the appropriate amount of each adsorbent
was added depending on the initial concentration of Cd2+ so as to achieve the desired dose
of the adsorbent as per the requirements of the specific batch test. After keeping them for a
specified retention time, the sample solutions were filtered using a 0.45 µm Whatman™
filter, and a 5 mL sample was used further in flame atomic absorption spectrometry (FAAS,
Thermo Scientific, ICE 3000 Series, Cambridge, UK). The light source (hollow-cathode
lamp) specific to Cd2+ was adjusted after the flame optimized the inserted sample at a high
temperature; its concentration was determined using the absorbance of the sample at its
characteristic wavelength. FAAS was used to determine the residual metal concentration
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(Ct, mg L−1), while the adsorption capacity (qt, mg g−1) and the percentage removal of the
Cd2+ were calculated using Equations (1) and (2), respectively.

Adsorption capacity =

(
C0 − Ct

m

)
V (1)

Removal (%) =

(
C0 − Ct

C0

)
× 100 (2)

In the above equations, the solution volume and amount of adsorbent are expressed
by V (L) and m (g), respectively, whereas the initial metal concentration is denoted by C0
(mg L−1).

2.5. Fitting of the Kinetic and Isotherm Models to the Adsorption Data

OriginPro 8.5 Software was used for the analysis and fitting of the original nonlin-
ear expressions (Equations (3)–(8)) of the various kinetic models by plotting the uptake
capacity (qt, mg g−1) of Cd2+ and the respective retention time (t, min), i.e., qt vs. t.
Equations (3) and (4) present the nonlinear and linearized form of the pseudo first-order
kinetic model, respectively, while Equations (5) and (6) show the nonlinear and linearized
form of the pseudo first-order kinetic model, respectively. Similarly, the nonlinear and
linearized form of the Elovich model is presented in Equations (8) and (9), respectively. The
calculated equilibrium adsorption capacities (qe, mg g−1) were then compared with the
experimental values from the batch tests performed using 0.3 g of any adsorbent under a
solution pH of 6.0 ± 0.2.

qt = qe (1− exp(−k1t)) (3)

log(qe − qt) = log qe −
k1

2.303
t (4)

qt =
qe

2k2·t
qek2·t + 1

(5)

t
qt

=
1

k2q2
e
+

1
qe

t (6)

qt = Kipt1/2 + C (7)

qt =
1
β

ln(1 + αβt) (8)

qt = β ln(t) + β ln(α) (9)

The above equations were further simplified to their respective linearized forms, and
the slope and intercept values were used to compute the theoretical adsorption capacities.
k1 (min−1) and k2 (mg g−1 min−1) represent the rate constants of the pseudo first-order
(Equations (3) and (4)) and pseudo second-order (Equations (5) and (6)) kinetic models,
respectively, whereas the rate constants of the intraparticle diffusion of the Weber and
Morris (ID-WM, Equation (7)) and Elovich (Equations (8) and (9)) kinetic models are
denoted by Kip (mg g−1 min1/2) and α (mg g−1 min−1), respectively. C (mg g−1) in
Equation (7) denotes the boundary-layer thickness in the ID-WM kinetic model, whereas
the β (g mg−1) in Equations (8) and (9) represents the activation energy in the Elovich
kinetic model.

Various two-parameter (Langmuir, Freundlich, Dubinin–Radushkevich, Halsey, Temkin,
Harkins–Jura, Jovanovic, and Elovich) and three-parameter (Redlich–Peterson and Sips)
isotherm models were applied to the adsorption data of Cd2+ on the used adsorbents to
evaluate and compare the obtained theoretical values of the maximum adsorption capacities
in each model with the experimental values. The adsorption performance was compared
using the original nonlinear and derived linearized (wherever possible) isotherm models,
as explained in Table 1.
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Table 1. Nonlinear expressions of the two- and three-parameter isotherm models and explanation
of parameters.

Isotherm Model Mathematical Expression Parameters

Langmuir qe =
qmKLCe

(1+KLCe)

qm, maximum sorption capacity, mg g−1

KL, Langmuir constant, L mg−1

Freundlich qe = KFce
1
n

KF, Freundlich constant, L g−1

n, dimensionless constant

Dubinin–Radushkevich
qe = qm exp

(
−KDRε2)

ε = RT ln(1 + 1/Ce)
E = 1/

√
2KDR

T, absolute temperature, Kelvin
R, universal gas constant, 8.314 J mol−1·K−1

E, mean free energy of adsorption, kJ mol−1

Halsey qe = exp
(

ln kH −ln Ce
nH

)
nH and kH, Halsey constants

Temkin qe =
RT

Hads
ln (KT Ce)

AT, equilibrium binding constant, L g−1

bT, heat of adsorption, kJ mol−1

Harkins–Jura qe =
(

AHJ
BHJ−logCe

) 1
2 AHJ and BHJ, H–J constants

Jovanovic qe = qm[1− exp
(

kjCe

)
] kj, Jovanovic constant

Elovich qe
qm

= keCe exp
(
− qe

qm

)
ke, Elovich constant

Redlich–Peterson qe =
KRPCe

1+αCe
β

α, L mg−1

β (0–1), dimensionless
KRP, R–P constant, L g−1

Sips qe =
qmKSCe

n

1+KSCen
n, degree of heterogeneity, dimensionless

KS, energy of adsorption, L g−1

3. Results and Discussion
3.1. Characteristics of the Adsorbents and Adsorption Mechanism
3.1.1. Scanning Electron Microscopy Analysis

SEM techniques were used to study the surface morphology, texture, and particle
size/distribution of the samples. The F-bentonite surface structure, the LDH (NiAl), and the
LDH/F-bentonite composites were analyzed using SEM and are shown in Figure 1a–c. The
F-bentonite (Figure 1a) sample looked to be exceedingly compact in the SEM images, with
layered and flaked morphology. The F-bentonite particles were crystalline with regular-
shaped morphology. Figure 1b shows that the surface morphology of the LDH (NiAl)
displayed compact aggregates of irregular shapes. Figure 1c shows the surface structure
of the LDH/F-bentonite composite materials. It is obvious from the SEM images that the
surface morphology of the composite material was changed more significantly than that of
the F-bentonite and LDH (NiAl). The LDH/F-bentonite composites were composed of a
rigid irregular sheet-like structure. This could be due to the LDH particles having filled up
the internal and external spaces of the bentonite, thereby generating a layered structure.
The compact and layered structure could be due to the stronger electrostatic interactions
between the bentonite (negatively charged) and LDHs (positively charged).
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3.1.2. Energy Dispersive X-ray Analysis

EDX analyses were used to validate the successful formation of composites and
Cd2+ adsorption onto the surface or interlayer of the adsorbents tested, as depicted in
Figure 2. The EDX spectra of the F-bentonite Figure 2a,d before and after Cd2+ adsorption
revealed that the F-bentonite was made up of O, Na, Mg, Al, Si, Ca, and Fe, with weight
percentages of 56.14%, 2.12%, 1.63%, 6.93%, 24.70%, 1.68%, and 6.80%, respectively. These
materials demonstrated a rough surface. Similarly, the EDX spectrum of the F-bentonite
after adsorption of Cd2+ exhibited certain changes in the elemental weight percentages and
the addition of 1.21% Cd2+ as evidence of adsorption on the surface of the F-bentonite. The
EDX spectra for LDH (NiAl) (Figure 2b,e) before and after adsorption of Cd2+ indicated
that the LDH (NiAl) was composed of C (18.23%), O (51.19%), Na (0.95%), Al (4.89%), and
Ni (24.74%). Furthermore, the spectrum after adsorption (Figure 2e) showed a change
in the elemental weight percentage and indicated the addition of 0.94% Cd2+, proving
that adsorption of Cd2+ occurred in the LDH (NiAl). Additionally, the EDX spectra of the
LDH/F-bentonite composites (Figure 2c,f) before and after adsorption of Cd2+ revealed
that the LDH/F-bentonite composite was made up of C (11.16%), O (45.33%), Na (1.12%),
Mg (0.75%), Al (5.61%), Si (9.26%), Ca (1.42%), Fe (3.45%), and Ni (21.90%). Moreover, the
spectrum after adsorption (Figure 2f) revealed changes in the elemental weight percentage
and demonstrated the addition of 2.75% Cd2+, proving that adsorption of Cd2+ occurred in
the LDH/F-bentonite composite.
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3.1.3. Fourier Transform Infrared Analysis

The FTIR technique was employed to detect changes in the material composition
before and after the adsorption of Cd2+ by observing alterations in the characteristic pattern
of the absorption bands. The FTIR spectrograms of the F-bentonite, LDH (NiAl), and
LDH/F-bentonite composites before and after Cd2+ adsorption are presented in Figure 3a,b.
The FTIR plots of all the investigated materials before and after adsorption showed some
slight changes, indicating that the functional groups changed after Cd2+ adsorption. The
broad band at approximately 3200–3600 cm−1 in the pre-adsorption spectra (Figure 3a)
is attributed to the stretching vibration of the surface hydroxyl groups bonded to the
physically adsorbed water [30]. This band broadens in the post-adsorption spectrum
(Figure 3b), indicating that the surface hydroxyl groups were engaged in the adsorption
process [31]. A very-low-intensity peak at 1640 cm−1 in the pre-adsorption spectra of
all the investigated materials (Figure 3a) belonged to OH frequencies of the adsorbed
interlayer water molecules [32]. This band was shifted to 1626 cm−1 in the post-adsorption
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spectra (Figure 3b). Additionally, a very prominent band appeared at 1367 cm−1 in the
pre-adsorption (Figure 3a) spectra of the LDH (NiAl) and LDH/F-bentonite, which be-
longed to the N-O bending vibration of NO3

− ions [33,34]. In addition, this band was
shifted to 1358 cm−1 in the pre-adsorption (Figure 3b) spectra of the LDH (NiAl) and
LDH/F-bentonite. This band was missing in the pre- and post-adsorption spectra of the
F-bentonite. The characteristic absorption band at 1012 cm−1 was seen in the F-bentonite’s
pre-adsorption spectra (Figure 3a), which was shifted to 1005 cm−1 in the post-adsorption
spectra (Figure 3b), belonging to the Si–O bending vibration. The higher intensity of the
Si–O band in the F-bentonite (before and after adsorption) was due to the presence of silica
tetrahedral sheets in the bentonite clay structure. Moreover, the LDH/F-bentonite also
had this absorption band, indicating that the LDHs (NiAl) were loaded on the F-bentonite
successfully [35,36]. The bands identified within the 500–1000 cm−1 region under the low
frequency of the spectrum belonged to the vibration modes of M−O and M−OH [35,37].
The bands at 770, 731, and 690 cm−1 in the pre-adsorption spectra (Figure 3a) belonged to
traces of carbonate ions present in the interlayer. Small shifts in these bands observed in
the spectrum after adsorption (Figure 3b).
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Figure 3. FTIR spectrograms of F-bentonite, LDH (NiAl), and LDH/F-bentonite composite before (a)
and after adsorption of Cd2+ (b).

3.2. Effects of the Retention Time, Solution pH, and Initial Concentrations of the Adsorbent
and Adsorbate

The equilibrium contact time was estimated due to its importance for any batch system
to be able to efficiently utilize the adsorbent and to optimize the performance of the studied
adsorption process. The changes in the adsorption capacity and removal efficiencies of the
studied adsorbent for Cd2+ with the changes in retention time (1 min to 5 h) are shown
in Figure 4. The evaluation of the adsorption system was performed by selecting 5 and
20 mg L−1 of Cd2+, employing 0.3 g of each adsorbent while keeping the pH of the solution
at 6.0. The lowest performance with respect to adsorption capacity and removal efficiency
was seen for the LDH (NiAl) as compared with the other adsorbents, while the composite
adsorbent (LDH/F-bentonite) presented the highest adsorption capacities and removal
efficiencies at the respective retention times. A steady uptake of Cd2+ was seen up to
a retention time of 60 min after observing a rapid removal within 5 min because of the
presence of free active sites upon immediate contact (especially for 5 mg L−1 of Cd2+,
Figure 4a) using all the adsorbent with little changes afterwards until 120 min of contact
time (except for the LDH/F-bentonite adsorbent), as shown in Figure 4. As a result, a
retention time of 60 min was taken as the equilibrium contact time for the current adsorption
system, with little to no changes in the uptake or removal of the studied metal ion, even up
to a retention time of 5 h, as shown in Figure 4. This is because the free active sites on the
surface of the adsorbent were already saturated. The highest uptake of nearly 60 mg g−1
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(with a removal efficiency of 59%) for 20 mg L−1 of Cd2+ was observed when using the
composite adsorbent of LDH/F-bentonite, which also resulted in a maximum removal
efficiency of nearly 90% (with a corresponding adsorption capacity of 22.5 mg g−1) for
5 mg L−1 of Cd2+.
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Figure 4. Effect of the contact time on the adsorption capacities and removal efficiencies of the studied
adsorbents at 5 and 20 mg L−1 of Cd2+ (solution pH, 6 ± 0.2; adsorbent dose, 0.3 g; and initial Cd2+

concentration, 5 and 20 mg L−1).

The changes in in the uptake and removal efficiencies of Cd2+ with respect to varying
values (3–9) of the solution’s pH are presented in Figure 5a. A constant dose of each
adsorbent (0.3 g) was selected with 20 mg L−1 of Cd2+ at an already-estimated equilibrium
contact period of 60 min. The presence of a high amount of H+ at low pH values (2–3)
resulted in very high competition between the positively charged ions, and hence a poor
adsorption performance was observed. With the increase in solution pH, a smaller amount
of H+ resulted in an increased attachment of the divalent Cd2+ attaching to the adsorbent’s
surface [38–40]. An optimum performance at a near-neutral pH value of 7.0 was observed
for all the adsorbents with little or insignificant changes with further increases in solution
pH, as shown in Figure 5a. The highest removal efficiency of nearly 58% with a corre-
sponding maximum adsorption capacity of 58.5 mg g−1 was observed for the composite
adsorbent of LDH/F-bentonite, while the LDH (NiAl) adsorbent showed the poorest per-
formance as compared with the other adsorbents (Figure 5a). Conclusively, a pH value of
7.0 ± 0.2 can be considered as an optimum value for the best performance of the studied
adsorption system.
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Figure 5. Effects of the solution pH (a), adsorbent dose (b), and initial Cd2+ concentration (c) on the
adsorption capacities of Cd2+ by bentonite, F-bentonite, LDH (NiAl), and the composite (LDH/F-
bentonite) (equilibrium contact time, 60 min; solution pH, 6 ± 0.2; initial Cd2+ concentration,
20 mg L−1; and adsorbent dose, 0.3 g).

The initial Cd2+ concentration was calibrated for the best possible performance of
the adsorption system by selecting its suitable range (5–50 mg L−1), and its effects on
both the adsorption capacities and removal efficiencies are shown in Figure 5b. A fixed
(0.3 g) amount of each adsorbent with a solution pH of 6.0 was used, and the samples
were retained for 60 min, which was considered to be the equilibrium contact time. A
concentration of 35 mg L−1 of Cd2+ was determined to be the ideal value for the optimal
adsorption system performance of all the adsorbents, as shown in Figure 5b. Both the
F-bentonite and LDH/F-bentonite adsorbents yielded the maximum adsorption capacity
of about 68 mg g−1 because of the presence of a powerful driving force causing the high
Cd2+ (35 mg L−1) to attach to the adsorbent’s surface [41,42]. The linear increasing trend
of the adsorption capacity with an increasing initial Cd2+ concentration reversed with
insignificant decrease as the preliminary concentration increased from 35 to 50 mg L−1.
The removal efficacy, however, showed a decreasing trend with an increasing initial Cd2+

concentration due to the limited number of active sites of a set dosage (0.3 g) of the
adsorbent attracting an increasing amount of Cd2+. The removal efficiency was estimated
to be 35%, corresponding to the optimum Cd2+ value with the highest adsorption capacity
for both the F-bentonite and LDH/F-bentonite adsorbents.

The effects of the changing dosage of each adsorbent within a suitable range (0.05–0.7 g)
on the uptake and removal of Cd2+ at a fixed concentration of 20 mg L−1 are shown in
Figure 5c. The samples were agitated for a 60 min equilibrium contact period during which
their pH was maintained at 6.0. A steady increase in the uptake capacity of Cd2+ was
observed by increasing the dosage of the adsorbents from 0.05 g to up to 0.3 g due to the
increasing active sites on the surface of the adsorbents at a predetermined concentration of
Cd2+ (20 mg L−1). The observed maximum values of the adsorption capacities were about
34 and 17 mg g−1 (Figure 5c) for the LDH/F-bentonite composite adsorbent and bentonite,
respectively. The removal efficiency followed a steady increasing trend simply due to the
greater availability of the exchangeable adsorption sites with increases in the adsorbent
dosage, reaching about 99% efficiency for the LDH/F-bentonite composite at the highest
tested dosage of 0.7 g.

3.3. Application of Kinetic Models to the Adsorption Data

The adsorption data were explained using the pseudo first-order, pseudo second-order,
ID-WM, and the Elovich kinetic models at various initial Cd2+ concentrations (5, 10, 15 and
20 mg L−1). Table 2 shows the results of a quick comparison that was performed using
only 5 mg L−1 of Cd2+, using both the original nonlinear and derived linearized kinetic
models to compare the experimental and calculated adsorption capacities.
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Table 2. Estimated values of the parameters using nonlinear and derived linearized kinetic models at
5 mg L−1 of Cd2+ onto 0.3 g of adsorbent at pH = 6 ± 0.2.

Kinetic
Model

Parameter
Nonlinear Linearized

Bentonite F-
Bentonite

LDH
(NiAl)

LDH/F-
Bentonite Bentonite F-

Bentonite
LDH

(NiAl)
LDH/F-

Bentonite

Pseudo
1st-order

qe exp (mg g−1) 15.00 17.50 12.25 20.00 15.00 17.50 12.25 20.00
qe cal (mg g−1) 13.9 16.57 11.34 16.63 3.55 2.90 2.92 3.31

k1 (min−1) 0.38 0.45 0.35 0.4 0.009 0.006 0.006 0.006
R2 0.56 0.55 0.45 0.39 0.75 0.38 0.49 0.4

Pseudo
2nd-order

qe cal (mg g−1) 14.59 17.32 11.99 20.73 14.99 17.95 13.00 22.68
k2 (g mg−1

min−1)
0.0426 0.0431 0.0443 0.0292 0.0355 0.0271 0.0167 0.0096

h (mg g−1 min−1) 9.07 12.93 6.37 12.55 7.99 8.73 2.82 4.96
R2 0.83 0.84 0.74 0.71 0.9994 0.9998 0.9994 0.9992

ID-WM

Kip (mg g−1

min1/2)
0.42 0.47 0.41 0.7 0.4289 0.51 0.41 0.70

C (mg g−1) 9.73 12.06 7.45 13.21 9.7275 11.30 7.45 13.21
R2 0.66 0.65 0.79 0.82 0.69 0.75 0.81 0.84

Elovich

α (mg g−1

min−1)
355.17 570.01 136.09 329.82 245.95 907.48 106.16 153.56

β (g mg−1) 0.69 1.59 0.77 0.46 1.45 0.63 1.30 2.17
R2 0.93 0.94 0.96 0.97 0.94 0.94 0.96 0.97

Neither the nonlinear nor the linearized fitting of the pseudo first-order kinetic model
produced reasonable results, as reflected from the calculated R2 values lying mostly within
the average range of 0.40–0.55 for both 5 (Table 2) and 20 mg L−1 of Cd2+, suggesting a
poor fit. Moreover, significantly low adsorption capacities were calculated in the linearized
approach as compared to the experimental values, whereas a close match between both the
calculated and experimental adsorption capacities was observed for the nonlinear pseudo
first-order kinetic model. A very close match between the predicted and experimental ad-
sorption capacities is another indication of how perfectly both the nonlinear and linearized
pseudo second-order kinetic model fitted, as presented in Table 2. The lowest-rate constant
was observed for the composite adsorbent of LDH/F-bentonite as compared with the other
adsorbents using either the nonlinear or the derived linearized fitting of the pseudo second-
order kinetic model (Table 2). The activation energy of the LDH/F-bentonite composite
adsorbent in the nonlinear Elovich kinetic model was the lowest as compared with the
other adsorbents, whereas the highest value was observed for the same adsorbent in the
linearized fitting (β in Table 2). Both the nonlinear and the linearized fitting of the ID-WM
kinetic model yielded average R2 values (0.65–0.84, Table 2) with the highest values for
the model’s constant and boundary-layer thickness of the LDH/F-bentonite composite as
compared with the other adsorbents used in this study. Due to their good-fitting, both the
nonlinear fitting and the derived linearized models of the pseudo second-order and the
Elovich kinetic models applied to the experimental data of batch tests at 5 mg L−1 of Cd2+

employing all the adsorbents are shown in Figure 6.
A precise linearized fit of the pseudo second-order kinetic model can be seen in

Figure 6b with a coefficient of determination (R2) close to unity (1.0). The same can also
be seen for 5 mg L−1 of Cd2+ with very high R2 values, as presented in Table 2, signifying
chemisorption as the controlling mechanism for the adsorption of Cd2+ onto the adsorbents’
surfaces [43–45]. Similarly, both the nonlinear and the linearized fitting of the Elovich
kinetic model yielded high R2 values (0.93–0.97, Figure 6c,d) for 20 mg L−1 of Cd2+, and the
same can be observed for 5 mg L−1 of Cd2+ (Table 2). The nonlinear fitting of the pseudo
second-order kinetic model yielded only reasonable results with R2 values mostly lying in
the range of 0.71–0.84 for both concentrations of Cd2+ (Figure 6a and Table 2).
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Figure 6. Nonlinear and derived linearized fitting of the pseudo-second-order (a,b) and the Elovich
(c,d) kinetic models at 5 mg L−1 of Cd2+.

3.4. Application of Different Isotherm Models to the Adsorption Data

The maximum adsorption capacities and the related parameters were calculated using
the slope and intercept values when using the derived linearized approaches in each model.
For the original nonlinear approaches, residual metal concentrations of Cd2+ at 5–50 mg L−1

were used against the respective experimental adsorption capacities using 0.3 g of each
adsorbent, while suspensions at a pH of 6.0 ± 0.2 were agitated for an equilibrium contact
time of 60 min. Figure 7 presents the nonlinear and the derived linearized fittings of the
Langmuir and Freundlich isotherms, with these being the most commonly used models.
Both the nonlinear and linearized approaches of the Langmuir isotherm showed a near-
perfect fitting to the adsorption of Cd2+ with very high R2 values (0.91–0.99, Figure 7a,b)
using all the adsorbents, signifying a monolayer adsorption system. The fitting of the
Freundlich model is also supported based on the average R2 value of 0.9 (Figure 7c,d) for
all the adsorbents. For both models, the linearized approaches yielded better fittings as
compared with the nonlinear approaches, as predicted when comparing the R2 values.

The ability of both models to predict the adsorption data is further reflected in the
permissible values of the separation factor [RL = (1 + KLC0)−1] and adsorption intensities
(n > 1, Table 3) [46] in the Langmuir and the Freundlich isotherms, respectively. For
both models, however, the maximum adsorption capacities were overestimated (with
few exceptions) as compared to the experimental values, especially for the F-bentonite
and the LDH/F-bentonite composite adsorbent. Moreover, the composite adsorbent of
LDH-F/bentonite showed the highest KF as compared with the other adsorbents in the
Freundlich model. Moreover, the composite adsorbent showed a strong affinity between
its surface and divalent Cd2+, as predicted by the Langmuir isotherm due to it having the
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highest KL values as compared with the other adsorbents (Table 3) using both the nonlinear
and linearized approaches.

Figure 7. Nonlinear and derived linearized fittings of the Langmuir (a,b) and the Freundlich (c,d)
isotherm models.

For the D–R and the Halsey and Temkin isotherms, the derived linearized models
presented a better fitting than the nonlinear approach for all the adsorbents, based on the
calculated R2 values (Table 3), while the opposite trend was seen for the H–J and the Jo-
vanovic isotherms. The D–R isotherm also predicted a physical adsorption of Cd2+ onto all
the adsorbents due to the estimated E values (<8 kJ mol−1, Table 3) [47–49]. The calculated
adsorption capacities in the D–R isotherm were slightly lower than the experimental values
especially for those of the bentonite and the LDH-F/bentonite composite adsorbent when
using the linearized approach. With respect to the calculated R2 values, the Jovanovic
isotherm proved to have a better fit to the adsorption data when using the nonlinear
approach as compared with the other two-parameter models, with the exception of the
Langmuir isotherm. The LDH-F/bentonite composite adsorbent showed lower heat of
adsorption than that of the bentonite or LDH (NiAl) adsorbents, as predicted in the Temkin
isotherm (Table 3). The calculated R2 values within a suitable range of 0.88–0.96 in the
Temkin model also suggested heterogeneous adsorption of Cd2+ with uniform dispersal of
binding energies on the surface of the adsorbent [50]. Both of the three-parameter isotherms
(Redlich–Peterson and Sips) fitted the adsorption data reasonably well, with an average
high R2 value of 0.96 (Table 3), indicating both homogeneous and heterogeneous adsorption
of Cd2+ onto the adsorbent surfaces [51–54]. A relatively high heat of adsorption with
a low degree of heterogeneity for the LDH/F-bentonite composite (0.28 L g−1 and 0.83,
respectively, Table 3) was estimate in the Sips model in comparison to the other adsorbents.
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Table 3. Values of the parameters in the nonlinear and derived linearized fittings of the isotherm
models (solution pH, 6 ± 0.2; contact time, 60 min; and adsorbent dose, 0.3 g).

Isotherm Parameter Nonlinear Linearized

Langmuir

qm , mg g−1 54.92 90.32 31.82 76.07 51.81 71.94 32.05 68.49
KL , L mg−1 0.17 0.11 0.26 0.26 0.20 0.21 0.25 0.40

RL 0.144 0.206 0.099 0.099 0.125 0.122 0.102 0.067
R2 0.91 0.97 0.95 0.96 0.98 0.97 0.99 0.98

Freundlich

qm, mg g−1 47.60 74.79 29.60 73.47 57.77 85.58 31.34 80.84
KF,

((mg/g)(L/mg)1/n) 15.81 17.41 12.61 26.20 15.05 16.81 11.62 23.92

1/n 0.310 0.410 0.240 0.290 0.378 0.458 0.279 0.343
R2 0.82 0.94 0.86 0.9 0.91 0.98 0.88 0.95

D–R

qm , mg g−1 45.82 68.29 27.54 66.27 41.42 56.45 27.26 58.84
KDR, (mol kJ−1)2 3.8 × 10−6 5.0 × 10−6 1.3 × 10−6 2.2 × 10−6 1.0 × 10−6 8.0 × 10−7 1.0 × 10−6 4.0 × 10−7

E, kJ mol−1 0.36 0.32 0.62 0.48 0.71 0.79 0.71 1.12
R2 0.69 0.81 0.84 0.76 0.80 0.73 0.91 0.80

Halsey

qe cal, mg g−1 46.35 66.59 29.24 67.53 54.66 105.76 27.82 93.42
nH −3.21 −2.45 −4.25 −3.51 −2.64 −2.18 −3.58 −2.92
KH 0.000 0.001 0.000 0.000 0.356 0.447 0.225 0.391
R2 0.82 0.94 0.86 0.90 0.91 0.98 0.88 0.95

Temkin
KT , L mg−1 1.96 1.35 4.70 3.95 1.96 1.35 4.70 3.95

Hads , kJ mol−1 0.089 0.054 0.18 0.07 224.31 136.93 441.39 176.14
R2 0.88 0.95 0.91 0.95 0.89 0.95 0.92 0.96

H–J
AHJ, mg g−1 111.41 115.98 93.85 172.4 370.3704 500 270.27 769.231

BHJ 2.72 2.31 3.16 2.73 1.56 1.45 1.78 1.46
R2 0.75 0.87 0.80 0.83 0.79 0.82 0.75 0.79

Jovanovic
qm , mg g−1 46.63 71.75 28.17 66.56 23.18 27.06 17.63 33.83

kj, L g−1 −0.13 −0.11 −0.19 −0.19 −0.022 −0.034 −0.014 −0.025
R2 0.91 0.96 0.91 0.94 0.61 0.73 0.58 0.60

Elovich
qm , mg g−1 21.41 36.10 8.92 23.15

ke, L g−1 1.13 1.08 1.43 1.18
R2 0.77 0.91 0.84 0.91

R–P

KRP , L g−1 6.09 10.15 7.96 21.54
α, L mg−1 0.0432 0.13 0.24 0.32

β 1.25 0.97 1.01 0.97
R2 0.91 0.96 0.95 0.96

Sips

qm , mg g−1 53.99 102.36 31.51 81.94
KS, L g−1 0.16 0.12 0.25 0.28

nS 1.04 0.84 1.03 0.83
R2 0.89 0.96 0.95 0.96

Summarizing the fitting of the kinetic models, a perfect linearized fitting of the pseudo
second-order kinetic model with an R2 value close to unity 1.0 suggested chemisorption
as the controlling mechanism for the adsorption of Cd2+ onto the adsorbents’ surfaces.
The nonlinear Elovich kinetic model yielded the lowest activation energy of the LDH/F-
bentonite composite, whereas the highest value was observed in case of the linearized fitting
of the same model. Both the nonlinear and the linearized fitting of the Langmuir isotherm
with very high R2 values (0.91–0.99) reflected a near-perfect fitting to the adsorption of
Cd2+ using all the adsorbents, signifying a monolayer adsorption system. The physical
adsorption of Cd2+ onto all the adsorbents is proposed due to the estimated E values
(<8 kJ mol−1) in the D–R isotherm. The suitable fitting of the Temkin model also suggested
heterogeneous adsorption of Cd2+ onto the surface of the LDH-F/bentonite composite
adsorbent, reflecting a lower heat of adsorption than that of the bentonite or LDH (NiAl)
adsorbents. The Jovanovic isotherm showed a better fit of the adsorption as compared
with the other two-parameter models, with the exception of the Langmuir isotherm, based
on the calculated R2 values. Finally, both homogeneous and heterogeneous adsorption of
Cd2+ onto the surface of adsorbents is proposed due to the satisfactory fitting of the three-
parameter models (Redlich–Peterson and Sips) with a relatively high heat of adsorption and
a low degree of heterogeneity for the LDH/F-bentonite composite adsorbent in comparison
with the other adsorbents, as estimated in Sips model.
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4. Conclusions

Nanocomposites of functionalized bentonite clay and LDH of NiAl (LDH/F-bentonite)
were tested for their efficacy in removing Cd2+ by varying the batch parameters in this
study. The SEM images revealed significant changes in the surface structure of the LDH/F-
bentonite composite after the bentonite was mixed with LDH (NiAl). The EDX analyses of
the F-bentonite, LDH (NiAl), and the LDH/F-bentonite composite after adsorption of Cd2+

exhibited certain changes in their elemental weight percentages, confirming the adsorption
of Cd2+ onto the surface of the studied adsorbents. The FTIR spectrograms of the studied
adsorbents before and after adsorption showed some slight changes, indicating that surface
hydroxyl groups were engaged in the adsorption process. The analysis also confirmed the
successful loading of LDH (NiAl) onto F-bentonite and the adsorption of Cd2+ onto the
F-bentonite, LDH (NiAl), and LDH/F-bentonite composite, suggesting ion-exchange and
surface precipitation as the main controlling mechanisms for the formation of the adsorbent.

A retention time of 60 min was estimated to be the equilibrium contact time for the
current adsorption system, with the LDH/F-bentonite composite presenting the highest
adsorption capacity (60 mg g−1) and removal efficiency (nearly 90% with a corresponding
adsorption capacity of 22.5 mg g−1) as compared with the other adsorbents at the respective
retention times. With respect to the solution pH, an optimum performance at a pH value
of 7.0 ± 0.2 was observed for all the adsorbents with little or insignificant changes with
further increases in the solution pH. The LDH/F-bentonite composite adsorbent presented
the highest removal efficiency and maximum adsorption capacity, while the LDH (NiAl)
adsorbent showed the poorest performance as compared with the other adsorbents. The
initial concentration of Cd2+ was also optimized for the best performance of the adsorption
system for all the adsorbents, with the F-bentonite and LDH/F-bentonite adsorbents yield-
ing the maximum adsorption capacity. A steady increase in the uptake capacity of Cd2+ was
observed by increasing the dosage of the adsorbents, with the LDH/F-bentonite composite
having the highest removal efficiency. The findings of the current study demonstrated the
successful adsorption of Cd2+ onto the F-bentonite, LDH (NiAl), and LDH/F-bentonite
composite, and suggest that the main controlling mechanisms of the formation of adsorbent
are ion exchange and surface precipitation. The optimum performance of the composite
adsorbent with respect to its adsorption capacity and removal efficiency indicate that the
novel combination of the studied LDH and the functionalized bentonite clay can be used
as an effective material for used in the removal of similar contaminants from wastewater
systems in the future.
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