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Abstract:

Wastewater is a critical global issue that must be addressed properly. Photocatalysis is a new technique that integrates
approaches to wastewater treatment, particularly cation-based treatment. Herein, ZSM-5 zeolite was used as a photocatalyst to
remove Ni and Cd cations from a wastewater stream under ultraviolet (UV) light. The physicochemical features of the ZSM-5-
based photocatalyst were investigated using BET surface area, pore volume, XRD, SEM, FTIR, and TGA analyses. Furthermore,
different factors were explored, such as the initial cation concentration, ZSM-5 loading, and contact time, to check theirinfluence
on the removal of cations' efficiency. It was postulated that the lower the cation concentration, the higher the removal efficiency
and the faster the kinetics. For instance, at 12 min and a concentration of 50 ppm, the removal percentages were 99.549% for Ni
and 92.282% for Cd. However, the removal percentage decreases for nickel to 47.836% and for Cd to 35.189% at 200 ppm.
Moreover, the removal kinetics of cations were also tested under pseudo-first-order and pseudo-second-order models. The
pseudo-second-order model fits better than the pseudo-first-order model for both Ni and Cd cations. This study identified a
promising photocatalyst for removing metal cations in wastewater treatment.
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1. INTRODUCTION

Heavy metals constitute significant
environmental contaminants, especially in
aquatic and terrestrial ecosystems. Heavy metal
contamination threatens the ecosystem and can
adversely affect human health through the food
chain. Therefore, it is crucial to identify
appropriate strategies for remediating heavy
metal pollution. Heavy metals in wastewater
can adversely affect all life forms when released
directly into the environment [1-4]. Heavy
metals in aquatic systems will impede several
beneficial uses of water due to rising
industrialization. Overexposure to heavy
metals like nickel and cadmium can have
detrimental effects on human physiology and
other biological systems. Environmental
concerns about heavy metal contamination are
further heightened by the toxicity and
permanence of metals in the environment [5].
Typical hazardous contaminants in industrial
effluents include heavy metals such as Ni (II)
and Cd (II). These metals can be harmful to
living things, including people, even at low
levels [6]. Various methods have been
investigated to mitigate heavy metal
contamination, including adsorption,
precipitation,  filtration,  osmosis, and
electrolysis [7-9]. Recently, advanced oxidation
processes, e.g., photocatalysis, and other
advanced techniques have attracted much
attention from researchers [10, 11]. A wide
range of catalysts, such as TiO2, WO3, ZnO, and
SnO2, have been tested for the
photodegradation of water contaminants [12].
One chemical process in high demand is
photocatalysis, owing to its ease of use,
affordability, non-toxicity, high degradation
efficiency, and superior stability. UV radiation
causes oxidation during the photocatalysis
process, and photocatalysts like TiO2, ZnO, and
others sensitize the process [13]. Also, [14], a
highly hydrophilic bamboo fiber (BF)
membrane with a minimally oxidized Ti3C2
(mo-TizC2) photocatalyst, was developed to
create an effective synergistic photocatalytic-
photothermal system. To remove heavy metal
ions from simulated wastewater, the mo-
Ti3zC2@BF membrane was used. The species,
concentration, and light-absorbing and water-
transporting structures of heavy metal ions are
all methodically tuned. In another investigation
[15], an aqueous solution of Syzygium cumin
leaf extract was used as a capping agent to
create titanium dioxide nanoparticles (TiO2
NPs). The ability of these environmentally
friendly TiO2 NPs to remove lead from
industrial effluent by photocatalysis was
further assessed. The authors proposed [16] the
effectiveness of Aspergillus niger metabolites as
a biocatalyst for the biological synthesis of
MgO-NPs.  Furthermore, actual textile
wastewater and tannery effluents are decolored
and degraded using biosynthesized MgO-NPs.

Also, the reusability of treated effluents and
adsorbents in plant irrigation was examined.
Moreover, the ability of biosynthesized MgO-
NPs to inhibit harmful bacterial and fungal
species was evaluated [17]. A thorough
summary of the developments of the
photocatalytic method for the treatment of
highly contaminated industrial wastewater was
reported in the literature. Compared with other
wastewater treatment methods, TiO2-based
havephotocatalysts they proven quite effective
at breaking down organic pollutants in
wastewater. The mechanism of the
photocatalyst is significantly influenced by the
electrical structure of a semiconductor. The
synthesis process, chemical composition, and
technical  properties all influence a
photocatalyst's shape. Reducing the impact of
organic contaminants in wastewater will be
greatly aided by the photoreactors' increased
size. The properties of metal oxides were also
reported [18], along with a synopsis of their
numerous uses. It focuses on the most
prevalent metal oxides—TiO2, ZnO, WO3, CuO,
and Cu20—which are recognised as
economical, stable, effective, and, most
importantly, ecologically benign for long-term
environmental restoration. The photocatalytic
activities of these metal oxides, as well as
current advancements, difficulties, and
adjustments made to these metal oxides to get
around their drawbacks and optimize their
performance in the photodegradation of
pollutants, are highlighted in this paper. Zeolite
is an alternative catalyst for photocatalysis in
water treatment. Due to the high catalytic
activity, shape selectivity, thermal stability,
resistance to coke formation, and long catalyst
life. Zeolite is an alumina silicate crystal with a
three-dimensional framework structure formed
by tetrahedral silicate [SiO4]4 and octahedral
alumina [AlO4]5 that is bundled by an oxygen
atom. Each silicon atom is surrounded by 4
oxygen atoms, forming the zeolite network in a
regular pattern. In some spots in these
networks, the silicon atom is substituted by
aluminium, having a coordination number of
only 3 oxygen atoms. The existence of
aluminium atoms causes the zeolite to have a
negative charge that can be used as an ion
exchange site with heavy metals, as well as the
porous structure of the zeolite that makes it
attractive for heavy metals. Zeolite exhibits
important characteristics, such as ion
adsorption, molecular sieving, and catalytic
activity, which show high selectivity in the [19].
Many materials, including metal oxides and
mixed metal oxides, are capable of serving as
adsorbent materials for different contaminated
effluents when formulated and activated
correctly [20-23]. ZSM-5 zeolite with the MFI
framework has a 3-dimensional channel and a
micropore size of 5.1-5.5 A. Nowadays, ZSM-5
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is commonly used as a catalyst and is also used

in dewaxing reactions, methanol conversion to

gasoline, methanol-to-olefin, hydrocracking,
benzene alkylation, NOx reduction, and
methane partial oxidation [24]. ZSM-5 zeolite is

a promising adsorbent material that can be

developed and employed for heavy metal

adsorption. In addition, ZSM-5 zeolite has a

micropore structure similar to the size of heavy

metal ions Ni and Cd. Only a few pieces of
information explained the utilization of ZSM-5
zeolite as a heavy metal absorbent. The
feasibility of oxidation and reduction reactions
depends on the redox potential relative to the
semiconductor's CB and VB levels. The
photocatalytic reduction of Cd2+ and Ni2* can be
described by the following mechanisms, as
reported by [25, 26]. The mechanism of Ni
could go through the way of Egs. (1) - (4) or Egs.

(5) — (8). However, the Cd reaction mechanism

could go to the other route Eq’s (5) — (8) based

on the literature [25, 26].

e The first step: the UV light hits the
semiconductor catalyst, producing electron-
hole pairs Eq. (1).

e The second step: The metal ions can be
reduced to produce the zero-valence ion Eq.
(2).

e The third step: Water can be oxidized to
produce H+ and oxygen Eq. (3).

e The fourth step: The metal ions can also be
reduced to MO ions Eq. (4).

2[H—ZSM -5+ hv—> e +h'] 1)
Ni?* + 2e” — Ni° (2)

1
H,0 + 2h* - 50, +2H* (3)

1
Ni?* + H,0 + hv - Ni® + 702+ 2H (4)

Lin and Rajeshwar reported the formation of
nickel deposition on TiO2 using X-ray
photoelectron  spectroscopy (XPS) after
photocatalytic reaction [27] or it could be
possible for both Cd and Ni ions through this

way [2].
H—ZSM—-5+hv->e +ht (5)
2H,0 + 4h* > 0, + 4H" (6)
0~ +h* > HO' =)
MM 4 e MO-D* (8)

The objectives of this research are to utilize UV
photocatalysis to remove nickel and cadmium
metals using the industrial zeolite ZSM-5, study
its characterization, and investigate its removal
efficiency and selectivity for Ni and Cd heavy
metals. To the best of our knowledge, ZSM-5 as
a photocatalyst has never been utilized for the
removal of nickel and cadmium cation metals
from wastewater streams.

2, EXPERIMENTAL WORK
2.1.Preparation of Nickel and Cadmium
Solution

A quantity of 2.63 g of the salt Nickel Sulfate
(NiSO,) and 1.85 g of the salt Cadmium Sulfate
(CdSO,) both materials were obtained from

Sigma Aldrich (The USA and Canada), was
measured and dissolved in 1000 ml of
deionized water in a conical flask both nickel
and cadmium prepared separately, resulting in
a solution with a concentration of 1000 ppm.
The weight of the sample extracted from salt
NiSO, and CdSO, from Eq. (9).

. __ My of salt x1g
Weight of metal = M, of metal (9)

The prepared solutions were stored to prepare
other solutions in lighter concentrations.
2.2.Photocatalytic Experimental
Procedure

The photocatalytic reactor used was fabricated
in-house and was similar to those described by
Alvarez and coworkers [28, 29]. It was
equipped with eight 6W UVC Phillips G4Ts5
low-pressure mercury germicidal lamps
positioned along the reactor's sidewalls,
emitting ultraviolet light at 254 nm to ensure
uniform exposure of the slurry to UV radiation.
These UV lamps were placed at equal intervals
to provide uniform UV irradiation across the
reactor and were chosen for their effective
output in the germicidal range. The reactor has
a stir plate to improve mixing and make it easier
for the heavy-metals solution to come into
contact with the UV radiation. By keeping the
slurry phase suspended, this stirring
mechanism enhances the reactor's ability to
distribute UV light. A UVP UVX radiometer was
used to monitor the spectral irradiance of the
UV light source within the reactor. To measure
the UV intensity at the point where the heavy
metal solution is exposed to light, the
radiometer, which has a 254 nm sensor, was set
up on the reactor's stir bar. This configuration
enables tracking of UV irradiation throughout
the experiment to ensure constant exposure
and assess its effect on the breakdown of heavy
metals, as depicted in Fig. 1. In a typical
experiment, 0.5 g of the photocatalyst ZSM-5
zeolite (SiO2/Al203) (Thermo Scientific
Company, China) was placed in a 100 ml
solution containing heavy metals. Different
initial concentrations of heavy metals were
used, ranging from 50 to 200 ppm. The
concentration of the heavy metals in the
solution was determined before and after
contact with the ZSM-5 =zeolite. The
experiments were conducted in a photocatalyst
reactor under UV irradiation, and 100 ppm of
the solution was placed in a beaker on a
magnetic stirrer at 400 rpm. The samples were
taken (at different time intervals from zero until
40 minutes) by withdrawing samples from the
solution using a needle and then filtering the
withdrawn solution to get rid of the catalyst
residue that may be present in the solution.
Then, the heavy metal concentration was
analyzed using atomic absorption
spectroscopy. Table 1 shows the experiments
that were conducted in this investigation.
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Table 1 Experimental Runs.

Type of Concentration of Weight of Time of Temperature (°C)
Run Catalyst contamination contaminated/metal catalyst reaction
(metal) (ppm) g/100 mL (min)

1. ZSM-5 Ni 50 0.5 40 25
2. ZSM-5 Ni 100 0.5 40 25
3. ZSM-5 Ni 150 0.5 40 25
4. ZSM-5 Ni 200 0.5 40 25
5. ZSM-5 Cd 50 0.5 40 25
6. ZSM-5 Cd 100 0.5 40 25
7. ZSM-5 Cd 150 0.5 40 25
8. ZSM-5 Cd 200 0.5 40 25
9. ZSM-5 Ni 100 1.0 40 25
10. ZSM-5 Ni 100 1.5 40 25
The percentage removal of Ni and Cd was \Y

i .g qe=(Co-Ce)X — (11)
calculated using Eq. (2). w

(C, — Ce) ¢! Where:
= —X . .
Removal percentage C. 100 0) q.: adsorption capacity (mg/g)

Where: V: volume of the water solution (L)
C,: initial metals concentrations (mg/L) w: weight of adsorbent (gram).
C,: equilibrium metal concentrations (mg/L)
Meanwhile, the adsorption capacity (q., mg/g)
at equilibrium was calculated using Eq. (11).
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3.RESULTS AND DISCUSSION

The removal behavior of Ni and Cd metal ions
using zeolite (ZSM-5) has been determined at
different concentrations, zeolite doses, and
time contacts. The best conditions were
observed, and our results showed that the
removal process of heavy metal ions by the
different natural materials was affected by
various parameters such as sorbent dose,
contact time, and initial concentration of heavy
metal solution.

3.1.Characterization of ZSM-5 Zeolite
The commercial ZSM-5 zeolite was used as it is
without further treatment. The performed
characterizations of the ZSM-5 material are
BET, XRD, SEM, FTIR, and TGA.
3.1.1.Surface Area and Pore Volume

The texture of the ZSM-5 material was
determined by employing nitrogen
physisorption. This method was used to
determine specific surface area, pore volume,
and pore size distribution. Bruenne Emmett
Teller (BET) method and Barret Joyner
Halenda (BJH) were used to determine the
specific surface area and pore volume of the
ZSM-5 zeolite, respectively. The result showed
that the bare ZSM-5 zeolite has a surface area of
288.88 m2/g, pore volume of 0.151 cm3 /g, and
pore radius Dv(r) 1.888 nm [19]. The BET
results after the reaction showed that the
surface area of ZSM-5 when removing nickel
metal is 268.0532 m2/g. In comparison, the
surface area after removing cadmium metal was
232.7521 m2/g, indicating a decrease in the
surface area of ZSM-5 after the removal of
heavy metals. This decrease is related to several

factors, including the adsorption of metal ions.
The initial interaction of Ni and Cd ions with
ZSM-5 may lead to metal ion adsorption on the
ZSM-5 zeolite surface. The process may
temporarily enhance the catalyst's active-site
availability. The metal ions being adsorbed can
occupy the pores and channels of the structure,
thereby blocking them. This blockage can
reduce the effective surface area available for
further reaction and adsorption. Structural
alterations in the ZSM-5 framework may result
from high concentrations of nickel and
cadmium. If the zeolite structure incorporates
ions, they may alter the stability and integrity of
the framework, which could reduce surface
area. It 1is plausible that during the
photocatalytic process with ZSM-5, leaching
may occur, especially when the metal interacts
with the zeolite. Figure 2 shows the adsorption
isotherm of the ZSM-5 zeolite material. As
depicted in Fig. 2, the ZSM-5 material follows
type I and type IV shapes, which correspond to
the microporous and mesoporous materials.
These findings are consistent with the IUPAC
classification of the zeolite material. The high
curvature in the amount adsorbed at low P/Po
supports the presence of small pores
(micropores), which are rapidly filled by
adsorbate (gas) molecules. The gradual rise in
higher relative pressures also confirms the
presence of some mesopores or macropores in
the material [30]. The existence of a hysteresis
loop (type H4), however, affirms the
characteristics of the mesoporous zeolite
materials.

60
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40

30

20

Volume Adsorbed Cm?®g (STP)

10
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0.6 0.8

Relative Pressure, P/Po
Fig. 3 Adsorption and Desorption Isotherm of ZSM-5 Synthetic Zeolite.

3.1.2.Powder X-Ray Diffraction (XRD)

X-ray diffraction (XRD) was utilized to analyze
the crystallinity of the ZSM-5 material
structure, as illustrated in Fig. 3. The XRD
pattern of the ZSM-5 materials was performed
before and after subjecting the materials to the
Ni and Cd metal ions. All ZSM-5 samples

exhibited the same diffraction peaks. The peaks
of the ZSM-5 zeolite are positioned at the
following angles (20) 7.8589, 22.996°, 23.224°,
and 23.810°, which are related to the typical
ZSM-5 structure [31-33]. These findings
indicate that the XRD patterns of the ZSM-5
catalyst materials before and after exposure to
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heavy metals show a well-defined crystalline
structure, as evidenced by sharp, distinct
diffraction peaks. The XRD findings clearly
show that the membrane has enough
crystallinity and that the concentration of the
zeolite component can be used to adjust the
membrane's crystallinity [34]. It can be noticed

that the intensity of the characteristic peaks of
the bare ZSM-5 material is similar to that of
ZSM-5 after being subjected to cadmium and
nickel, indicating that the crystallinity of the
ZSM-5 material is retained even after using
photocatalytic.

Intensity (A.U)

(c) ZSM-5 for removing Cd metal

(b) ZSM-5 for removing Ni metal

w k. (@)ZSM-5

e

Ve R

10 20 30 40

50 60 70 80

Angle (20)
Fig. 4 XRD Patterns of ZSM-5 Synthetic Zeolite (a) ZSM-5 (b) ZSM-5 after Subjecting to Ni Ions (c)
ZSM-5 after Subjecting to Cd Ions.

3.1.3.Scanning Electron Microscopy
(SEM)

Scanning electron microscopy (SEM) was
performed to evaluate the crystallite size and
morphology of the catalysts used [35]. The
morphology of ZSM-5 has a hexahedral
structure, in agreement with the ZSM-5
characteristics from a previously reported study
[36]. The morphology of the bare ZSM-5, ZSM-
5 after subjecting to Ni ions, and ZSM-5 after
subjecting to Cd ions was illustrated in Fig. 4.
Figure 4 (a) reveals aggregated clusters of
small, crystalline particles of the bare ZSM-5.
The ZSM-5 material typically forms faceted,
blocky crystals due to its well-ordered
crystalline structure, as evidenced in the image
[33]. These crystals appear as angular, plate-
like, or prismatic structures, which is consistent
with the morphology of ZSM-5. The sharp edges
and well-defined shapes indicate a high degree
of crystallinity, which is typical for pure ZSM-5.
The uniformity in shape and size of these
crystalline particles suggests good crystallinity,
meaning that the ZSM-5 sample was
synthesized under optimal conditions. The
well-formed crystal shapes are indicative of an
ordered, stable structure [19]. High crystallinity
is advantageous in applications such as
catalysis and adsorption as it ensures a
consistent pore structure throughout the
material, allowing predictable performance.

The presence of mesoporous interparticle
spaces, with inherent microporosity (not visible
in SEM), critical for catalytic and adsorption
applications and the internal microporous
framework of ZSM-5 (with pores ~5.5 A in
diameter) is essential for its catalytic and
adsorption properties. The image scale (1 um
bar) shows that the individual ZSM-5 crystals
are submicron to micrometer-sized. These
particles appear to form larger aggregates,
which may affect how the material packs and
the accessibility of the micropores for
adsorption or catalysis. Smaller particle sizes
and aggregates with interconnected pores
provide additional pathways for molecular
diffusion, increasing the efficiency of ZSM-5 in
applications requiring high surface area. Ideal
for catalysis, adsorption, and ion exchange due
to its high surface area, porosity, and stable
structure. This SEM image confirms that the
ZSM-5 sample is well-suited for applications
requiring high surface area and crystalline
stability. The morphology aligns with
expectations for pure ZSM-5 and suggests good
synthesis quality, resulting in a material
optimized for catalysis and adsorption
purposes. Figure 4 (b,c) ZSM-5’s micro- and
mesoporous structure provides numerous
adsorption sites for capturing heavy metal ions.
The pores and rough texture allow metal ions
like Ni and Cd to diffuse into the structure and
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adsorb onto active sites within the channels.
The porous nature of the structure, as shown by
SEM, suggests that there are sufficient
pathways for these metal ions to enter the ZSM-
5 framework, thereby enhancing the material’s
efficiency in removing contaminants from
solutions. ZSM-5 is efficient for heavy metal
adsorption due to its porous structure and ion-
exchange capability, and it has potential for
reuse. This made it feasible to verify that during

d

HV
16 PM 30.00 kV ) x ETD

Fig. 5 SEM (a) ZSM-5 (b) ZSM-5 for Removing Ni Mt(c

3.1.4.Fourier Transform Infrared
(FTIR)

Fourier Transform Infrared Spectroscopy (FT-
IR) is an analytical method employed to
determine the molecular makeup of a given
sample. FT-IR can discern the chemical
compounds present in a sample by analyzing
the wavelengths that are absorbed when
infrared light is incident upon the sample. It
finds extensive application in chemistry,
materials science, and pharmaceutical
research. The spectral range of the samples was
500—4000 cm-1. The variation in dipole
moment is directly proportional to the
amplitude of the FT-IR band. As a result,
compounds characterized by polar bonds, such
as OH, display a conspicuous infrared band,
while those employing covalent bonds, like
N=N, manifest a band of lesser prominence.
Vibrational frequencies (v) tend to increase in
magnitude as the mass of the vibrating
elements decreases, and the bonds become
more robust. Figure 5 illustrates the FT-IR

the ion exchange treatments, the particle sizes
and morphologies remained constant [35].
This SEM image confirms that the ZSM-5
catalyst has the necessary morphology, surface
area, and crystallinity to function effectively as
an adsorbent for Ni and Cd ions. Its porous
structure is well-suited for capturing and
immobilizing heavy metal ions, making it an
excellent choice for environmental remediation
applications.

)-FE

ZSM- for Removing Cd Metal.

characteristics of the ZSM-5. The peak at 3636
cm-1is attributed to the stretching frequency of
isolated silanol groups, Si—~O—H bond, while
the peak at 1649 cm-1 is attributed to adsorbed
water [37, 38]. Absorption bands at 453 cm-!
(T-O bending), 793 ecm~! (external symmetric
stretching), 1078 cm-! (internal asymmetric
stretching), and 1227 cm~ (external
asymmetric stretching) correspond to siliceous
materials [39, 40]. In general, comparing the
FT-IR spectrum of the sample containing
cadmium and nickel metals with the pure
zeolite spectrum, we can conclude that there is
a small decrease in the peak’s intensity,
broadening and shifting of the peak at 549 cm™
to 540 cm-1 and 544 cm-. This is evidence that
zeolite is not much affected by the presence of
cadmium pollutants and nickel with
photocatalytic activity and does not affect the
framework structure of ZSM-5 zeolite, and this
reflects that the ZSM-5 zeolite is good for
removing heavy metals from water [41].
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Fig. 6 Fourier Transform Infrared (FTIR) Spectra of; (a) ZSM-5 (b) ZSM-5 for Removing Cd Metal (c)
ZSM-5 for Removing Ni Metal.

3.1.5. Thermal Gravimetric Analysis
(TGA)

The thermal stability of the bare ZSM-5 was
tested as shown in Fig. 6 using
thermogravimetric Analysis (TGA). The TGA
curve shows a small decline in the weight
percentage around (94%) at temperatures
below 200 °C, which could be related to
moisture and atmospheric gases adsorbed by
the ZSM-5 material [32, 42, 43]. The first step
of weight loss, which is associated with the
desorption of water molecules, was observed to
occur between 25 and 350°C. Stronger water
molecules are lost over time, whereas weakly
bound ones are lost instantly. The second stage,
which was shown to occur between 350 and
500°C, is associated with weight loss due to the
template's thermal lysis [44]. The water loss

increased as the Si/Al ratio dropped. It may be
explained by the fact that the zeolite with the
highest silicon content has less water, since it is
more hydrophilic due to its higher acidity at
lower Si/Al ratios [45, 46]. The removal of
physically attached water molecules from the
sample's surface caused an initial weight
reduction in the TGA of the ZSM-5 catalyst,
both unmodified and modified, at 100 °C [47].
Gradual weight loss between 200°C and 800°C,
suggesting the removal or decomposition of
certain components within the ZSM-5 catalyst
[48]. The weight stabilizes at around 90% at
temperatures above 800°C, indicating that the
catalyst material is relatively stable at higher
temperatures.
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Fig. 7 TGA for Zeolite (ZSM-5).
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3.2.1.Effect of the Initial Concentration

The effect of the initial concentration on the
retention of metal ions, at concentration levels
ranging from 50 to 200ppm (mg/L) is shown in
Fig. 7. Batch experiments were carried out with
a constant agitation speed and at ambient
temperature. The figure shows that the removal
percentage of the heavy metal ions at different
concentrations first increases at 12 min. At a
concentration of 50 ppm, the removal
percentage for Ni was 99.549%, and for Cd was
92.282%. The removal percentage decreases
with increasing pollutant concentration:

47.836% for nickel and 35.189% for Cd at 200
ppm. This is due to the increase in the
percentage of the pollutant, as when the
concentration of the pollutant increases, all the
pores on the surface of the catalyst are
occupied, which requires a longer time to
achieve complete removal [49]. Increasing the
initial concentration of Ni(II) can effectively
enhance the limitation of mass transfer
between the solid and aqueous phases,
resulting in increased metal ion adsorption

[50].
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Fig. 8 Effect of Initial Nickel Concentrations for Removal Percentage by ZSM-5.

3.2.2.The Effect of the ZSM-5 Loading
The effect of the removal percentage of metal
ions on the ZSM-5 zeolite loading was studied
at different loading ranges from 0.5to 1.5 gin a
constant volume solution of 100 ml and a
pollutant concentration of 100 ppm with a
stirring time of 40 min. As is clear from Fig. 8,
the results indicated that the removal
percentage increased considerably with the
increasing dose of the sorbent for nickel [51].
With an increase in sorbent weight, there are
more binding sites available to remove metal
ions at a given starting metal ion concentration
[50]. A significant amount of adsorbent
effectively reduces the degree of unsaturation of
the adsorbent sites, hence lowering the number
of such sites per unit mass. This might be
caused by two factors. Less Ni (II) is adsorbed
as aresult, and (ii) particles overlap in the beads
because of the high adsorbent content, which
lowers the total surface area and lengthens the
diffusion route. Removal per unit mass
decreased as a result of these two causes [52].
3.2.3.The Effect of Contact Time

The percentage of heavy metal removal
increased with time at different initial pollutant
concentrations. Figure 9 shows that the
removal efficiency of the Ni ions reached
equilibrium (99.195%) after 10 min at a
concentration of 50 ppm with sharp kinetic
behavior, while for other concentrations, the
removal efficiency increases gradually with

time. It was observed that the removal rate at a
concentration of 100 ppm after 20 minutes
reached 90.989%, while for a concentration of
150 ppm, it reached 90.345%, and for 200 ppm,
it reached 53.14%. This gradation in the
removal rate is due to the change in the
concentration of the pollutant, as the lower the
concentration of the pollutant, the faster it is
removed due to the presence of vacant sites on
the surface of the catalyst that carry out the
reaction process in lower time [53]. However, at
high concentrations, it takes longer to complete
the reaction and empty the sites on the
catalyst's surface, replacing them with other
pollutant molecules. Figure 10 shows that the
removal efficiency of Cd ions reached
equilibrium (98.5856%) after 10 min at 50
ppm, whereas at 100 ppm and 150 ppm, it
reached equilibrium at 72.1958% and 65.2147%
after 20 min. At a cadmium concentration of
200 ppm, the removal rate increases gradually
over time and reaches 67.6292% after 30 min,
which is higher than the cadmium removal rate
at 150 ppm. The instability in the removal rate
at 200 ppm is due to the high percentage of
pollutants, as the pollutant molecules attack the
catalyst surface and occupy it continuously over
time, causing instability at the beginning of the
reaction, which requires a longer time for the
removal process to be fully completed. As a
result, the adsorption rate slows down during
the later period.
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3.2.4.Kinetic Reaction Models

The kinetics of Nickel and Cadmium removal by
ZSM-5 was analyzed by pseudo-first-order and
pseudo-second-order models as shown in Eq.
(12) and (13). The agreement between the
models' predicted values and experimental data
was quantified using the coefficient of
determination (R2). The model with a relatively
high coefficient of determination fits better for
describing the removal kinetics.

Co) _
In (c_t) =kt (12)
1 1

G o k,t (13)

where:

C,= initial concentration mg/L

C.= concentration at the time of sampling mg/L
k,= rate constants of pseudo-first-order
(min™1)

k,= rate constants of pseudo-second-order
(L mg~'min~1)

Figures 11 and 12 show plots of In (C,/C:) and
1/C; versus irradiation time, which represent
the pseudo-first-order and pseudo-second-
order models, respectively. As shown in these
figures, the experimental results demonstrate a
linear degradation fit for Ni and Cd. From the
results shown in Figs. 11 and 12 revealed that
models considered, the pseudo-second-order
kinetic equation provided higher R2 values,
thus, the removal of Ni and Cd ions from
aqueous solutions by ZSM-5 were found to
appropriately follow the pseudo-second-order
kinetic equation. shows the second-order rate
constant (k,) (obtained from kinetic plots of
Fig. 12 and corresponding determination
coefficients (R?) values for the removal of Ni
and Cd wusing a UV light source with
photocatalysts. These findings showed that, of
the two models examined, the pseudo-second-
order kinetic equation produced higher R2
values; hence, it was determined that the

removal of Ni(II) ions from aqueous solutions
by SDS-ZSM-5 followed the pseudo-second-

order kinetic equation [54, 55].
3.5

m Cd
3.0 ® Ni
2.5
= R?=0.7938
S20
.,
(=]
o
—
= 1.5
—
1.0 :
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0 10 20 30 40 50
Time (min)

Fig. 12 The Plot of Ln (Co/Ct) Versus
Irradiation Time Follows Pseudo-First-Order
Kinetics for the Removal of Nickel and
Cadmium by Photocatalysts under UV Light.

0.04

1/Ct
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R*=0.8898
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Time (min)

Fig. 13 The plot of 1/Ct Versus Irradiation
Time Follows Pseudo-Second-Order Kinetics
for the Removal of Nickel and Cadmium by
Photocatalysts under UV Light.

Table 2 Pseudo-First Order, Pseudo-Second Order, and Values of k and R?.

Pseudo-First Order

Pseudo-Second Order

Metal Ton k; (min1) k,(L mg~'min~1) R?

Nickel 0.052 0.7938 0.002 0.9296
Cadmium 0.018 0.8115 0.0003 0.8898
4.CONCLUSIONS the removal percentage of the heavy metals

The utilization of ZSM-5 photocatalyst in
wastewater treatment has attracted much
attention from researchers. In this study, ZSM-
5 zeolite was employed as a photocatalyst to
treat Ni and Cd cations from the wastewater
stream. The initial cation concentration, ZSM-5
loading, and contact time were investigated to
study their impact on the removal cations'
efficiency. It was found that at low cation
concentrations, the catalyst achieved higher
removal efficiency and faster kinetics. For
example, at 12 min with a concentration of 50
ppm, the removal percentages were 99.549%
for Ni and 92.282% for Cd. On the other hand,

drops to 47.836% for nickel and 35.189% for Cd
at 200 ppm. In the meantime, a kinetic study
was also performed employing pseudo-first-
order and pseudo-second-order models. The
pseudo-second-order model fits better than the
pseudo-first-order model for both Ni and Cd
cations. The proposed ZSM-5 -catalyst
mechanism for both Ni and Cd cations was
considered in terms of electron-hole creation,
with a different route for each cation. Lastly,
physicochemical analyses such as BET, XRD,
SEM, and FTIR were performed for the fresh
and the used ZSM-5 photocatalysts.
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NOMENCLATURE
BET Bruenne Emmett Teller
XRD X-ray diffraction
SEM Scanning electron microscopy
TGA Thermal gravimetric analysis
FTIR  Fourier Transform Infrared Spectroscopy

Co initial concentration mg/L
Ce equilibrium metals concentrations (mg/L)
C, concentration at the time of sampling mg/L
Qe adsorption capacity (mg/g)
k, rate constants of pseudo-first-order (min~')
k, rate constants of pseudo-second-order
(L mg *min™%)
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