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Recycling of spent hydrodesulfurization (HDS) catalysts is viewed as an alternative approach to
achieving sustainability objectives in environmental protection, particularly in waste management and
water purification applications. Against this backdrop, the present research work focuses on the
reusability of a spent CoMo/y-Al,Os HDS catalyst subjected to a set of operations that involve n-
hexane solvent extraction of soluble carbon, an oxalic acid wash for foulant removal, and calcination at
500 °C for 4 hours. The recovered catalyst is characterized via X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FTIR), and atomic force microscopy (AFM). The surface area is
estimated using BET technique and found it to be 189.13 m?/g. The obtained information reveals
successful restoration, which is confirmed by the indicated crystal lattice parameters that correspond to
a nanocrystallite size of roughly 2.03 nm. Batch experiments are conducted to test the ability of the
restored catalyst in zinc ions (Zn?") adsorption from aqueous solution under different operating
conditions. Results indicate that regeneration improves performance and reaches around 99% for the
restored catalyst compared with 59% for the fresh sample. As the adsorbent dose and initial Zn>" ion
concentration is increased, the removal efficiency is increased; however, it is decreased with increasing
temperature. The optimum adsorption capacity reaches 557.50, which is obtained at dose of 0.01 g,
concentration of 120 ppm, pH of 6, time of 30 min, and temperature of 298 K. This is attributed to the
exothermic nature of the process. Based on the system's thermodynamics, the obtained AG® values are
negative; this indicates that the process is spontaneous. Whereas negative AH® and AS° values indicate
that the process is exothermic and associated with a decrease in randomness at the solid-liquid
boundary.
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1. INTRODUCTION

Pollution is generally referred to as the substance that affects the environment by bringing about
changes in the physical, chemical, and biological aspects. Pollution can be found in the air, in water
bodies, or in the soil in different forms, depending on its nature, permanence, and strength [1].
Nanotechnology is an innovative branch of science that is involved in different remediation methods
for reducing environmental pollution owing to unique characteristics such as a high specific surface
area and high activity of the nanoscale materials [2]. Different kinds of nanoparticles (NPs) have been
synthesized; they can be distinguished based on their unique structures including sphere-like,
cylindrical or amorphous/crystalline type, and their size range is between 1 to 100nm [3]. Utilization of
nanotechnology as enabling technology has made certain effects in different fields like environmental
cleanup, energy, and chemicals [4].

Water has a significant role in the survival of living beings and in meeting basic human needs, such as
domestic use, irrigation, and industrial operations [5]. However, pollution of water sources is a big
issue nowadays for the environment and public health worldwide, especially in areas where water is
unsafe to consume and the proper sanitation facilities are lacking [6,7]. It is known that water bodies
may contain various pollutants like organic and inorganic compounds, metals, radioactive waste, and
biological pollutants [8], where some could be detected by the naked eye and others could not. The
presence of heavy metals (HMs) poses a threat due to their hazardous nature, longevity in the
environment, non-degradable character, and ability to accumulate within organisms and the food chain
[9-11]. HMs may originate from natural sources, but the huge increase in their concentrations is
noticed after the Industrial Revolution. These could come from anthropogenic activities like mining,
industrial effluents, agricultural operations, and garbage dumping [12-14].

Metal contamination poses substantial health hazards, which include cancer, kidney damage, bone
disease, and heart-related illnesses [15]. While certain metals like zinc, copper, and nickel have roles
within trace limits, excessive exposure could pose potential threats [16-18]. A variety of methods for
treating metal pollutants like precipitation, ion-exchange process, solvent extraction, and membrane
filtration are applied. But they may be expensive or ineffective where the concentrations are low
[19,20]. Here, the importance of adsorption appears as one of the preferred methods due to its
efficiency, simplicity, economy, and flexibility [21,22]. Some factors that affect the effectiveness of
adsorption include pH, temperature, reaction time, concentration, and adsorbent characteristics [23].
The use of nanomaterials in adsorption could improve efficiency thanks to their high surface area and
number of active sites [24].

Adsorption is defined as the adsorption of molecules or ions from the liquid or gaseous state and their
deposition onto the surface of a solid adsorbent [25]. Being efficient and universal in its applications,
the adsorption technique has been applied in various areas ranging from wastewater management to
gas purification and industrial separation techniques [26-28]. Adsorption occurs through physical
adsorption based mostly on intermolecular weak interactions or chemical adsorption relying on
stronger binding interactions occurring at the surface of the adsorbent [29,30]. The spontaneity and
type of adsorption can be characterized using thermodynamic values like Gibbs free energy change
(AG®), enthalpy change (AH®), and entropy change (AS°) [31-34].
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The catalyst plays a crucial role in any process of industrial production. Specifically, the process of oil
refining includes a series of catalytic reactions, which allow for transformations without consuming the
catalysts [35]. The most common catalysts for desulfurization reactions include CoMo/y-Al:Os and
NiMo/y-Al:0s catalysts, which are employed to eliminate sulfur impurities from petrochemical streams
[36,37]. The broad usage of catalysts with a core of y-Al:Os; is explained by their beneficial
characteristics: large specific surface area, excellent thermal stability, and high mechanical strength
[38-41]. Nevertheless, long-term use of catalysts in HDS results in the loss of catalytic activity due to
the formation of coke layers, deposition of metallic elements, and sintering of the structure [42-45].
This leads to the generation of huge amounts of spent catalysts (from 150,000 to 170,000 tons
annually) [46,47]. As spent catalysts contain valuable metals, such as cobalt, molybdenum, and nickel,
they are reused through regeneration processes, which become important [48]. The thermal and
chemical regeneration procedures help improve catalytic efficiency by eliminating coke and foulants
[49,50]. Moreover, it should be noted that the reuse of spent hydro-processing catalysts is important
because of the toxicity of metals released during their improper utilization [48].

There are many works in the literature on the treatment, regeneration, and reuse of wasted
hydrodesulfurization catalysts. For instance, Abbas and Jung [51] have revealed that the oil residues on
the spent HDS catalysts may be removed by solvent-assisted treatment and the catalyst support is
recovered without substantial damage to its structure. Ahn et al. have suggested a remanufacturing
process for used Ni—Mo/y-Al,O3; catalysts using sequential oil washing, incineration, and acid
leaching. This shows that the physicochemical qualities of the catalyst could be restored by removing
carbonaceous deposits and metal impurities [52]. Similarly, Tian et al. show that the efficient removal
of oil from spent HDS catalysts is an important pretreatment before further recovery or reuse, and that
assisted cleaning procedures can increase the removal of petroleum residues [53]. Finally, Asencios
and Sun-Kou demonstrated that high-surface-area y-Al2O; may adsorb hazardous metal ions, such as
Zn(Il), Cd(I) and Pb(II), from aqueous solutions in the context of adsorption applications [54].
However, the direct reuse of regenerated spent CoMo/y-Al2O3 hydrodesulfurization catalyst as an
adsorbent for Zn(II) removal from aqueous solution has not been paid much attention. Therefore, the
present study is aimed to fill this gap through regeneration of the spent CoMo/y-Al2Os catalyst and
studying its adsorption performance towards Zn?" ions at varied operating settings.

The objective of this study is the investigation of the spent CoMo/y-Al,O3 hydrodesulfurization
catalyst regeneration process and assessment of its ability to absorb Zn?" ions from aqueous media.
The main objectives include the following: (i) regeneration of the spent CoMo/y-Al,O; catalyst
through suitable physical and chemical regeneration processes; (ii) use of the regenerated CoMo/y-
Al>Os catalyst for the absorption and removal of Zn?" ions from aqueous media; (iii) determination of
the optimal conditions, such as contact time, amount of the adsorbent, initial Zn** concentration, and
temperature; and (iv) analysis of the thermodynamics of the Zn** ions absorption by the regenerated
catalyst.

2. EXPERIMENTAL
2.1. Characterization techniques

The regenerated CoMo/y-Al>O3 catalysts are analyzed using several methods. The crystal structure of
the catalyst and the crystal size are evaluated by the use of X-ray diffraction technique (XRD).
Scanning electron microscope (SEM; JEOL, Japan) is used to determine the surface morphology and
particle structure of the catalysts. For identifying the functional groups and metal-oxygen interactions,
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FTIR technique (Shimadzu IRPrestige-21, Japan) is used. Atomic Absorption (AA) Spectrophotometry
technique (AAS; Shimadzu AA-7000, Japan) is used for evaluating the residual concentration of Zn*"
in the solution post-adsorption. Nitrogen gas adsorption-desorption is also carried out on the
regenerated catalysts by using the Brunauer-Emmett-Teller (BET) technique.

2.2. Chemicals

The chemicals in this study are used as they are received. These are included zinc(II) chloride (ZnCla,
99%, molecular mass: 136.30 g/mol; Panreac, Spain) and absolute ethanol (C2HsOH, 99.9%,
molecular mass: 46.07 g/mol; GCC). Also, n-hexane (CsHis, 99.8%, molecular mass: 86.18 g/mol;
Sigma-Aldrich), and oxalic acid (H2C204, 99.9%, molecular mass: 90.04 g/mol; Barcelona, Spain) are
utilized. Zinc(II) chloride is used as the source of Zn** ions for aqueous solutions utilized in adsorption
experiments. While n-hexane and oxalic acid are used during the regeneration treatment of the spent
CoMo/y-Al>Os catalyst that is obtained from Aldora refinery, Baghdad, Iraq.

2.3. Preparation of solutions used in adsorption over HDS catalysts

A standard stock solution of Zn** ions is prepared by the dissolution of 2.0847 g of zinc(II) chloride
(ZnClz) in deionized water, then diluting it to 1000 mL in a volumetric flask to obtain a concentration
of 1000 mg L!. Zn** solutions with concentrations of 20, 40, 60, 80, 100, and 120 mg L' are then
prepared by the dilution of the stock solution. Similarly, the 0.08 M oxalic acid (H2C204) solution is
prepared by dissolving 0.3600 g of oxalic acid in deionized water and diluting it to 50 mL.

2.4. Regeneration of spent catalysts

The spent catalyst, which is shaped mostly cylindrical (with different dimensions), has oil that is
adhered to it. This is ground into a powder and sieved in a mesh with a size of 75 pum, so the particles
size is equal or lower than this number. Figure 1 (A and B) shows the change in size before and after
grinding, respectively. The catalyst particles are washed with distilled water in order to remove any
impurities, then dried in an oven at 100 °C for 2 hours. The dried catalyst go through a three-stage pre-
treatment process. The textural properties of the regenerated CoMo/y-Al:Os catalyst are determined by
nitrogen adsorption—desorption analysis using the BET method. Before analysis, the sample is
degassed at 120 °C for 2 h to remove physically adsorbed moisture and impurities from the surface.
The measurement is carried out by using N as the adsorptive gas at 77 K. The BET method is applied
to estimate the specific surface area, while the total pore volume is calculated from the adsorbed
nitrogen amount at high relative pressure. The average pore diameter and pore-size distribution are
determined using the BJH method.
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(A) B)
Figure 1 Spent CoMo/y-ALO3, (A) Before and (B) After grinding.

The regeneration process of the spent CoMo/y-Al,O3 catalyst is accomplished through three stages,
namely, solvent extraction, acid leaching, and heating. This entails placing 9 g of the spent catalyst in
an extraction apparatus consisting of a round bottom flask fitted with a condenser for treatment with n-
hexane refluxed at 75-85 °C for 6 h at 200 rpm stirrer rate to extract soluble coke from the catalyst.
This extracted solid is filtered and dried in a vacuum oven at 110 °C for 3 h. In the next stage, 5 g of
the n-hexane-extracted catalyst is leached with 50 mL of 0.08 M oxalic acid solution at 75—85 °C for 1
h under stirring at 200 rpm for removal of foulants. After filtering and washing the catalyst repeatedly
with distilled water, it is dried in a hot air oven at 150 °C for 2 h before being is cooled in a desiccator.
All the three (spent catalyst, n-hexane-treated catalyst, and oxalic acid/n-hexane treated catalysts) are
calcined in a muffle furnace at 500 °C for 4 h to decompose the insoluble coke present on the catalysts.

2.5. Factors affecting adsorption method

The effect of contact time on Zn>" adsorption is investigated using batch experiments at 298 K. For the
experiment, 50 mL of Zn*" solution of 100 mg L"! initial concentration and pH 6 is mixed with 0.10 g
of the regenerated CoMo/y-Al2Os catalyst. The mixtures are agitated in capped vessels by employing a
thermostatically controlled water-bath shaker that ran at 150 rpm. Samples are mixed at times of 10,
20, 30, 40, and 50 min, then filtered to remove suspended catalyst particles. The residual Zn*"
concentration in the filtrate is measured by the AAS.

The effect of adsorbent dose on Zn?" removal is examined by applying different amounts of the
regenerated catalyst. Doses of 0.01, 0.05, 0.10, 0.15, and 0.20 g are applied. The other factors are
included the use of 50 mL of Zn** solution with an initial concentration of 100 mg L' at pH 6 and 298
K. The separation procedure is used as described above.

The influence of initial Zn>" concentration is studied using 50 mL solutions of the concentrations 20,
40, 60, 80, 100, and 120 mg L. The experiments are carried out using 0.15 g of the catalyst at pH 6,
298 K, a stirring rate of 150 rpm, and a fixed contact time of 30 min that is selected based on the
equilibrium time determined in the contact-time study. Lastly, the effect of temperature is evaluated at
298, 308, 318, and 328 K. The experiments are performed using 50 mL of Zn?" solution under the
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selected conditions: pH 6, initial Zn?>" concentration of 100 mg L', adsorbent dose of 0.15 g, stirring
rate of 150 rpm, and contact time of 30 min.

The desorption process is carried out by initially adjusting the pH of the Zn?* solutions to 6.0 + 0.1 by
micro-additions of 0.1 M HCI or 0.1 M NaOH solutions. The pH is measured with a digital pH meter
calibrated with standard buffer solutions. In order to study the effect of pH on the adsorption process, it
is adjusted by the mentioned solutions to achieve the desired value of pH.

2.6. Calculation of metal removal

The removal ratio (R%) of Zn*" is calculated using the following equation [55,56].

R(%) = (Co-Ce)/ Co x 100 (1)
where: R %: The percentage metal removal; Co: The initial concentration of metal ion (mg /L); and Ce:
The equilibrium concentration of metal ion after adsorption at any time, mg L.

The adsorbed Zn?>" on the adsorbent at equilibrium (qe (mg/g)) is estimated by the following equation:
Qe =[(Co—Ce) X V] /W (2)
Where Co and Ce are mentioned above. V is volume of aqueous solution (L), and W is dry mass of
regenerated catalyst (g).

3. RESULTS AND DISCUSSION
3.1. Characterization of regenerated (CoMo/y-Al>O3) catalysts
3.1.1. X-ray diffraction

The crystalline phase composition of the prepared materials and the assessment of their crystal
structure are determined using XRD. The results of the XRD of the three major diffraction peaks for
the regenerated CoMo/y-AlxO; catalyst and the diffraction patterns of the regenerated catalyst are
shown in Figure 2 and Table 1. The average particle size is calculated by using the Debye-Scherrer
formula [57].
0921
- B cosb (3)

where D is the crystallite size, A is the wavelength of radiation, 0 is the Bragg’s angle, and f is the full
width at half maximum (FWHM).

The calculated value of the crystallite size for the regenerated catalyst CoMo/y-Al>O3 is 2.028 nm. The
appearance of sharp diffraction peaks in the X-ray diffractogram, along with a crystallite size of less
than 100 nm, indicates that the synthesized product is a nanocrystal.
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Figure 2 XRD ofregenerated CoMo/y-Al>Os.

Table 1 Structural characterizations of XRD.

Pos. Height FWHM  d-spacing Rel. Int. Tip Width
[°2Th.] [cts] Left [A] [%]
[°2Th.]
37.8668 73.77 3.9360  2.37600 35.47 4.7232
45.6340 207.95 1.7712 1.98803 100.00 2.1254
58.7040 51.10 4.7232 1.57278 24.57 5.6678
67.0393 158.28 1.5744 1.39606 76.11 1.8893

3.1.2. FTIR Spectra Analysis

The FTIR spectrum of the regenerated catalyst is shown in Figure 3. The absorption peaks that are
detected between 400 and 1050 cm™! could be linked to the vibrations of metal-oxygen species. The
peak is seen at 895.08 cm™! could be related to MoQs species, while those are recorded at 667.00 cm™!
and 429.91 cm™! represent the vibrational spectra of Al-O species [58, 59]. These could be considered
as a sign of the presence of aluminum atoms in octahedral and tetrahedral structures, respectively. This
observation is in agreement with the FTIR spectra of CoMo/y-Al2Os catalyst.



Exp. Theo. NANOTECHNOLOGY 10 (2026) 1285-1304

60 -
403.25 cm'l\
413.03 em*——
50 429.91 cm™
40 A
;\3 1152.98 cm™
8 \ 667.00 cm™
E \
= 30
€ 1645.35 cm'!
)
s \ 895.08 cm™?
=
20 A
3465.70 cm!
10 +
0 I T I T 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500 400

Wavenumber (cm™)

Figure 3 FTIR spectrum of regenerated CoMo/y-Al>Oj3 catalyst.

3.1.3. Scanning electron microscope test

The SEM technique is utilized to check and analyze the morphological merits of the samples [60, 61].
Figure 4 shows SEM images of the reformed CoMo/y-AlxOs catalyst, revealing irregular, partially
spherical particles. The mean particle size is 27.86 nm.

The particle/grain size obtained from SEM is compared with the crystallite size calculated from XRD
analysis. The XRD-based crystallite size of the regenerated CoMo/y-Al>O3 catalyst is approximately
2.028 nm, whereas the SEM image shows an average grain size of about 27.86 nm. This difference is
reasonable because XRD peak broadening estimates the coherent crystalline domain size, whereas
electron microscopy measures the apparent particle or grain size, which may consist of aggregated
crystallites [62]. Therefore, the larger SEM grain size suggests that the visible grains are composed of
several smaller crystallites aggregated together after regeneration and calcination.
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Figure 4 SEM images of regenerated CoMo/y-Al>O3 NPs.

3.1.4 Structural characteristics

The BET result shows that the regenerated catalyst is highly porous. The specific surface area is found
to be 189.13 m%/g, while the pore volume and diameter are determined as 0.4905 cm?/g and 10.374
nm, respectively. Yet, the pore volume by BJH is reported to be 0.5084 cm?®/g whereas the pore
diameter is 9.30 nm. Findings suggest a mesoporosity structure with pore diameters falling within the
range of 2 to 50 nm. High surface area and accessibility of mesopores promote the diffusion of Zn**
ions and provide numerous active sites, which result in high adsorption capacity during the adsorption
study. It is good to mention that the found diameter value is different than the SEM images findings,
but both fall within the same range of mesoporosity structure.

3.2. Regeneration of spent CoMo/yAl,O; catalysts

The regeneration results are listed in Table 2, they show that the used catalyst had about 8.8027 wt.%
soluble coke, which is stripped by n-hexane. Furthermore, the main contaminant metals (Fe, Ca, As,
and sulfates), which make up 11.6 wt.% of all contaminants, are effectively terminated using oxalic
acid. Insoluble coke, making up 18.00 wt.% of all contaminant materials, is cleaned through
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calcination. Regeneration helped improve some of the physicochemical properties of the catalyst, such
as the reconstitution of the active metal ions, nickel, and molybdenum, as well as y-Al>O3 support.
Regeneration is assumed to improve the surface properties that are altered due to detrimental sintering
and fouling during the previous use. This greatly improves the adsorption efficiency of the catalyst.
Thus, the regenerated catalyst has an ability to remove Zn** ions of about 99%, whereas the used
catalyst only has about 59%.

Table 2 Physical and chemical properties of commercial, spent, and regenerated CoMo/yAl,O3
catalysts.

Property New Spent Regenerated
CoO 4.10 wt.% 2.27 wt.% 3.03
MoOs 12.90 wt.% 11.36 wt.% 15.15
ALLOs 81.00 wt.% 61.35 wt.% 81.82
Na,O <0.04 0.0
Fe < 0.08 With foulant 0.0
Si0; <0.24 0.0

Soluble coke 0.0 8.80 0.0
Insoluble coke 0.0 11.6 0.0
Fouling elements, Fe, Ca, As 0.0 18 0.0
Normal size 1.5-2.5 mm <1.5-25mm <1.5-2.5 mm
Form Extrudates Extrudates Powder

3.3. Adsorption of Zn*" ions on regenerated CoMo/yAl>Os catalysts

The concentration of Zn?>* ions is determined using AAS. The absorbance of Zn?' solutions is
measured at a maximum wavelength (Amax) of 213.9 nm. The following sections denote the obtained
results.

3.3.1. Adsorption of Zn*" ions on spent CoMo/y-Al>0; catalyst

Removal of Zn** ions from aqueous solutions by the spent CoMo/y-Al,Os catalyst is studied under the
following experimental conditions: initial metal ion concentration of 100 mg/L, pH 6, adsorbent dose
0.15 g, temperature 298 K, and contact time 30 min. An efficiency of 59% removal is obtained (as
mentioned previously).
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3.3.2. Effect of contact time on adsorption

The impact of contact time on the adsorption of Zn?* by the regenerated CoMo/y-AL,Os catalyst is
analyzed at different times of 10, 20, 30, 40, and 50 minutes while maintaining temperature (298 K),
Zn*" concentration (100 mg L), pH (6), and dose (0.1 g) the same. The relation between removal
efficiency and contact time is provided in Figure 5. Based on the data, it can be concluded that
equilibrium is attained in approximately 30 min for Zn>" adsorption by the regenerated catalyst, after
which no further notable changes are observed.

This is due to the relatively high number of active adsorption sites at the onset of the process and to the
large concentration difference between the solution and the adsorbent surface. The decreasing number
of adsorption sites reduces the rate of adsorption toward equilibrium. Equilibrium is attained as there
are no more active adsorption sites [63]. Moreover, the rapid initial uptake indicates a highly dynamic
process, where the majority of Zn>" ions are removed in the first 20 min due to the direct access of
unoccupied functional groups on the outer surface of the catalyst. As these surface sites are gradually
filled, the adsorbed ions began to generate electrostatic repulsion, which are hindered further
adsorption. The remaining ions have to slowly diffuse into the internal pores until the monolayer
saturation is reached. From a practical and industrial point of view, the fast attainment of equilibrium
within a 30 min time frame indicates the successful recovery of the surface-active sites of the catalyst
by the regeneration. Moreover, the determination of such optimum residence time is an important
parameter for limiting the energy consumption of agitation and thus to decrease the total operational
cost of the water treatment process [64-66].
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Figure 5 Effect of contact time on Zn?' ion removal on the regenerated CoMo/y-Al>,O3
catalyst.

3.3.3. Effect of adsorbent quantity on adsorption

Adsorbent dose effects on the removal of Zn?" Ions. Adsorbent dose effects on Zn?>* ions have been
studied by changing the mass of regenerated CoMo/y-Al,O3 in the range of 0.01, 0.05, 0.10, 0.15, and
0.20 g at constant temperatures of 298 K, initial concentration of 100 mg L™!, pH value of 6, and fixed
contact time of 30 min. The impact of changes in the adsorbent dosage on the Zn?" ions removal is
presented in Figure 6. It can be observed that an increase in adsorbent dosage causes more Zn?" ions to
be adsorbed. The reason could be explained by the provision of more adsorption sites through an
increase in the adsorbent dose [67]. This improvement is directly related to the increased total surface
area and the relative increase in the number of vacant active functional groups, which increases the
collision probability between the Zn>" cations and the available binding sites. Yet, it is generally
observed that beyond a certain optimal dosage, the marginal increase in removal efficiency levels off
or even declines. This is because, at the higher adsorbent doses, the total number of adsorption sites
available is much higher than the fixed metal ions concentration available in the bulk solution and
hence many active sites remain unoccupied [68]. In addition, high adsorbent concentrations can cause
particle aggregation or overlapping in the solution, which effectively masks and reduces the available
surface area. Split-level concentration gradients at high doses can further contribute to the reduction in
specific adsorption capacity (qe). From the process optimization point of view, it is important to
determine the inflection point where the maximum efficiency meets the minimum mass consumption
to guarantee an economically viable and cost-effective water purification operation [67,68].
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Figure 6 Effect of adsorbent quantity on the removal rate of Zn>" ions.

3.3.4. Effect of initial concentration of Zn>" on adsorption

The impact of the initial Zn** concentration on adsorption is studied at concentrations of 40, 60, 80,
100, and 120 mg L. The results are illustrated in Figure 7; the indicated that the removal ratio of zinc
ions decreased as the initial concentration increased. This behavior could be attributed to the limited
number of active adsorption centers on the catalyst surface. With fewer zinc ions in solution, more
centers become occupied; thus, the removal increased. In contrast, when the initial concentration of
ions rose, the available number of adsorption sites are saturated. Moreover, while a larger
concentration difference initially leads to better mass transfer, it eventually saturates and results in no
extra absorption [52]. This inverse relationship between the removal ratio and the initial concentration
is a characteristic feature of batch adsorption systems operating with a fixed mass of adsorbent. At
lower concentrations, the ratio of the available surface area and the vacant functional groups to the
total number of Zn?" ions in the bulk solution is extremely high, allowing almost all present ions to
find an active site easily. Conversely, at higher initial concentrations, the fixed quantity of active
centers becomes the limiting factor. The competitive interaction among the excessive number of Zn?*
cations for the remaining crowded sites intensifies, leaving a substantial fraction of the metal ions
unabsorbed in the solution. This plateau effect confirms that the active sites are completely surface-
covered, shifting the process from being controlled by mass-transfer resistance to being limited by the
specific adsorption capacity of the regenerated catalyst [52,67].
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Figure 7 Effect of initial concentration on the removal of Zn** ions.

3.3.5. Effect of temperature on adsorption

The influence of temperature on Zn>* adsorption is studied at 298, 308, 318, 328, and 338 K, while the
other parameters are set as pH = 6, initial concentration = 100 mg L', amount of adsorbent = 0.15 g,
and contact time = 30 min. The results are presented in Figure 8. From the figure, it is clear that the
removal ratio is decreased by increasing temperature. This implies that the adsorption process is
exothermic. The reduction in adsorption capacity may be due to weakened interactions between Zn>"
ions and the active sites of the regenerated catalyst. Also, as the temperature rose, the thermal energy
could increase and lead to a desorption from the surface. The exothermic nature shows that the
operational performance is thermodynamically favorable at low temperatures. At elevated
temperatures, the additional thermal energy supplied to the system increases the kinetic energy of the
adsorbed Zn?" ions, thus increasing their mobility and their ability to overcome the attractive forces
that hold them to the catalyst surface. This in turn causes a shift in the adsorption-desorption
equilibrium toward the desorption phase. Moreover, the physical structural integrity of the active
functional groups or the binding sites on the regenerated CoMo/y-Al,O3; matrix might be subjected to
subtle thermal distortions or weakening at higher temperatures thus reducing their affinity for metal
cations. This trend indicates that the attachment mechanism is dominated by physical forces or weak
chemical interactions, since true chemisorption should exhibit the opposite trend with increasing
temperature.
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The temperature range is confined to 298-338 K as the adsorption studies are carried out in aqueous
solution at atmospheric pressure. Increasing the temperature above 400 K would lead to large water
evaporation and a pressurized system, which is not the case in practical wastewater-treatment
circumstances. Therefore, the chosen temperature range is adequate to study the influence of
temperature on Zn>" adsorption. After exploring all of the conditions, it can be stated that the
maximum adsorption capacity attained is 557.50, achieved at a dosage of 0.01 g, a concentration of
120 ppm, a pH of 6, a time of 30 min, and a temperature of 298 K.
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Figure 8 Effect of temperature on the removal rate.

3.4. Thermodynamic study of CoMo catalysts

The effects of temperature on the adsorption of Zn>* by regenerated CoMo/y-Al,Os are studied at 298,
308, 318, 328, and 338 K. The aim is to obtain the thermodynamic constants for the adsorption process
in terms of the standard Gibbs free energy (AG°®), enthalpy (AH®), and entropy (AS®). The adsorption

equilibrium constant (K) is obtained from the Van’t Hoff equation as described below:
AH 1, AS

InK=-—C)— 4)

The equilibrium constant (K) at different temperatures was calculated by equation 5:

K= Qe xm(g) (5)
Ce XV (L)

Where Q.: The adsorption capacity of metal ions (mg/g), m: The mass of the catalysts (g), Ce: The
concentration at equilibrium after Zn*>* removal (mg/L), and V: Volume of the aqueous solution (L).
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Table 3 presents the equilibrium constant (K) values for the adsorption of Zn?" ions onto the
regenerated CoMo/y-Al>O3 at different temperatures. The standard Gibbs free energy change (AG®) is
calculated by the following equation [69]:

AG°=-RT Ink (6)
in which AG® is the standard free energy change (kJ/mole), R the gas constant (8.314x107* kJ/mol.K),
T the absolute temperature (K), and k the equilibrium constant. Figure 9 shows Van’t Hoff Plot for
adsorption of Zn** ions on regenerated CoMo/y-Al,Os catalyst. Finally, the values of (AH°) and
(AS°) can be calculated from the slope and intercept of the plot (Ink) versus (1/T) [70,71] as
explained by equations:

Slope = - AH/R (7)

Intercept = AS /R (8)

Table 3 Effect of temperature on equilibrium constant for the adsorption of Zn?* ions in regenerated
CoMo/y Al,Os catalysts.

Temperature /T, K! Ce Qe K In k
K) (mg/L)  (mg/g)
298 0.00335 0.2266 41.5722 440.3057 6.0874
308 0.00324 6.1880 39.0883 15.1602 2.7186
318 0.00314 7.9727 38.3447 11.5428 2.4460
328 0.00304 8.3132 38.2028 11.0290 2.4005
338 0.00295 8.6188 38.0755 10.6025 2.3610

Figure 9 shows a high linear correlation in the Van’t Hoff plot, which gives a strong mathematical
basis for the breakdown of the system’s thermodynamic profile. The positive slope of the plot is
unique to the inverse correlation between the computed equilibrium constant (In K) and the
temperature (T) that agrees with the reduced removal efficiency at elevated temperatures. From a
thermodynamic point of view, the positive slope (-AH®/R) of the plot experimentally indicates that the
AH? is mathematically negative (AH® < 0), which essentially confirms the exothermic nature of Zn?*
immobilization onto the regenerated CoMo/y-AlbO3 matrix. Concurrently, the negative Y -intercept
induces a negative standard entropy change (AS°® < 0) that unveils a localized loss of degrees of
freedom and molecular randomness at the solid-liquid interface, as solvated divalent zinc ions
transition from a chaotic bulk solution to a more ordered state upon state-specific surface fixation.
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Figure 9 Van 't Hoff Plot for adsorption of Zn?** ions on regenerated CoMo/y-Al>O3 catalyst.

The thermodynamic functions of AG®, AH®, and AS° are listed in Table 4. Negative values of AG® at all
the examined temperatures have proved that the adsorption is feasible and spontaneous. Moreover, the
negative value of AH® indicates that the adsorption process is exothermic [72]. Finally, the negative
value of AS° shows a reduction in randomness at the solid-solution interface.

Table 4 Values of thermodynamic functions for the adsorption of Zn®* on the regenerated CoMo/y-
AL Os catalyst at different temperatures.

Temperature AG® AH° AS°
(K) (KJ/mol) (KJ/mol) (J/mol.K)
298 -15.0819 -66.2259 -181.5860
308 -6.9615
318 -6.4670
328 -6.5462

338 -6.6349
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4. CONCLUSIONS

This work successfully regenerated the spent CoMo/y-Al,Os; hydrodesulfurization catalyst and
repurposed it to serve as an adsorbent for zinc ions removal from water samples. n-hexane extraction,
oxalic acid treatment, and calcination removed all the coke, foulants, and carbonaceous materials in the
catalyst and resulted in improved surface properties. The characterization data confirmed the recovery
of catalyst structure, where XRD data indicated nanocrystallinity and crystallites averaging 2.0283 nm,
and BET analysis confirmed the high surface area value of 189.13 m?/g with mesoporous structure. In
addition, the regeneration procedure resulted in increased adsorption capacity for zinc ions removal to
a rate of 99.77%, compared to 59% from the spent catalyst. It took 30 min for the adsorption
equilibrium to be established, and this was influenced by parameters such as contact time, amount of
adsorbent, initial zinc ion concentration, and temperature. At optimum conditions, the adsorption
capacity was 557.50 mg/g. From thermodynamics evaluation, the adsorption process was spontaneous,
exothermic, and involved decreased randomness at solid-solution interface.
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