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Abstract

In this study, a core-shell nanocomposite was successfully prepared using NiAlFe-LDH as a core coated with
polystyrene (PS) nanoparticles with an LDH:PS ratio of 3:1 (PS @NiAlFe-LDH) for the removal of cadmium (Cd2*) from
aqueous solutions. PS nanospheres were prepared from styrene monomer recovered from Styrofoam waste. The
prepared PS@NiAlFe-LDH was characterized for its structural morphology, elemental composition, surface area, and
pore morphology. Results indicated the successful formation of PS nanosphers core coated by platelet LDH shell and a
successful adsorption of Cd%* ions. The maximum adsorption efficiency (95.53%) was achieved under the optimal
conditions: pH of 6, PS@NiAlFe-LDH dosage of 0.15 g/100 mL, shaking speed of 200 rpm, and an initial Cd2*
concentration of 100 mg/L at a 90-minute contact time. Langmuir isotherm model was the most accurate in describing
the adsorption process with a maximum adsorption capacity of 227.273 mg/g. The pseudo-second-order (PSO) kinetics
model described the adsorption behaviour of cadmium ions on PS@NiAlFe-LDH surface as the calculated values from
the model were close to the experimental values. The adsorption mechanism was a combination of electrostatic
attraction, surface complexation/ion exchange and internal diffusion within the pores. PS@NiAlFe-LDH demonstrated
significant reusability, with an efficiency of 57.56% after six regeneration cycles. In conclusion, this study indicates
that PS@NiAlFe-LDH nanocomposite exhibits high quality and excellent efficiency in removing cadmium ions from
aqueous solutions, owing to its porosity and abundance of active groups on its surface, as well as structural stability
after adsorption, which makes it a promising material for environmental remediation applications.
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1. Introduction pigments, plastics, and battery manufacturing [2].
Ecosystems readily absorb cadmium and then
accumulate it in people through the food chain,
where it has been linked to cancer, hypertension,
renal dysfunction, and liver disorders [3].
According to the World Health Organization
(WHO), the maximum level of Cd2* contamination
in drinking water should not exceed 0.003 mg/L
[4]. Many technologies can be used to remove Cd2*
from aqueous solutions, including adsorption [5],
membrane filtration [6], ion exchange [7], and

The rapid increase in industrial activity has
prompted heavy metal contamination of the
environment [1]. Cadmium (Cd) is one of the most
toxic elements to humans and is commonly used
in many industrial activities, including alloy
manufacturing, smelting, electroplating,
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chemical precipitation [8]. Among these methods,
adsorption is an efficient and economical approach
due to its simplicity, ease of operation, cost-
effectiveness, and excellent removal efficiency [9].
The efficiency of adsorption depends on the
properties of the adsorbent, such as surface area
and the availability of binding sites [10]. Thus,
many materials have been synthesized, modified,
and tested as adsorbents for heavy metal ions [11].
The cost-effectiveness of adsorption depends on
the nature of the adsorbent; therefore, researchers
are continually searching for inexpensive and
efficient materials [12]. Styrofoam or expanded
polystyrene (EPS) is a thermoplastic material
prepared from a petroleum-based product
(styrene), developed into PS by polymerization.
Styrofoam is used in food packaging, household
appliances, and disposable products in material
packaging, leading to a significant increase in
styrofoam waste [13]. However, it has become a
critical environmental issue due to its non-

decomposable nature and persistent
environmental presence, posing risks through
accumulative  visual  pollution, ecological

disturbances, and probable health dangers [14].
The methods used to remediate plastic waste
contamination may include direct dumping or
landfilling, incineration, and mechanical
recycling. Landfilling of these waste into the soil
has a long-term effects as degredation over time
produces a microplastic fragments that have
potential impact on the ecosystem [15].
Incineration of styrofoam waste leads to the
emission of harmful gases, such as benzene,
toluene, and xylene, that humans and animals can
inhale, causing diverse kinds of cancer, lung
disease, and immune disorders [16]. Mechanical
recycling converts styrofoam waste into products
with similar purposes. Consequently, there is an
emergent necessity to realize the adverse effects
of Styrofoam waste and develop sustainable
methods for its management [17]. One way 1is to
develop a valuable products from Styrofoam
waste.

Soheilian et al. used PS nanoparticles for the
adsorption of copper. With a maximum adsorption
capacity of 6.36 mg/g [18]. Researchers found that
PS nanoparticles could be used with another
material to increase its adsorption capacity [19—
21]. Hence, in this research, Styrofoam waste was
converted into polystyrene nanosphers (PS) and
embedded with layered double hydroxide (LDH)
which have attracted attention as potentially
efficient adsorbents in removing heavy metal ions
due to their characteristics such as organized
layered configuration, high surface area, excellent
ion exchange properties, and easy to deal with in
composition [22,23], to develop a core-shell
nanocomposite in which PS nanosphers core is
coated with NiAlFe-LDH shell (PS@NiAlFe-
LDH). Along with the sustainable reuse of

styrofoam waste, embedding PS nanosphers with
LDH create a more stable material, can
significantly increase the specific surface area,
which enhances the adsorption capacity. The LDH
shell prevents the adhesion and agglomeration of
PS nanosphers, allowing the well-distribution of
nanocomposite and facilitate the diffution of
Cadmium, thus increasing the adsorption
capacity. LDH contains -OH groups, M?* and M?*
cations (such as: Mg?", AlI**, Ni**, and Fe?®),
cadmium can bind strongly to these sites via
complexation and electrostatic attraction which
results in stronger and more stable adsorption
compared to PS nanosphers alone.The physio-
chemical characteristics of the prepared
nanocomposite were examined using transmission
electrons microscopy (TEM), X-ray diffraction
patterns (XRD), scanning-electron-
microscopy/energy-dispersive X-ray spectroscopy
(SED/EDX), Brunauer-Emmett-Teller analysis
(BET), and Fourier-transform-infrared-
spectroscopy (FTIR). PS@NiAlFe-LDH was
evaluated for the elimination of Cd?* ions from an
aqueous solution in a batch system under
different experimental conditions (initials
solution pH, PS@NiAlFe-LDH dosage, initial Cdz*
concentration, agitation speed, and contact time).
The isotherms, kinetics, adsorption mechanisms,
and reusability were also investigated.

2. Materials and Methods

Styrofoam, Sodium carbonate [Na2:COs3],
Sodium dodecyl sulfate [NaCi2H25SO04], and
potassium persulfate (KPS) [K2S20s8] were used
for the preparation of polystyrene nanoparticles.
Nickel nitrate [Ni(NOs)2], ferric nitrate
[Fe(NO3);], and aluminum nitrate nonahydrate
[AI(NO3); ‘9H,0] used for LDH preparation.

2.1 Synthesis of Adsorbent
2.1.1 Synthesis of PS nanospheres

PS nanosheres were prepared using styrene,
which was recovered from recycling Styrofoam
waste by the thermal depolymerization of
styrofoam waste, as a monomer. To reduce the
volume and increase the density of the styrofoam,
it was dissolved in acetone; releasing all the
trapped air in Styrofoam [Figure 1(a)]. The
mixture was heated to evaporate all the acetone,
leaving a solid plastic material (polystyrene).
Polystyrene was added to a distillation apparatus
to produce a translucent yellow liquid (crude
styrene) [Figure 1(b)]. A second distillation was
conducted to obtain pure styrene by collecting it at
a temperature (145 °C - 150 °C), since styrene
distils above 145 °C (Figure 1(c)). The product was
stored in a cool, dark place to prevent the auto-
polymerization of styrene monomer into
polystyrene. PS nanospheres were prepared,
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using the previously prepared monomer styrene
via emulsion polymerization. 0.0996 g of Na2COs
and 0.1989 g of SDS were added to 250 mL of
deionized water, and the mixture was purged with
N2 gas for 30 min. Then 30 mL of previously
prepared styrene was added, and the mixture was
stirred at 60 °C for 30 minutes. The
polymerization was initiated by adding a KPS
solution prepared by dissolving 0.9326 g of KPS in
15 mL of deionized water. The mixture was then
stirred at 80 °C for 24 hours. A white powder (PS
nanospheres) was collected by centrifugation,
washed with methanol, and dried at 80 °C for 24
hrs. Figure 2 shows a schematic illustration of the
preparation of PS nanospheres.

2.1.2 Synthesis of PS@NiAlFe-LDH

PS@NiFeAl-LDH was prepared by in-situ
coprecipitation of metal ions on the PS core. PS
nanosphers were added to distilled water, and the
pH was adjusted to 9+0.1 by adding a dropwise 0.1
M NaOH solution. The PS nanosphere solution
was stirred for 30 minutes. Metal salts solutions
[Ni(NOs)2, AI(NO3); 9H,0, and Fe(NO3);] with
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(b)

Crude styrene
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Ni/(Al+Fe) molar ratio of 2:1 were added to the PS
nanosphere solution with different LDH:PS ratios
of (1:1, 2:1, and 3:1) while maintaining the pH at
9+0.1. The mixture was aged at 80 °C for 24 h. The
product was centrifuged and then washed three
times with deionized water. The precipitate was
dried in a drying oven at 70 °C for 24 h. Figure 3
shows the steps of NiAlFe-LDH preparation.

2.2. Batch Experiments

The batch experiments were conducted to
investigate the influence of adsorption
parameters, including pH, initial Cd2*
concentration, PS@NiAlFe-LDH dose, agitation
speed, and contact time. The samples were
analyzed by atomic absorption spectroscopy
(AAS), and the efficiency (E) of Cd?* removal was
determined using Equation (1) [24]. The amount
of Cd%* adsorbed per unit mass (ge, mg/g) or
adsorption capacity can be calculated by Equation
(2) [25,26]:

E (%) = £=%¢ % 100 (1)
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Figure 1. Schematic illustration of styrene preparation.
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Figure 2. Schematic illustration of PS nanoshperes preparation.
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Ci—Ce
ge = C vy )

Where Ci and C. are the original (initial) and
equilibrium concentration of Cd* (mg/L),
respectively, and W is the mass of PS@NiAlFe-
LDH (g).

2.3. Adsorption Isotherms and Kinetics

To describe the interactions between Cd2*
ions in solution and PS@NiAlFe-LDH, Langmuir
and Freundlich adsorption isotherms were used.
Non-linear optimization of Langmuir (Equation
(3)] and Freundlich (Equation (4)) models was
used to analyze the isothermal data [27,28]:

_ qmkLCe

Qe = ik ce (©)
1

e = kf Cen 4)

Where qe and ¢gm are the equilibrium and
maximum adsorption capacities (mg/g),
respectively. kL 1s the Langmuir model constant,
ks and n are Freundlich model constants.

Pseudo-first-order (PFO) and pseudo-second-
order (PSO) kinetic models were utilized to
describe the rate of retention or release of a Cdz*
from an aqueous solution to the solid-phase
interface. PFO (Equation (5)) and PSO (Equation
(6)) models can be stated by [29]:
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Figure 4. Removal efficiencies for PS@NiAlFe-
LDH nanocomposite preparation ratios.
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Where g and ¢:, mg/g, are the amount of
cadmium adsorbed at equilibrium and at time, t,
min, respectively, k1 and k2 are the PFO and PSO
constants of the equilibrium rate (mins?),
respectively.

Intra-particle-diffusion (Equation (7)) was
applied to explore the mechanism of Cd2*
adsorption on PS@NiAlFe-LDH, which is
described by the mode of diffusion or
transportation of Cd?* from the solution onto the
solid phase [30,31]:

qc = ki t*5+C (7)

Where ¢t is the quantity of Cd2+ adsorbed (mg/g)
at time ¢ (min.), ki 1s the IDF rate constant
(mg/g.min%%), and C is the intercept related to the
thickness of the boundary layer (mg/g).

3. Results and Discussion
3.1 PS@NiAlFe-LDH Synthesis

PS@NiAlFe-LDH was synthesized with
LDH:PS ratios of 2:1, 3:1, and 4:1. The prepared
nanocomposites were tested for Cd2+ adsorption
as shown in Figure 4. It was found that a 3:1 ratio
resulted in the highest removal efficiency, thus it
was selected for the synthesis of PS@NiAlFe-
LDH nanocomposite.

3.2 Characterizations
3.2.1 SEM and TEM analysis

The morphology of PS@NiFeAl-LDH and PS
nanosphers was examined by SEM and TEM, as
shown in Figure 5. Figure 5(a) indicates that PS
nanospheres were successfully synthesized.
Figure 2(b) shows that NiFeAl-LDH were
successfully synthesized with a platelet
morphology and uniformly attached to the
surface of PS Nanospheres, which corresponds to
the TEM image (Figure 5 (c)), and confirms the
successful preparation of PS@NiFeAl-LDH

Aging at 80 C for 24 hr drying at 80 C for 24 hr PS@LDH Powder

Centerifuging

Figure 3. Diagram of the preparation of PS@NiAlFe-LDH nanocomposite.
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nanocomposite. SEM also analyzed the
morphology of PS@NiFeAl-LDH after the
adsorption of Cd?* ions (Figure 5(d)). It can be
observed that Cd?* ions did not alter the
structural features of  PS@NiFeAl-LDH
nanocomposite, confirming the stability of
PS@NiFeAl-LDH in acidic environments [32].

An analysis of the elemental content of
PS@NiFeAl-LDH before and after Cd2* adsorption
was conducted with Energy Dispersive Spectra
(EDS) maps. Figure 6(a) shows that PS@NiFeAl-
LDH contained a large amount of carbon from the
surface of PS nanosphers as well as nickel, iron,
and aluminium from the NiFeAl-LDH. Figure 6(b)
shows an additional element (Cadmium), which
confirms the adsorption of Cd? onto the
PS@NiFeAl-LDH@ nanocomposite.

3.2.2. XRD analysis

The crystallinity and crystal structure of PS
nanosphers and PS@NiFeAl-LDH nanocomposite
was analyzed by XRD. Figure 7(1) showed the
XRD patterns of PS nanosphers and PS@NiFeAl-
LDH nanocomposite. A board peak can be
observed at 23.02°-25° (d-spacing = 2.8577 A),
which is the most dominant feature indicating the

amorphous nature of PS nanosphers, as well as
their nano-size [33]. The PS@NiFeAl-LDH
nanocon}posite exhibits peaks at 12.03° (d-§pacing
= 7.26 A), 29.6775° (d-spacipg = 3.013 A), and
32.125 ° (d-spacing = 2.783 A), corresponding to
the (104) plane, indicating a spherical
polycrystalline structure that is predominant in
the crystalline structure. A peak at 39.225° (d-
spacing = 2.295 A) corresponding to (006) plane
indicates the presence of NiAlFe-LDH shell.
Sharp and intense peaks with a reduced d-spacing
at increasing 260° indicate that the material's
crystals are uniformly arranged. The peak of the
(300) plane at 63.725° (d-spacing = 1.485 A)
reflects the existence of three metal cations in the
host layer [34]. Creystalline size for PS@NiFeAl-
LDH nanocomposite was calculated using
Scherrer equation and it was found to be equal to
59.86 nm.

3.2.3 FTIR analysis

FTIR spectra of PS and PS@NiAlFe-LDH
(before and after Cd2* adsorption) are shown in
Figure 7(2). The spectrum of PS nanosphers have
a C—H aromatic stretching peak at 3028.66 cm-1, a
C—-H aliphatic stretching peak at 2920.66 cm, a

Figure 5. (a) SEM of PS nanospheres; (b) SEM of PS@NiFeAl-LDH nanocomposite; (¢) TEM of
PS@NiFeAl-LDH nanocomposite; and (d) SEM of PS@NiFeAl-LDH nanocomposite after Cd*2 adsorption.
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C=C aromatic stretching at 1603.52 cml and
1452.14 cm! indicating the presence of a benzene
ring, and an aromatic C—H bending peak at
755.959 cml, a characteristic peaks confirm the
successful preparation of PS nanosphers [35,36].
In PS@ NiAlFe-LDH spectrum, new peaks appear
(a strong broad O-H stretching peak at 3439.42
cm-! and H-O-H bending peak at 1630 cm-!, which
are due to the O—H groups vibration in water
molecules between the layers and/or the H bonds
[37,38], a M—O/M-OH (M represents Ni, Al, or Fe)
peak at 431.01 cm!, and at 1122 cm! related to
the interlayer NOs ions stretching vibration)
without a significant change in the PS nanosphers
spectrum peaks, indicating the formation of
NiAlFe-LDH shell on PS core. PS@ NiAlFe-LDH
was also analyzed after the adsorption of Cd2+; a
change in the peaks appears due to the adsorption
of Cd2*. The O-H stretching and H-O-H bending
peaks were reduced due to Cd?* binding. A shift in
the M-O/M-OH peak and a new peak appear at
618.07 cm! due to the Formation of Cd-O or Cd—
OH after adsorption [39]. These changes indicate
the adsorption of Cd2* on PS@ NiAlFe-LDH
nanocomposite.

3.2.4 BET analysis

The N2 adsorption-desorption isotherm
(Figure 8) was conducted to obtain the porous
structure and pore size distribution of
PS@NiAlFe-LDH. As stated by the International-
Union-of-Pure-and-Applied-Chemistry (IUPAC)
classes of adsorption isotherms, PS@NiAlFe-LDH
isotherm 1s (Type IV) adsorption isotherm with
(H3-type) hysteresis-loop due to the aggregation of
platelet particles, which indicates a mesoporous
structure with slit-shaped pores and extensive
distribution of pore size ranging from 1.52 to 52.22
nm, resulting in rapid adsorption [40]. BET theory
was used to determine the specific surface area,
average pore volume, and pore diameter, which
are listed in Table 1. The surface area of
PS@NiAlFe-LDH is higher than that of PS, which
indicates that coating PS nanosphers with a shell
of NiAlFe-LDH increased their surface area,
resulting in greater adsorption capacity.
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Figure 6. EDS examination of (a) PS@NiFeAl-LDH nanocomposite and (b) PS@NiFeAl-LDH after Cd2+

adsorption.
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3.3. Influence and Optimization of Adsorption
Parameters

3.3.1. Effect of pH

The initial pH plays an essential role in
determining the adsorption capacity of
adsorbents. The pH significantly affects Cadmium
(Cd) adsorption by altering Cd's speciation in
solution and the charge of the PS@NiAlFe-LDH
surface [41]. The impact of pH on the removal
efficiency of Cd2* was explored a pH range (2-8).
The efficiency of Cd2+ removal was increased with
raising pH from 2 to 8, with maximum efficiency
at pH of 6, while it decreases when pH>6 as shown
in Figure 9(a). This behaviour was associated with
the surface chemistry of the PS@NiAlFe-LDH
composite, as the pH can modify the adsorbent
surface. The point of zero charges (pHpzc) for
PS@NiAlFe-LDH was calculated by using the salt
addition method, and it was found to be 4.43, as
shown in Figure 9(b). When pH < pHpzc,
PS@NiAlFe-LDH develop a positive charge,
resulting in an electrostatic repulsion between
Cd?* ions and PS@NiAlFe-LDH as well as H* ions
competing on the active sites, leading to a
decrease in Cd2* adsorption. When pH > pHpzc,
PS@NiAlFe-LDH surface became negatively
charged and thus increases the electrostatic
attraction between Cd2* ions and PS@NiAlFe-
LDH, resulting in an increased adsorption of Cdz*
ions. Increasing the pH to more than 8 results in

the precipitation of Cd as Cd(OH)z; thus, an
increase in removal efficiency can be observed, not
due to actual adsorption, but rather due to
precipitation [24]. The mechanism of adsorption is
highly influenced by changes in pH. At low pH, the
dominating process is ion exchange with H* and
metals in the LDH (forming inner sphere
complexes). While at high pH, Cd?* adsorption is
accomplished by the release of H* ions. Thus, a
pH higher than pHpzc was favourable in this
study as the negatively charged sites increased,
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Figure 8. BET-BJH analysis for PS nanosphers
and PS@NiAlFe-LDH nanocomposite.

Table 1. BET-BJH analysis for PS nanosphers and PS@NiAlFe-LDH nanocomposite.

Surface area,

Average pore volume,

Average pore diameter,

Material m?/g cm3/g nm
PS 15.304 0.014 5.97
PS@NiAlFe-LDH 159.35 0.031 18.97
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Figure 7. (1) XRD patterns for PS and PS@NiFeAl-LDH; (2) FTIR of PS, PS@NiAlFe-LDH, and
PS@NiAlFe-LDH after Cd2+.
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which is favoured for the adsorption of positively
charged Cd2* ions.

3.3.2. Effect of NiAlFe-LDH@PS dosage

The dose of adsorbent can also influence the
removal of contaminants. The influence of
adsorbent dosage was investigated at various
dosages ranging from 0.05 to 0.25 g of PS@NiAlFe-
LDH/100 mL  (Figure 9(c)). Increasing
PS@NiAlFe-LDH dosage increase the overall
percentage of cd removed due to providing a
greater surface area and more active sites for the
cadmium ions to bind [42], and increasing of the
concentration gradient between the liquid and
solid phases, which speeds up the mass transfer of
Cd 1ons to PS@NiAlFe-LDH surface, thus the
removal efficiency increased as PS@ increased
reaching a maximum removal at a dose of 0.15
¢/100 mL. while increasing PS@NiAlFe-LDH
more than 0.15 g/100 mL resulted in reducing the
adsorption capacity as all Cd2* were adsorbed and
many of the active sites remain unsaturated as
the available Cd2* ions were distributed across a
larger number of adsorption sites [43]. This
reduces the amount of Cd adsorbed per gram of
the adsorbent, resulting in a decrease in the
adsorption capacity. Thus, a PS@NiAlFe-LDH
dose of 0.15 g/100 mL was selected as the optimum
adsorbent dosage.

3.3.3. Effect of shaking speed

Shaking speed is an important factor in the
adsorption of Cd2?* ions that impacts the contact
between Cd2* ions and PS@NiAlFe-LDH and
affects the distribution of Cd2* ions in solution,
thus affecting the adsorption kinetics. The effect
of shaking speed on the adsorption of Cd ions was
investigated at a range of 50 — 250 rpm (Figure
9(d)). The efficiency increased with increasing the
shaking speed, reaching its maximum at 200 rpm.
At low shaking speeds, the PS@NiAlFe-LDH
particles were not distributed enough to provide
the active sites, and a thick diffusion layer can
form around PS@NiAlFe-LDH particles, limiting
the rate at which Cd2+ions reach the binding sites.
As the shaking speed increases, the thickness of
the boundary layer surrounding the PS@NiAlFe-
LDH particle decreases, thereby improving mass
transfer and increasing the adsorption rate. It was
observed that increasing the shaking speed
further reduces the removal efficiency of Cd?, as
the added energy can break the bonds that have
already formed between the Cd ions and the
PS@NiAlFe-LDH surface, thereby reducing the
overall removal efficiency. Thus, a shaking speed
of 200 rpm was selected as the optimum speed for
the adsorption of Cd2+.

3.3.4. Effect of initial Cd2* concentration and
contact time

The initial concentration of Cd2+ ions affects
the driving force for mass transfer and the
frequency of collisions between Cd molecules and
PS@NiAlFe-LDH active sites [12]. The influence
of initial Cd?* concentration was investigated over
a range (50-150) mg/L (Figure 9(e)). It was
observed that the removal of Cd?* ions increased
with increasing the initial concentration, reaching
a maximum removal when the initial
concentration was 100 mg/L. Increasing the initial
concentration provides a stronger concentration
gradient, increasing the driving force for Cd2* ions
to move from the solution to the PS@NiAlFe-LDH
surface and onto the active sites as well as
increasing Cd2* molecules present in the solution,
which results in more frequent collisions with the
PS@NiAlFe-LDH surface, increasing the rate of
adsorption [44]. However, increasing the initial
concentration more than 100 mg/L resulted in
decreased removal efficiency as the available
adsorption sites on PS@NiAlFe-LDH become
saturated and even if the total amount of Cd2* ions
adsorbed increase, the percentage of the total Cd2*
ions removed from the solution decrease because
there is not enough adsorbent to handle the large
quantity of Cd?* ions, thus an optimum initial
concentration of 100 mg/L. was selected for the
adsorption of Cd2* ions on PS@NiAlFe-LDH.

The adsorption parameters were tested at
various periods, ranging from 15 to 120 minutes.
Initially, the adsorption capacity increased
rapidly because of the abundance of active sites on
the PS@NiAlFe-LDH surface for Cd?* ions to
attach to. Subsequently, the rate of adsorption
slowed down as more Cd?* molecules adsorb, and
the number of available sites decreased, leading to
a slower rate of adsorption until equilibrium was
reached at 90 min when the PS@NiAlFe-LDH
surface is saturated. The rate of adsorption equals
the rate of desorption, resulting in a nearly
constant removal efficiency [26]. The optimum
conditions for Cd2* adsorption on PS@NiAlFe-
LDH are listed in Table 2.

Table 2. Optimum factors for the adsorption of
Cd2+ on PS@NiAlFe-LDH.

Parameter Optimum
value
pH 6
Initial Cd*2 concentration, mg/L 100
PS@NiAlFe-LDH dose, g/100 mL 0.15
Shaking speed, rpm 200
Contact time, min 90
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3.4. Adsorption Isotherms

Isotherm models play an essential role in
predicting the relationship between the amount of
Cd2+ adsorbed and its concentration at
equilibrium. The results of Langmuir and
Freundlich's non-linear analysis are shown in
Figure 10, while the constants and variables are
present in Table 3. The Langmuir isotherm
described the adsorption of Cd2* ions on
PS@NiFeAl-LDH, yielding a higher correlation
coefficient (R?) and maximum capacity of 227.273
mg/g, indicating a homogenous PS@ surface with
a finite number of identical sites and a monolayer
adsorption with adsorption site [27]. The value of
the separation factor (Rr) was obtained for all
initial concentrations and it was found to be less
the 1 and higher than 0, for all initial
concentration, indicating a favorable adsorption of
Cd2* ions on PS@NiFeAl-LDH nanocomposite
[45].

140 -
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Figure 10. Isotherm models for the adsorption of
Cdz+.

Table 3. Isotherm parameters for the adsorption of Cd2*.

25 30 35

3.5. Kinetics of Adsorption

To study the kinetics of cadmium Cd2* ions
adsorption on PS@NiAlFe-LDH nanocomposite,
the pseudo-first-order (PFO), and pseudo-second-
order (PSO) models were utilized. Figure 11(a,b)
shows the fitted data for both models, while Table
4 represents the Kkinetic parameters and
correlation coefficient (R%. The kinetics of
cadmium (Cd2*) adsorption on PS@NiAlFe-LDH
nanocomposite were described by the PSO model
due to greater R2 values, and the theoretical
Q(e(model)) being closer to the experimental ge(exp.)
revealing that the rate-controlling step of Cd2*
adsorption was a chemical reaction, indicating a
chemisorption process [46]. Cadmium reacts with
functional groups on the surface of PS@NiAlFe-
LDH nanocomposite (e.g., -OH, -COOH) through
covalent bonds, resulting in the formation of
surface complexes. This leads to stable and strong
binding of cadmium on the surface of PS@NiAlFe-
LDH nanocomposite and a difficult re-extraction
of Cd%* ions (low desorption). The diffusion
mechanism of Cd?* ions was evaluated by the
intra-particle-diffusion kinetic model (IPD);
Figure 11(c) shows a three-step adsorption
process. The first was the film diffusion stage, in
which Cd?* ions were transferred from the bulk
solution to the liquid film around PS@NiAlFe-
LDH nanocomposite by electrostatic attraction
and took about 15 min. The adsorption capacity
increased rapidly due to the presence of numerous
active sites. The second stage was the internal
diffusion, in which Cd2* ions transferred to the
pores of PS@NiAlFe-LDH nanocomposite and
adsorbed on the active sites and took about 60
min. The adsorption rate slowed down compared
to the first stage due to the saturation of the

Isotherm Parameter Value
Qmax 227.273
K, 0.012
Langmuir R? 0.9941
R, (Co=100 mg/L) 0.46
SSR 268.93
X2 0.231
Kf 29.65
1
Z 1.21
Freundlich n
R? 0.922
SSR 984.1
X2 12.4
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surface active sites. Eventually, Cd?* ions settle on
the active sites (functional groups such as —OH, —
COOH, or sites with positive or negative charges)
and the adsorption reaches equilibrium in about
15 minutes. The intra-particle diffusion is the
rate-limiting step [47]. Table 5 represents the
parameters of the IPD model. Table 6 compares
the adsorption capacity of PS@NiAlFe-LDH
nanocomposite with those reported in other
studies on Cd2+ adsorption.

3.6. Adsorption Mechanism

Coating PS nanospheres with a shell of
NiAlFe-LDH enhanced their properties, such as
surface area and pore volume. As the pH of the
solution was greater than pHrzc of PS@NiAlFe-
LDH, the hydroxyl and carboxyl groups ratio on
the PS@NiAlFe-LDH surface increased in the
form of -COOH and -O- due to the dissociation of
oxygen-containing groups on the PS@NiAlFe-

Table 4. Parameters for PFO and PSO models for the adsorption of Cd%* ions on PS@NiAlFe-LDH

nanocomposite.
Kineti p Value
metic  Barameter e me/l,  Co= 75 mg/ll,  Co= 100 mg/l,  Co= 150 mg/L,  Co= 200 mg/L
e(Exp) 27.24 43.67 63.68 89.48 96.15
PFO Ge(model) 18.48 36.86 33.18 63.77 95.6
R? 0.9588 0.9599 0.9491 0.9451 0.9315
K, 0.0301 0.038 0.039 0.048 0.048
Qe(Exp) 27.24 43.67 63.68 89.48 96.15
PSO Ge(moden) 27.7 45.045 64.516 90.91 99.01
R? 0.9914 0.9886 0.9985 0.9975 0.9942
K, 0.0063 0.0034 0.0057 0.0035 0.0019
‘] ® 50 mg/L =75 mg/L 100 mg/T. 3 ® 50 mg/L B 75 mg/L 100 mg/L
5 ¢ 150 mg/L 200 mg/L 150 mg/L 200 mg/L
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LDH surface, increasing the electrostatic
attraction between Cd2* ions and the PS@NiAlFe-
LDH surface. Some of Cd?* ions diffused to the
PS@NiAlFe-LDH pores, which undergo reactions
with the functional groups, such as -OH, =0-, and
-COOH, to form surface complexes [63]. This can
be observed in the FTIR analysis of PS@NiAlFe-
LDH (Figure 7(2)) as the hydroxyl group (-OH
vibrations) peak at 3426 cm! was reduced, and
-COOH vibration (C=0 stretching) at 1726.9 cm-!
shifted to 1629.55 cm-!, proving the formation of
complexes. As a result, the adsorption of Cd2* ions
on PS@NiAlFe-LDH  nanocomposite  was
chemisorption, and the rate of adsorption was
primarily controlled by the chemical reaction
between Cd2* ions and PS@NiAlFe-LDH surface
[31]. Thus, Cd2* ions were adsorbed through three
mechanisms: electrostatic force interaction,
interaction with oxygen-containing functional
groups, and complexation reactions. Figure 12
represents an illustration of the adsorption
mechanism of Cd2?* ion on PS@NiAlFe-LDH
nanocomposite.

3.7. Reusability of PS@NiAlFe-LDH
Nanocomposite and Desorption of Cadmium Ions

To evaluate PS@NiAlFe-LDH reusability, six
successive regeneration cycles (adsorption-
desorption) were conducted. 500 mg of
PS@NiAlFe-LDH were mixed with 100 mL of 0.5
M HNOs. The mixture was stirred for 180
minutes, then centrifuged, washed, and oven-
dried. The regeneration process was repeated six
times. Figure 13 shows the removal efficiency for

each cycle, calculated using Equation (1). The
removal efficiency of Cd?* decreased to 57.56%
after six regeneration cycles. This reduction was
likely due to structural damage caused by
exfoliation resulting from exposure to the acid
solution [64]. The decrease in efficiency can also
be due to the loss of PS@NiAlFe-LDH [65]. These
results demonstrate that the PS@NiAlFe-LDH
nanocomposite exhibits significant recyclability,
indicating that it can be an efficacious,
sustainable, and cost-effective sorbent for Cd2*
removal from aqueous solutions.

Schematic illustration of the
adsorption mechanisms of Cd2* on PS@NiAlFe-
LDH.

Figure 12.

Table 6. Comparison of the maximum adsorption capacity (qmax) of Cd2* onto PS@NiAlFe-LDH with diverse

adsorbents in previous studies.

qmax'

Adsorbent Reference
mg/g
Algae 18.19 [48]
Core—shell FesOu/polydopamine (FesO4s@PDA) 21.58 [49]
Agave bagasse (AB) 28.5 [50]
Alang-alang grass (Imperata cylindrica) 4.43 [61]
Magnetic Oak wood ash/Graphene oxide (Ash/GO/Fes0y) 43.66 [52]
Cassava root husk-derived biochar)-ZnO nanoparticles (CRHB-ZnOs3) 42.05 [63]
Cassava root husk-derived biochar (CRHB) 32.33 [63]
KOH-activated biochar (KOHBC) 29 [64]
Sulfhydryl attapulgite (SH-ATP) 21.5 [55]
BPAC@ALOs@chitosan 46.9 [56]
MgAIl-LDH/sodium hexametaphosphate (SHMP) 24.34 [57]
Red mud modified by manganese dioxide(MRM) 103.59 [58]
Succinic acid functionalized FesOs@AMPA 43 [59]
Humic acid with silica (HS) 6.25 [60]
Oxidized multi-walled carbon nanotubes (O-MWCNTS) 3.34 [61]
Fe304/S102/ polyacrylamide (PAM) 13.22 [62]
Core — Shell PS@NiAlFe-LDH 2217.273 Current Study
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4. Conclusions

The present study showed that the prepared
PS@NiAlFe-LDH nanocomposite utilizing
Styrofoam waste was an efficient adsorbent for
the removal of cadmium ions from aqueous
solutions. It provides a clear chemical significance
by demonstrating that coating polystyrene
nanospheres with shell NiAlFe-LDH creates new
active hydroxyl and layered sites that enhance
Cd-binding efficiency, thus altering the surface
chemistry and improving the adsorption
performance significantly. Images of TEM and
SEM showed the successful deposition of NiAlFe-
LDH shell on PS nanosphers core. XRD and FTIR
spectrums  showed that PS@NiAlFe-LDH
nanocomposite has a stable crystalline structure
and offers high surface areas and functional
groups capable of interacting with Cd?* ions,
which explains the high capacity and efficiency in
adsorption. Spectral changes after adsorption (the
formation of M-O and M-OH interactions)
confirm the interaction of the functional groups
with Cd2* ions. Optimization experiment showed
that the optimum removal of Cd?* ions was at a
pH of 6, a dose of 0.15 mg PS@NiAlFe-LDH /100
ml, Cd2* initial concentration of 100 mg/L,
shaking speed of 200 rpm and contact time of 90
minutes. Isotherm studies indicated that the
Langmuir model fitted the experimental data
better than the Freundlich model, with a
maximum adsorption capacity of 227.273 mg/g,
which is significantly higher than that of other
similar absorbents. The pseudo-second-order
kinetic model fitted the adsorption kinetic
process, indicating chemisorption exists during
the adsorption process. The IPD kinetic model
revealed a three-stage adsorption process, with
intra-particle diffusion as the rate-limiting step.
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Cd2* ions were adsorbed on PS@NiAlFe-LDH
nanocomposite via electrostatic force interaction,
oxygen-containing  functional groups, and
complexation reactions. Furthermore, the
PS@NiAlFe-LDH nanocomposite was easily
regenerated and remained usable for six cycles,
with a minimal reduction in removal efficiency of
36.86%. The study developed a new hybrid
sorbent (PS@NiAlFe-LDH nanocomposite) with
enhanced capacity, improved stability, and a
clarified adsorption mechanism providing a clear
framework for future heavy-metal remediation
studiesis.
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