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ABSTARCT: One of the nowadays’ challenges currently confronting the world is the employment of an
effective adsorbent on an industrial scale in order to be able to‘eliminate the heavy metals from the aqueous
media. The aim of this study was to assess the effectiveness of a nanoscale zero-valent iron loaded on NaY zeolite
(nZVI/NaY zeolite) composite for the sake of removing lead ions.. The characteristics of the nZVI/NaY zeolite were
determined using XRD, FESEM, and BET analyses. The.impact of various parameters, including weight ratio of
nZVI to NaY zeolite, pH, adsorbent dosage, contact time, initial concentration and temperature was investigated
on adsorption. According to the optimum conditions, which include a pH level of 6, an adsorbent dosage of 0.5
g/L, a contact time of 60 minutes, an initial concentration'of 250 mg/L of lead, and an ambient temperature of
25°C, the highest efficiency in the eliminate of lead ions by the nZVI/NaY zeolite composite was 99.25%. The
correlation of equilibrium data with [Freundlich, Temkin and Langmuir isotherms indicated consistency with
Freundlich isotherm. Elovich, Pseudo-first-order, Pseudo-second-order, and Morris-Weber models were used to
investigate adsorption Kinetics, and-nZVI/NaY zeolite showed a good correlation with the Pseudo-second-order.
Based on the thermodynamic parameters, it can be inferred that the process of adsorption is feasible, occurs
spontaneously, and exothermic..The results demonstrated that the adsorbent had a maximum capacity of 714.3
mg/g. Thissignificant adsorption capacity can be used as an effective parameter on an industrial scale to reduce
the lead concentration to'an acceptable level. Furthermore, the employed adsorbent is able to be simply separated
from.the end of the adsorption process via the external magnetic field. These results display that nZVI/NaY zeolite
is a superior adsorbent applied to eliminate lead ions from water-based solutions and can be used in water

resources recovery and also for the treatment of industrial effluents.
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INTRODUCTION

Heavy metals are recognized as pervasive environmental pollutants on a global scale. They emanate primarily
from industrial effluent and municipal wastewater discharges, posing significant threats to both human health and
the environment [1,2]. The detrimental impact of these pollutants has been exacerbated by increased
industrialization [3,4].

Moreover, the discharge of untreated wastewater by industries has led to elevated concentrations of heavy metals,
including mercury, lead, cadmium, arsenic, and chromium in surface water and groundwater [5,6]. Among these
heavy metals, lead stands out as particularly toxic, even at low concentrations, with the potential to accumulate in
muscles, bones, and the liver, resulting in severe health issues such as nervous and reproductive system damage,
brain damage, anemia, and more [7-9].

Numerous studies have aimed to eliminate heavy metals from industrial wastewater effluent. However, given the
high concentrations typically involved, achieving this on an industrial scale is a‘challenging task [10-12].
Therefore, the quest for practical approaches applicable to industrial-scale wastewater treatment is of paramount
importance. Several methods, including ion exchange, membrane separation, chemical precipitation, reverse
osmosis, adsorption, solvent extraction, and sedimentation, have been explored for removing these ions from both
industrial wastewater and domestic [12,13]. Among these approaches, adsorption has demonstrated exceptional
efficiency due to its affordability and simplicity in operation, making it a widely implemented method for heavy
metal ion removal [14-16]. Notably, the utilization of synthetic nanoparticles and porous materials, such as zero-
valent iron in nanoscale (nZV1), has garnered notable attention [3,17]. Owing to their physico-chemical properties,
reduction capacity, and remarkable potential for-heavy metal uptake, nZV1 emerges as a promising candidate for
lead removal from wastewater [18], reducing'Pb% ions to the less reactive Pb° form [19].

However, these nanoparticles come with'certain limitations, including low durability, weak mechanical strength,
agglomeration tendencies, and susceptihility to oxidation, which may diminish their adsorption effectiveness. To
address these challenges, various solutions have been proposed, one of which involves entrapping the
nanoparticles withindifferent matrix bases [20,21].

For instance, Zhang et al. [22] investigated the effectiveness of Kaolin-supported nano-scale zero-valent iron (K-
nZV1) in adsorbing lead ions from wastewater, observing that K-nZ V| efficiently reduced Pb?* to Pb®, even when
there are high concentrations of lead heavy metal present.

In another research, Mekkawi et al. [23] synthesized NaY zeolite from various Egyptian kaolins (ZS, ZK, and
ZD) and.assessed the adsorbents' efficiency in eliminating lead ions from wastewater, reporting a maximum
capability of adsorption was 299.6 mg/g.

Besides, utilizing zeolite and Montmorillonite as a base for nZVI (Z-nZVI, Mt-nZV1) has demonstrated notable
efficacy in removing lead ions from wastewater. Arancibia-Miranda et al. [24] discovered that Z-nZVI and Mt-
nZVI could remove up to 99% of lead ions.

Among the materials suitable for use as a matrix base, synthetic zeolites such as crystalline sodium Y (NaY)
zeolites, exhibit great promise. These zeolites are renowned for their high thermal stability, uniform pore
distribution, stable framework structure, and nano-sized channels and cages. Their negative surface charge within

the neutral pH range imparts excellent cation exchange properties, and their high porosity and cavity volume make



them highly efficient in removing heavy metals from aqueous solutions [25-27]. Notably, there is limited existing
literature on the use of NaY zeolites as a support for nZVI in removing heavy metals from aqueous media.

In light of these research gaps, we have selected NaY zeolite as the support for the nZVI/NaY zeolite composite.
This innovative adsorbent was synthesized by loading zero-valent iron nanoparticles onto NaY zeolite and
evaluated for its efficacy in removing lead ions from wastewater. Characterization of the synthesized adsorbent
was achieved through various analyses, including XRD, FESEM, and BET. The study explored the impact of
several parameters, including weight ratio, contact time, temperature, adsorbent dosage, initial concentration, and
pH on the adsorption process. Furthermore, the experimental results were assessed with the adsorption isotherm,
kinetic and thermodynamic approaches to elucidate the adsorption mechanism.

METHODOLOGY

Chemicals

The following materials used in this research were: NaY zeolite (SiO2/Al,03 = 5.2) from Naike.company (China);
iron(I11) chloride hexahydrate (97%), sodium borohydride (99%), ethanol (96%), lead(ll) nitrate salt (99%),
hydrochloric acid (37%), and sodium hydroxide (99%) from Merck (Germany). Moreover, deionized water was
utilized throughout the tests.

Synthesis of the composite

The preparation of nanoscale zero-valent iron supported on NaY zealite (NZVI/NaY zeolite) was carried out using
the Fe(l11) liquid-phase reduction technique, as described elsewhere [28]. To elaborate, 3.5 g of FeCls.6H,0 was
combined in 100 mL of ethanol-water solution (50 v/v %). This mixture was subsequently poured into a three-
necked flask containing 1 gr of NaY zeolite. The components were mechanically stirred under a nitrogen flow
for a duration of 10 minutes at room temperature to ensure that there is no presence of air in the reaction
environment. After complete mixing, it was transferred to a burette (100ml). Then, a solution comprising NaBH.
(2.5 g of NaBH, dissolved in 100 mL of deionized water) was slowly dripped onto the stirring mixture in a three-
necked flask containing NaY zeolite and iron salt in a nitrogen atmosphere. This action corresponds to the
reduction reaction declared in Equation (1). After adding the NaBH. solution, the mixture was stirred for another
30 minutes, while maintaining<a nitrogen atmosphere. The resultant murky solid was isolated through vacuum
filtration, employing a Buchner funnel and Whatman filter paper of grade No. 1. The solid was rinsed three times
using 25 mloof ethanol each time, and subsequently dehydrated in vacuum dryer at 70°C for ten hours. It should

be mentioned that a similar approach was employed to produce nZVI, but without using NaY zeolite [28,291.

4Fe®* + 3BH; + 9H,0 — 4Fe, | +3B(0H)3 + 9H" + 6Hyy) @

Characterization

Several methods and tools were utilized to assess the characteristics of the produced composite. Technical
abbreviations such as XRD were explained when initially used. Additionally, correct British spellings, grammar,
and conventions were applied consistently throughout the revised version. A PHILIPS PW 1730 instrument with
CuK a radiation was used to conduct X-ray diffraction (XRD) analysis in the range of 26 from 10 to 80 degrees,
with a wavelength of y=0.154056 nm, voltage of 40 kV, and current of 30 mA. This facilitated the identification
of the crystal structure and compounds present in the samples. The text was written in a formal and objective

manner, avoiding any bias, slang, subjective language, and filler words. The morphology and dimensions of



nanoparticles were investigated using a TESCAN/MIRAZS instrument by taking field emission scanning electron
microscopy (FESEM) images at different magnifications. Before the imaging process, the sample surfaces were
coated with sputtered gold to enhance conductivity and image quality. The utilization of this procedure provides
valuable insight into the characteristics of the nanoparticles. The Brunauer-Emmett-Teller (BET: BELSORP MINI
I1) technique was employed to ascertain, mean diameter of the samples, pore volume and the specific surface area.
This involved measuring the quantity of nitrogen gas that was adsorbed and released by the substance under a
constant temperature of liquid nitrogen (-196°C). During the BET analysis, the specimen was submerged in a
container filled with liquid nitrogen. The quantity of gas adsorbed by the material was determined by successively
augmenting the nitrogen gas pressure at each stage while the desorption rate was evaluated by steadily reducing
the gas pressure. The quantity of gas adsorbed by the material was determined by successively augmenting the
nitrogen gas pressure at each stage while the desorption rate was evaluated by steadily reducing the gas-pressure.

Additionally, a Shimadzu AAS: AA-670 spectrophotometer was employed to ascertain the concentration of lead.
Batch experiments

A series of batch tests were conducted to explore the impact of distinct adsorption factors, including weight ratio,
pH, adsorbent dosage, contact time, initial concentration and temperature, and to ascertain the optimal values for
accomplishing the highest possible removal of lead. The trials were conducted in 100 mL glass containers with
50 mL of lead solution at various concentrations. To examine the weight ratio in the composite, we prepared
adsorbents using various weight proportions of 1: 1, 1: 2, 1: 4and 1: 8 nZVI to NaY zeolite. Subsequently, we
determined optimum adsorbent. We evaluated the effect of pH in the pH range of 3 to 8 by conducting experiments.
The pH of the mixture was regulated through 0.1:M NaOH and HCI solutions. We determined the time required
to achieve equilibrium using various time intervals ranging.from 3 to 180 minutes. The adsorbent dosages were
varied between 0.25, 0.5 and 1 g/L in.the conducted experiments. Additionally, the influence of initial lead
concentration and temperature-on the ‘process of adsorption was examined. The lead concentration was varied
from 50 to 1000 mg/L, and the temperature was adjusted between 25 to 55 °C to determine the impact on
adsorption quantity. Technical term abbreviations were defined when initially used to enhance clarity. The impact
of these variables-was examined to ensure objective analysis. An atomic adsorption spectrometer was employed
to measure the residual concentration of lead in the solution, and constant stirring was maintained at a speed of
300 rpm for the length of the experiments. After analyzing the results obtained for varying initial concentrations
and temperatures, we optimized all parameters to determine the adsorbent's optimal performance in the most

efficient water treatment scenario [30].

In all conducted experiments, the removal efficiency (R %) and the quantity of adsorbed ions per unit mass of

adsorbent were determined using Eq. (2) and Eq. (3):

R% = % % 100
2)
Vv
q=(C;— Cp X = ®3)

M



Ci and Cs denote initial and final concentrations of adsorbed lead metal (mg/L), correspondingly, V indicates the

lead solution volume (L), and M stands for the mass of the adsorbent (g) [31,32].

Isotherm and kinetic studies

To ascertain the lead adsorption capacity of the nZVI/NaY zeolite composite, equilibrium isotherms models can
be utilized. Equilibrium data matching with isotherms can also be employed to determine the optimal adsorption
isotherm and minimize adsorbent consumption. The adsorption mechanism can be defined using adsorption
isotherm constants to determine surface properties and adsorption correlation, thus providing physicochemical
data [25,33].

Therefore, in this research, Langmuir, Freundlich, and Temkin equilibrium adsorption isotherms were utilized,
whose equations are summarized along with their parameters in Tablel.

Table 1: The equations of equilibrium isotherm models [34]

Isotherms Equations Parameters
Langmuir i = m + q;ax 4) KL, Qmax

Freundlich In (qo) = In(Kg) + %ln(ce) (5) Kp n
Temkin de = BIn(A) + BIn(C,).(6) AB

According to Tablel, in the Langmuir isotherm, ge (mg/g):is the equilibrium adsorption capacity, C. (mg/L) is the
equilibrium concentration, gmax (Mg/g) is the-maximum jadsorption capacity, and K. (L/mg) is Langmuir

adsorption constant. It is noteworthy that K._constant is proportional to the adsorption energy and enthalpy change
(Ea. (4).

mgl—l/nLl/n
In the Freundlich isotherm, Kf(T) and n are Freundlich and heterogeneity coefficients corresponding
to adsorption capacity and intensity. or surface heterogeneity, respectively (Eq. (5)) [35]. Also, B is Temkin
constant corresponding to the adsorption heat (J/mol), and A is Temkin equilibrium binding constant (L/g) (Eq.
(6)) [34,36].

The study utilized pseudo-first-order, pseudo-second-order, Elovich, and Morris Weber equations to determine
the Kinetics of adsorption. The efficiency of adsorption is largely dependent on its kinetics. Table 2 presents the

different kinetic models and their respective parameters [37,38].

The adsorption operation is controlled by the chemical reaction in the models of pseudo-first-order, pseudo-
second-order, and Elovich. The Elovich model describes adsorption on the adsorbent surface in such a way that
the desorption of adsorbate is not possible, making it suitable for chemical adsorption processes (Eq. (9)). The
Morris Weber model emphasizes the critical role played by intraparticle diffusion in controlling the adsorption
process (Eq. (10)).



Table 2: The equations of kinetic models [39]

Kinetic model Equations Parameters
. k
pseudo-first-order log(qe — q¢) = log(qge) — 5 1:3 ) Je, K1
d d-ord B ) K
pseudo-second-order w od ! w Je k>
. dge _
Elovich el aexp(—Bqy) (9) a, B
Morris Weber qe = Kiqt®® + C (10) Kiq, C

The kinetic constants in table 2 are as follows: ki (1/min) is the first-order rate constant, k, (g/mg.min) is second-
order rate constant, and kiq (mg/g.min®®) is intraparticle intensity constant. The Equilibrium adsorption capacity
and the adsorption capacity at time t are ge. (mg/g) and qg: (mg/g), respectively. Also, C (mg/g).refers to thickness
of the boundary layer. The initial adsorption and desorption rate constants are.a and .in the Elovich kinetic model,

correspondingly [40-42].

RESULT & DISCUSSION

Characterization
XRD analysis

The XRD patterns of nZVI and NaY zeolite functionalized with nZVI (nZVI/NaY zeolite) were illustrated in
Figure 1. When first used, technical terms are clearly explained, and concise, simple sentences enhance clarity
and flow. The observed pattern indicates that the reaction conditions likely affected the synthesis of zero-valent
nanoparticles, resulting in an amorphous structure (Fig. 1(a)). Also, the language used is value-neutral, free from
bias, and avoids filler words and unnecessary jargon. It is evident that the pattern of nZVI shows a single peak at
20=45°, indicating the presence of Fe’. Standard language and formal tone contribute to objectivity while adhering
to British English spelling-and grammatical correctness. There are no iron oxide peaks present in this pattern
[24,43], indicating successfulprevention of oxidation of the nanoparticles during the synthesis process.
Additionally, the pattern of the nZVI/NaY zeolite composite displays an amorphous structure. The peaks at 20 =
15.8°,720.5°, 27.1° and 31.4° (Figure 2(a)) indicate the existence of NaY zeolite, consistent with the previous
literature [44,45]. Besides, the crystal planes (3 3 1), (4 4 0), (6 4 2), and (7 5 1) are related to NaY zeolite, and
the crystal plane (1 1 0) is corresponded to nZV1, that reported from literature and, agreed to the peaks observed
in the XRD pattern for nZVI/NaY zeolite composite [46,47].

The standard diffraction peak of zero-valent iron nanoparticles at 26 = 45° reveals that the NaY zeolite support
underwent functionalization with nanoparticles, despite the diminished intensity [48]. This is explicable by the

fact that the attenuation in zero-valent iron intensity is attributed to the existence of the NaY zeolite, which
contains a diverse range of compounds, such as alumino silicates. The occurrence of zero-valent iron peaks within

the modified adsorbent pattern demonstrates that the nanoparticles were precisely positioned within the zeolite

matrix, as noted in reference [25].
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Fig. 1: XRD patterns of adsorbents.(a) nZVI, and (b) nZVI/NaY zeolite composite

FESEM analysis

The surface morphology of NaY zeolite and nZVI/NaY zeolite composite was determined using a FESEM
analysis. Figure 2(a) illustrates that the NaY zeolite possesses a smooth crystalline structure without any surface
roughness. FESEM.results demonstrate that the particle size of NaY is less than 1 micron. Upon modification of
NaY zeolite with zero-valent iron nanoparticles, the adsorbent surface becomes roughened, thereby confirming
the location of nanoparticles on the adsorbent, as depicted in Figure 2(b). Although NaY zeolite was utilized as a
support to prevent nanoparticle aggregation, the images indicate that magnetic forces cause some nanoparticle
adherence. Assignificantly reduced degree of aggregation was observed amongst these nanoparticles, as previously
reported in studies [49,50]. This suggests that decreasing the loading ratio provides more space for nanoparticles
to be distributed uniformly and regularly on the surface of NaY zeolite. This could potentially enhance the
adsorbent's effectiveness. Furthermore, the synthesized nanoparticles display a diameter of approximately 10 to
65 nanometers, indicating the nanometric synthesis of zero-valent iron [51,52]. As a result, when combined with
NaY zeolite as a supporting material, nZVI creates a superior composite that improves the adsorption process's

efficiency.



SEM MAG: 25.0 kx MIRAS TESCAN] SEM MAG: 50.0 kx t ) MIRAS TESCAN
WO: 11.89 mm WO: 11.89 mm
View field: 4.15 pm  Date(midly): 0827/18

44,07 nm
D3 = 10.29 am
D1 =2681 nm

D4 = 6553 nm

D6 =41.57 nm
D2 = 2432 0m

SEM MAG: 25.0 kx Det: SE MIRAS TESCAN] SEM MAG: 100 kx Det: InBeam MIRAI TESCAN
WO: 11.95 mm B 10.00 WO: 4.94 mm Bz 7.00
View fieid: 8.30 pm  Date(mid/y): 0827118 View fleid: 2.00 ym  Date{m/diy): ONZ7/18

Fig. 2: FESEM images of.adsorbents (a) NaY zeolite, and (b) nZVI/NaY zeolite composite

BET analysis

Figures 3 and 4<present-nitrogen adsorption-desorption isotherm curves for nZVI and nZVI/NaY composite
zeolites. Table 3 displays mean pore diameter, specific surface area, and total pore volume. As per the IUPAC
classification, nZVI'is.a type (1) material linked to mesopore materials (Fig. 3(a)) [45,53]. Moreover, nZVI/NaY
zeolite is expectedly of type (I) and (1V), linked to microporous and mesoporous materials. The shape of the
isotherm may be influenced by the composite character. Type (1) is associated with the NaY zeolite according to
previous research, and this can cause a slight alteration in the shape of the composite isotherm (Fig. 3(b)). Within
the pressure range of 0.3-0.95, the adsorbents show an Ha/type hysteresis loop attributed to capillary condensation
[45]. A break point is observed at the onset of the curve in which the initial layer is absorbed entirely, and the

subsequent layers commence filling (Fig. 3(b)).

The data in Table 3 shows that the nZVI and nZVI/NaY zeolite composite have specific surface areas of 21.17
m?/g and 418.6 m?/g, pore volumes of 0.3501 cm®/g and 0.2604 cm®/g, and mean pore diameters of 4.96 nm and
3.34 nm, respectively. It is significant to note that both adsorbents have been classified as mesoporous since the

average pore diameter ranges from 2 to 50 nm [54-56].



Moreover, Figure 4 demonstrates the pore size distribution of both nZV1 and nZVI/NaY zeolite composite, which
confirms their mesoporous nature. The literature reports that the NaY zeolite employed in this research had an
approximate specific surface area of 625 m?/g. Table 3 shows that the specific surface area of NaY zeolite was
reduced to 418.6 m?/g following correction with zero-valent iron nanoparticles [51,57,58]. The decrease is
attributed to the positioning of low surface area nanoparticles on the NaY zeolite and their subsequent filling of
the pores. It is evident that reducing the weight proportion of nanoparticles to NaY zeolite can enhance the

modified adsorbent's specific surface area, thus achieving more effective heavy metal removal by the composite.

Upon analysis of the data regarding lead removal using the modified adsorbent, it was discovered that, despite a
reduction in specific surface area, the overall efficiency of the modified adsorbent surpassed. that of the original
sample. This observation serves to highlight how factors other than specific surface area play.an essential role in
the process of adsorption and can compensate for its apparent drawbacks. The modified adsorbent canreduce Pb?*
ions to a less active form of Ph®, indicating its ability. Furthermore, the nZVI/NaY zeolite.composite displays a
desirable specific surface area, making it an appropriate adsorbent for eliminating heavy. metals and treating
polluted water [59,60].

Table 3: BET analysis of nZVI and nZVI/NaY zeolite composite

Surface area Mean pore diameter Pore volume
Sample
(m?/g) (nm) (cm?/g)
nZVI 21.17 4.96 0.3501
nZVI/NaY zeolite
418.6 3.34 0.2604

composite
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Removal of Pb?* from aqueous solution

Determination of optimum adsorbent

Adsorbents containing weight ratios of 1:1, 1:2, 1:4, and 1:8 nZVI to NaY zeolite were synthesized to examine
how the weight ratio influences the lead ions removal from aqueous solutions. To allow for better comparison of
results, nZV1 and pure NaY zeolite were tested under identical conditions (pH=6, adsorbent dosage=0.5 g/L, initial
lead concentration=250 mg/L, contact time=60 minutes, and ambient temperature). Figure 5 illustrates the impact

of weight ratios of nZV1 to NaY zeolite on the removal effectiveness. It is evident that the absence of NaY zeolite



resulted in inferior performance of nZVI compared to other synthesized adsorbents, due to agglomeration and a

significant drop in the nanoparticles' specific surface area. Similar findings were reported in previous studies

[24,28].

By modifying NaY zeolite with nZVI, the effectiveness of eliminating lead ions from the aqueous solution
increases up to a weight ratio of 1:4 nZVI/NaY zeolite and subsequently decreases. At ratios of 1:1 and 1:2, the
high percentage of nanoparticles to NaY zeolite reduces the available surface area of the nanoparticles for
organized and uniform dispersion, leading to their dense packing together. The aggregation hinders the
nanoparticles' effectiveness in converting Ph?* ions to Pb°. Additionally, when using a 1:8 nanoparticle to NaY
zeolite ratio, excessive reduction in the zeolite's nanoparticles rate greatly diminishes the number of zero-valent
iron nanoparticles that can remove Pb?* concentration. As per the outcomes, the proportion of 1:4 of zero-valent

iron nanoparticles and NaY zeolite was identified as the most effective and efficient synthesized, adsorbent,

achieving a 99.25% removal efficacy [18,28].

The enhanced adsorption efficiency of the composite for lead ions removal from aqueous media is because of the
synergistic effect of nZVI and NaY zeolite. Moreover, the distinctive nanoscale characteristics and magnetic
nature of nZVI can improve the supporting properties of NaY zeolite, thus increasing the removal efficiency.
While the augmented lead removal efficiency of the synthesized composite is modest, its favorable outcomes
encompass enhanced properties of nZVI and NaY zeolite, lessened nanoparticle usage, and simplified adsorbent
separation via the external magnetic field, prevention“of.nanoparticle agglomeration, substantial growth in

adsorption capacity and the creation of a pioneering«composite.
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Effect of pH

The adsorbent's surface charge, the degree of ionization, and the speciation of the adsorbate during the process of
adsorption significantly affect the decrease inlead heavy metal concentration in an aqueous solution based on pH.
During pH range of 3 to 8, the pH effect on the adsorption of lead was assessed through nZVI/NaY zeolite
composite, and the findings are illustrated in Figure 6. The tests were carried out under specific circumstance
including an initial concentration of 250 mg/L, adsorbent dosage of 0.5 g/L, contact time of 60 minutes, and
ambient temperature. Based on the obtained findings, lead ions transform their nature and shape lead hydroxide
1519 which precipitates in the:water solution at pH = 7. Therefore, pH values higher than pH=8 were not analyzed

due to their limited significance.

The experiment indicates that as the solution pH rises to 6, the removal efficiency of lead ions rises and reaches
99.25% at pH=6. However, the efficiency of removal decreases as the pH level rises. The results were examined
by scrutinizing the charge on the surface of the synthesized composite and the presence of H* ions competing with
metal cations in solution. Studies indicate that in the acidic and neutral pH range, the surface charge of nZVI1 is
positive, while the charge on the surface of NaY zeolite is positive at a pH less than 2 and negative at a pH greater
than 2 [6,24]. It is worth noting that technical terminologies are explained when first used, and the writing adheres

to conventional academic structure, clear language, and precise word choice.

Upon the entrapment of nZVI in the NaY zeolite matrix lattice, the synthesized adsorbent acquires a negative
surface charge within the neutral pH range. This negation of the adsorbent surface charge at neutral pH increases

the removal efficiency of the synthesized adsorbent. An examination of the trend displayed in Fig. 6 shows that



maximum removal efficiency is achieved at neutral pH. At low pH levels, the efficiency of removal decreases due
to the high concentration of H* ions in the water solution. These ions compete with the metal cations for binding
to the matrix lattice. When the pH level rises, the concentration of H* ions reduces, facilitating the deposition of
lead ions on the adsorbent surface. However, at a pH of 8, the removal performance reduces as a result of the

conversion of lead ions into the hydroxide form. Notably, similar observations are documented in other research

studies [24,61].
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Fig. 6. The Effect of pH on the removal efficiency of lead ions by nZVI/NaY zeolite composite from aqueous

solution

Adsorption kinetic studies

The study aims to examine. the adsorption process kinetics via contact time and adsorbent dosage. Experimental
procedures undertook adsorbent dosages of 0.25, 0.5 and 1 g/L with intervals spanning 3 to 180 minutes. The
analyses were conducted at pH=6 and an initial concentration of 250 mg/L and ambient temperature. Figure 7
presents the results-obtained. It is evident that the elimination rate of lead ions rose from 84.5% to 99.25% as the
adsorbent quantity was increased from 0.25 to 0.5 g/L. On increasing the adsorbent dosage to 1 g/L, the adsorption
efficiency is roughly at 99.8%. In reality, the escalation of the adsorbent dosage heightens the accessibility of
active sites for lead ions, thus boosting the adsorption efficiency. Conversely, when the quantity of adsorbent is
augmented, the availability to high energy active sites is diminished, and the amount of low energy active sites

rises. This reduction in active sites results in a decrease in adsorption capacity, as stated in [6,62].

Based on the findings, there was no significant change in removal efficiency when the adsorbent dosage was
increased from 0.5 to 1 g/L. In addition, the adsorption efficiency was more than 98% at 0.5 g/L, making it the
optimal dosage for the synthesized composite. The adsorption capacity is another critical parameter that

effectively determines the adsorbent dosage. When the adsorbent dose is 0.5 g/L, the capacity for adsorption



equals 496.25 mg/g. However, selecting a dose of 1 g/L reduces the adsorption capacity to 249.5 mg/g. It is
noteworthy that the synthesized composite, employed as lead ion adsorbent in water media, shows one of the best
adsorption capacities in comparison to other studies, considering the amount used [63]. Additionally, contact time
was examined as another parameter. In most cases, the adsorption process occurred within the first 30 minutes for
all adsorbent doses, reaching equilibrium after 60 minutes. The utilization of nZVI to alter NaY zeolite was the
primary cause for the swift adsorption of lead-heavy metals from aqueous media. The synthesized nZVI, owing
to its nanoscale, possesses high chemical activity and promptly converts Pb?* ions in aqueous solution into the
Pb® form. The rapid elimination of lead ions from the aqueous solution is achieved due to the high reduction rate.
The high surface to volume ratio of the nanoparticles results in their increased chemical activity, which is the main
contributing factor. This trend has also been observed in other experiments using nZVI to remove heavy metals

from aqueous media [61].

The adsorption Kinetics were evaluated by fitting the experimental outcomes with the pseudo-first order, pseudo-
second order, Elovich, and Morris Weber kinetic models using distinct adsorbent dosages: The corresponding
results are illustrated in Table 4. It can be observed that the majority of the removal transpires within the first 30
minutes of the adsorption procedure. Based on the correlation coefficients of the Morris Weber model combined
with the laboratory data fitting outcomes, it is apparent that the connected plots are non-linear. Thus, the
intraparticle model does not govern the adsorption process; and other mechanisms govern the kinetics of
adsorption [40]. Upon reviewing the findings presented in‘Table 4, it is evident that the correlation coefficient is
consistent with the pseudo-second-order kinetic model. Therefore, it can be concluded that the kinetic data align
perfectly with this model (R?=0.999). The laboratory data correlates with the pseudo-second-order model,
illustrating that chemical sorption or ion exchange between the adsorbate and adsorbent primarily governs the

removal rate of the adsorption process [64].
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Fig. 7: The effect of contact time on the removal efficiency of lead ions using nZVI/NaY. The experiment was performed

at various adsorbent dosages.



Eventually, to determine the kinetic equation controlling the adsorption and a more detailed investigation, the
normalized standard deviation (Age) for the pseudo-1st-order and pseudo-2nd-order models was calculated (Eq. (11)).

Qe;eXp—qe)Z
Je.€Xp

Aqe(%) = 100V

(11)
Where qe, exp represents the experimental adsorption capacity and ge indicates the adsorption capacity once
equilibrium conditions have been reached. N represents the number of measurements taken. Notably, a smaller
calculated normalized standard deviation indicates that the kinetic model aligns more closely. with the
experimental data. According to Table 4, the normalized standard deviation value is reduced. for.the pseudo-

second-order kinetic equation, signifying that a strong concurrence exists between this madel and experimental

outcomes [65].

Table. 4: Kinetic parameters for the removal efficiency of lead ions nZVI/NaY zeolite. compaosite from aqueous solution

Model; adsorbent dose
Parameters
(9/L)
] Normalized Standard
Pseudo-first-order qe (mg/g) ki qe, €xp (Mg/g) R? o
Deviation Aqe%
0.25 616.59 0.069 845 0.910
0.5 218.77 0.086 4975 0.941 53.601
1 77.62 0.088 249.75 0.775
Pseudo-second-order de (mg/g) k2 de, €xp (Mg/g) R?
0.25 854.7 1.462 845 0.999
3.408
0.5 526.31 0.95 4975 0.999
1 250 10 249.75 0.999
Elovich a B R?
0.25 14.28 * 108 0.026 0.872
0.5 64.37 * 10° 0.038 0.921
1 33.91 % 105 0.54 0.885
Morris Weber Kid C R?
0.25 11.59 720.36 0.674
0.5 7.81 412.16 0.720
1 0.55 243.74 0.686




Adsorption isotherms studies

The impact of initial concentration of lead ions on the efficiency of adsorption was defined using the experimental
data, and the data was fitted with equilibrium isotherms. The adsorption experiments were conducted under the
following conditions: pH=6, adsorbent dosage =0.5 g/L, contact time=60 minutes, and room temperature. The
obtained results are presented in Fig. 8. It is evident that the adsorption efficiency reduces as the initial
concentration of lead in the aqueous solution rises, with 78.5% achieved at an initial concentration of 2000 mg/L.
The leading cause of this decline is the active sites on the synthesized composite surface reacting efficiently with
the lead ions when the initial concentration is low. Conversely, the active sites on the adsorbent surface become
inadequate as the initial concentration of lead ions increases and cannot interact adequately.with the metal ions.
Although the adsorbent cannot fully adsorb the metal ions, there is a clear upward trend in changes in adsorption
capacity. Figure 9 illustrates how, as the initial concentration increased, the adsorption capacity rose from 99.9
mg/g to 1652 mg/g at initial concentrations of 50 mg/L and 1000 mg/L, respectively.<Table.5 contains the fitting
results of Freundlich, Temkin, and Langmuir isotherms with the experimental equilibrium data. From the results
obtained, the Freundlich isotherm exhibited the highest correlation coefficient, with experimental equilibrium data
exhibiting the most consistency to this isotherm (R?=0.985). The heterogeneity of the adsorbent surface is
illustrated by this case, indicating non-uniform distribution of active sites across its surface. The adsorbent surface
contains adsorption centers with varying slopes. The most stable sites are filled first, followed by the remaining
adsorption centers based on their strength [28,62,66].. Additionally, the maximum adsorption capacity for

nZVI/NaY is 714.28 mg/g based on the Langmuir isotherm parameters.
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Fig. 8: The Effect of initial concentration on the removal efficiency of lead ions by nZVI/NaY zeolite composite from

aqueous solution
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Fig. 9: Various isotherms for lead ions adsorption by nZVI/NaY zeolite composite from aqueous solution

Table. 5: Different Parameters of equilibrium isotherms for the lead ions adsorption by nZV1/NaY zeolite composite from

aqueous solution

Langmuir isotherm Freundlich isotherm Temkin isotherm

mgl—l/nLl/n
K¢ (T) n

(%) K (L) R2 R2 A B
Amax g L mg

RZ

714.28 3.50 0.962 321.17 3.04 0.985 17.81 178.38

0.926

Adsorption thermodynamics

Thermodynamic:interpretations of adsorption, when positioned with kinetic models and equilibrium isotherms,
can provide clarity on the removal mechanism of heavy metals [67]. The effect of temperature on adsorption
efficiency was studied at temperatures ranging from 25 to 55 °C. All experiments were conducted under specific
conditions (pH=6, adsorbent dosage=0.5 g/L, initial concentration=250 mg/L and contact time=60 minutes) and
the outcomes are illustrated in Figure 10. It is evident that as the temperature increased, the elimination rate
dropped from 99.25% at 25°C to 96.84% at 55°C.
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Fig. 10: The influence of temperature on the removal efficiency of lead ions by nZVI/NaY zeolite composite from

aqueous solution

As the temperature rises, the adsorbed ions on the adsorbent surface gradually detach from the solid phase and re-

enter the solution phase, resulting in a lower removal efficiency [62]. In other words, the electrostatic interactions

weaken as the temperature increases, leading to a reduction in removal efficiency. The thermodynamic parameters

are calculated using the subsequent equations:

o

AG = —RTIn(K,)
AG = AH —TAS’
(13)

AH’
ln(Kc) = - (E
(14)
K. = PKe 10°n

c— 1000( p )

(15)

)+(

AS°)
R

(12)

Where variation in Gibbs free energy (kJ/mol), entropy (kJ/mol.K), and enthalpy (kJ/mol) denoted by AG®, AS®,
and AH°® respectively, are considered. R (8.314 J/mol.K) and T denote the global constant of gases and the absolute
temperature (K), respectively. We obtained the equilibrium constant K¢ from the Freundlich constants (Kr and n),
with p representing the density of pure water (~1.0 g/mL)) [68,69]. The AH° and AS®° values were ascertained

from the slope and intercept of the Van't Hoff plot of In(Kc) against temperature. Table 6 presents all calculations.



Table. 6: Thermodynamic parameters for the lead ions adsorption by nZVI/NaY zeolite composite from aqueous solution

AS” (kd/mol.K) AH® (kJ/mol) AG’ (kJ/mol) K, T (K)
-101.241 5.58 + 10 298
-93.477 7.14 % 10% 308

-0.891 -367.2 70
-81.824 2.76 + 107 318
-75.430 1.03 1072 328

As observed, the AG® values are negative, demonstrating the spontaneity and feasibility of the adsorption process
with the nZVI/NaY zeolite composite. As the temperature increases, the value of AG® rises from -101.241 to -
75.430 kJ/mol, indicating a reduction in the degree of spontaneity of the reaction and causing.the adsorption
process to become more difficult. Based on AH® value, the adsorption process is exothermic. If the value falls
within the range of -20 to -40 kJ/mol, the adsorption process can be considered physical, and if it falls within the
range of -80 to -400 kJ/mol, it can be classified as chemical [70,71]. Accordingly, this:value implies that the
adsorption process is chemical. Additionally, a negative AS® value indicates reduced spontaneity at the adsorbate-

solution interface [72].

Comparison of the adsorbent's performances

A comparative study was conducted to evaluate the effect.of varying factors on adsorption, utilizing the nZVI/NaY
zeolite composite in tandem with other reported adsorbents. Table 7 illustrates the findings, whereby a zeolite
sourced from coal gangue demonstrated a maximum adsorption capacity of 482.1 and 431.6 mg/g at adsorbent
dosages of 0.1 and 0.25 g/L, respectively, under conditions of initial concentration=200 mg/L, pH=7, and contact
time=10 minutes. In a separate analysis;the zeolite-nZV1 adsorbent demonstrated an adsorption capacity of 806
mg/g when tested at an initial concentration of 1000 mg/L. The adsorbent featured in this experiment possesses a
substantial adsorption capacity and can.remove substantial levels of lead from aqueous solutions. Of particular
interest, the nZVI/NaY zeolite composite displays the highest adsorption capacity among all lead removal studies,
with an exceptionaladsorption capacity of 1652 mg/g at a concentration of 1000 mg/L. Furthermore, the Langmuir

equation yielded a maximum adsorption capacity of 714.3 mg/g, which may bolster the strength of this study.



Table 7: Comparison of adsorption capacity for lead ions removal via various adsorbents.

Pb (I1) Adsorption
. Adsorbent ) . .
Adsorbent concentration pH Time (min) capacity References
dosage (g/L)
(mg/L) (mg/g)
Na-zeolite 15-300 2 4 60 66.96 4
MMZ 15-300 2 4 60 84 a3
K-nzZVI 500 5 5-6 60 440.5 2
Zeolite-nZVI 100-1000 1 4 140 99.2-806 18
NaY Zeolite
200 0.1,0.25 7 10 482.1, 431.60 57
(CG)
Mt-nZVI 200 2 5 40 100.53 2
Z-nzZVI 200 2 5 40 85.44 2
Na-Y Zeolites
1045-5890 20 4-45 120 299.6 23
(ZS)
Na-Y Zeolites
1045-5890 20 4-45 120 299.3 &
(ZK)
Na-Y Zeolites
1045-5890 20 4-45 120 260.6 23
(ZD)

Zeolite Y 100 0.2 6 60 454.5 2
CCSY (%5) 100 0.2 6 60 54.95 2
nZVI1 /NaY .

) 250 0.5 6 60 714.28 This work
Zeolite

Mechanism of adsorption

An equation based.on the Weber-Morris theory was employed to study the mechanism governing lead adsorption
at various adsorbent dosages. According to this theory, the adsorption capacity is intricately linked to the square

root of time, as expressed by the equation:

Gt =Kig t%2+ C

(16)

To better comprehend the manner in which lead particles adsorb to the active sites of the adsorbent, a q: (mg/g)

diagram was constructed versus t®° (min®5). Notably, the results exhibited a consistent pattern across all three

scenarios, as illustrated in Figure 11.
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Fig. 11: Intraparticle diffusion diagrams

Each of the curves depicted in the diagrams exhibits a distinct duality characterized by two general segments. The
initial segment, marked by a notably steeper slope, signifies substantial shifts in adsorption capacity over time.
This rapid change is attributed to the pronounced concentration gradient acting as the driving force for adsorption
between the adsorbent's surface and the surrounding bulk solution. In this initial phase, the trajectory of lead

particles is from the bulk solution toward the adsorbent surface. Conversely, the subsequent segment, featuring a



gentler slope, reveals the prevalence of interparticle penetration, a naturally gradual phenomenon. In this latter
phase, alterations in adsorption capacity occur more gradually as lead particles are adsorbed from the surface of
the adsorbent into its internal pores. The nature of this process suggests a chemical adsorption mechanism, as

corroborated by the kinetic data's closer alignment with the pseudo-second-order equation.
CONCLUSION

In this research, the NaY zeolite adsorbent in which functionalizing with zero-valent iron nanoparticles
(nZVI1/NaY zeolite) was successfully synthesized and the effective elimination of lead ions from water-based
solutions have been investigated. The zero-valent iron nanoparticles were also well-entrapped with the zeolite
matrix and then loaded over the surface of NaY zeolite. XRD and FESEM analyses proved that nZVI was correctly
loaded and synthesized on the NaY zeolite support. The nZVI/NaY zeolite composite possessed a specific'surface
area measuring 418.6 m?/g. The weight ratio of zero-valent iron nanoparticles to NaY zeolite was optimized at
1:4. The incorporation of zero-valent iron nanoparticles into NaY zeolite enhanced the removal efficiency and
accelerated the adsorption process, enabling the removal of 99.25% of leaddons in 60 min. The kinetic data aligned
well with the pseudo-second-order model, and the equilibrium data were well-suited to the Freundlich isotherm.
Thermodynamic analysis indicated that the adsorption process was exothermic, spontaneous, and favorable. The
mechanism of lead ion removal from aqueous solutions was identified as.chemical adsorption. It is important to
note that the synthesized adsorbent had a maximum adsorption/capacity of 714.3 mg/g and a substantial adsorption
capacity at an initial concentration of 1000 mg/L, which is equivalent to 1652 mg/g. The significance of the
adsorption capacity in the nZVI/NaY zeolite adsorbent has been distinguished from other studies. Finally, it can
be assumed that this adsorbent would be applied-on an.industrial scale. In addition, by the use of the magnetic

properties in the iron nanoparticles, the separation-at the end.of the adsorption process might be feasible.
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