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Abstract: Developing a cost-effective approach for the remediation of wastewater con-
taining uranyl [U(VI)] ions is essentially important to ecosystems and human health. In
this study, a Zn-based ZIF-8 framework was fabricated from wasted batteries through an
environmentally friendly ball milling process featuring a distinct microstructure compared
to those synthesized from commercial Zn(II) sources. The as-obtained Zn-based ZIF-8
framework can effectively remove U(VI) ions from water, and a high removal efficiency
of up to 99% is achieved across different process parameters, including initial dosage, pH
values, and the presence of interfering ions. The superior U(VI) removal performance
is attributed to the synergistic effect of microstructural features (e.g., crystallite size, spe-
cific surface area and pore diameter) and chemical interaction within the framework of
Zn-based ZIF-8, resulting in the formation of the U···N chelates. This study integrates
waste upcycling and hazardous U(VI) removal in an environmentally sound way, thereby
promoting a circular economy.

Keywords: uranium removal; ZIF-8; ball milling; waste upcycling; circular economy

1. Introduction
Nuclear energy plays an important role in the advancement of sustainable develop-

ment. Uranium (U), a dominant nuclear fuel, has a high concentration in the continental
crust [1]. Uranium exhibits various oxidation states in nature, such as +2, +3, +4, +5, and
+6. The hexavalent state, U(VI), is the most stable and abundant form, with high toxicity.
U(VI) typically exists as the uranyl ion (UO2

2+), and its species distribution in aqueous
solutions as a function of pH is shown in Figure 1. The inhalation of U(VI)-bearing particles
can induce radiation damage to the lungs, potentially leading to lung cancer [2]. While
U resources are essential for the operation of nuclear energy, the extraction of U from ores
via mining and milling processes can generate large amounts of wastewater containing
highly toxic hexavalent uranyl [U(VI)] ions [3]. Improper treatment of this wastewater can
lead to severe environmental pollution and cause irreversible damage to human health [4,5].
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Thus, it is imperative to develop reliable and efficient methods to alleviate the impact of
uranium pollution.
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tivation, leading to reduced lifetime and higher operation costs [7]. Membrane separation 
methods, such as reverse osmosis (RO), can process a large volume of uranium-containing 
wastewater and are easily scalable, but they suffer from high energy consumption, cost, 
complex processes, and membrane fouling [12]. Adsorption has been widely recognized 
as the most effective method for the removal of uranium owing to its high removal effi-
ciency, easy handling, and less secondary pollution [13,14]. 

A variety of materials, such as graphene oxide (GO), nanofiber magnetic polymers 
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move uranium from wastewater streams. During the oxidation process of GOs, the π 
bonds in the graphene layer are destroyed, causing graphene oxide to lose its electrical 
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functionalization [16]. Fe3O4 is the most used magnetic material in the field of wastewater 
treatment. However, Fe3O4 particles tend to aggregate due to their huge specific surface 
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Chemical precipitation [6], ion exchange [7], membrane separation [8], and adsorption [9]
are common practices in uranium-containing waste management. The chemical precipita-
tion method utilizes chemical pH adjusters, such as NaOH, Ca(OH)2, and CaO, to convert
the U(VI) ions into insoluble uranium hydroxide precipitates for further separation [10].
However, the chemical precipitation process is highly dependent on the solution environ-
ment. The coexistence of other ions may adversely impact U precipitation efficiency [11].
The ion exchange method, which uses resins for U removal via a physical–chemical treat-
ment, shows high U(VI) removal efficiency. Yet, it is limited by resin deactivation, leading
to reduced lifetime and higher operation costs [7]. Membrane separation methods, such as
reverse osmosis (RO), can process a large volume of uranium-containing wastewater and
are easily scalable, but they suffer from high energy consumption, cost, complex processes,
and membrane fouling [12]. Adsorption has been widely recognized as the most effective
method for the removal of uranium owing to its high removal efficiency, easy handling,
and less secondary pollution [13,14].

A variety of materials, such as graphene oxide (GO), nanofiber magnetic polymers
(NMPs), and metal–organic frameworks (MOFs), have been investigated and used to
remove uranium from wastewater streams. During the oxidation process of GOs, the
π bonds in the graphene layer are destroyed, causing graphene oxide to lose its electrical
conductivity and have structural disadvantages [15]. MNPs are a promising class of
adsorbent materials due to their high biocompatibility, tunable functionality, and simple
functionalization [16]. Fe3O4 is the most used magnetic material in the field of wastewater
treatment. However, Fe3O4 particles tend to aggregate due to their huge specific surface
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energy and internal magnetic attraction, which limits their application in separating and
repairing metal ions.

Magnetic materials offer the advantage of facile separation from water using simple
magnetic methods. However, their magnetic properties can also lead to agglomeration,
potentially hindering their adsorption performance. To address this, Wang et al. (2023)
developed a magnetic silica nanocomposite material (NiFe2O4@SiO2@CS-PBTCA) based
on chitosan for efficient U(VI) removal [17]. This material exhibited an impressive adsorp-
tion capacity of 125.30 mg·g−1 at pH 5.0, demonstrating good selectivity and recyclability.
Polymer hybrids have shown great promise in uranium adsorption due to their high ca-
pacities. However, their preparation often involves complex multi-step syntheses and
intricate surface modifications, increasing production costs and operational complexity. To
overcome these challenges, Li et al. (2023) developed PAN-PC, a novel uranium adsorbent
that achieves exceptional uranium adsorption through self-assembly [18]. By densely
functionalizing PAN fibers with phosphocholine groups, PAN-PC surpasses the tradi-
tional 1:1 uranium/ligand stoichiometry, achieving a remarkable adsorption capacity of
2658 mg·g−1, with a stoichiometric ratio exceeding 5:1.

MOFs are porous materials formed by the coordination bonds between metals (or
metal clusters) and organic ligands [19]. MOFs have become popular materials in adsorp-
tion applications due to their extremely high specific surface area, tunable pore structure,
abundant unsaturated metal sites, and simple synthesis. Zeolitic imidazolate framework-8
(ZIF-8), a representative Zn-based MOF, has a large pore volume and surface area, reach-
ing up to 0.85 cm3·g−1 and 1158 m2·g−1, respectively. It has demonstrated the ability to
remove various pollutants, including heavy metals Cr(VI), Cu(II), and Pb(II), and antibi-
otics, such as norfloxacin tetracycline and oxytetracycline [20,21]. Its high thermal and
chemical stability makes it suitable for a wide range of applications in diverse environ-
ments [22]. ZIF-8-bearing materials have been reported to effectively remove U(VI) ions.
Their removal capabilities are summarized in Table 1. ZIF-8 is readily synthesized by coordi-
nating Zn(II) and 2-methylimidazole. The Zn(II) precursor could be derived from multiple
sources, including Zn(NO3)2·6H2O, ZnCl2, (CH3COO)2Zn), and ZnO, and the choice
of Zn(II) precursor varies with the synthetic method [23]. Common synthetic routes to
ZIF-8 are solvothermal in the organic solvents of dimethylformamide (DMF) and methanol
(MeOH), the microwave-assisted method, and mechanochemical [24]. Solvothermal and
microwave-assisted processes rely heavily on organic solvents, leading to significant sec-
ondary pollution [25]. In addition, the use of Zn(II) salts, such as Zn(NO3)2·6H2O, could
also result in problematic by-products. The mechanochemical process (i.e., ball milling) for
ZIF-8 synthesis, using ZnO as a Zn(II) source and minimum organic solvent, can signifi-
cantly reduce the carbon footprint and environmental pollution [26,27]. Commonly used
zinc–manganese dry batteries contain considerable quantities of Zn source, which is over-
looked and discarded. Such a valuable Zn source could be used as the secondary raw mate-
rial for the synthesis of ZIF-8, further improving environmental sustainability. This work
presents an eco-friendly process for the conversion of waste electrodes derived from spent
dry batteries into ZIF-8 products. The adsorption performance of the obtained ball-milled
ZIF-8 and other ZIF-8 samples synthesized from commercial Zn(II) sources for uranium
removal from simulated wastewater was evaluated under different process conditions,
providing a basis for future practical implementation. This work explores the potential
of waste battery material for the synthesis of ZIF-8 via a green route, demonstrating its
comparable U(VI) removal performance to the ZIF-8 synthesized from commercial raw
material. This research contributes to the development of sustainable and environmentally
friendly solutions for waste management.
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Table 1. A comparison of similar materials.

Material Method Removal
(%)

Specific
Surface

Area
(m2/g)

Pore
Volume
(cm3/g)

Average
Pore

Diameter
(nm)

Ref.

chitosan/
ZIF-8/algal powder hydrothermal method 89 3.645 0.052 57.210 [28]

ZIF-8-CN one-pot method 308.17 0.35 4.59 [29]

ZIF-8/PAO solvent-induced phase
separation method 99 386.54 2.55 0.2464 [30]

H-PDA/SA-ZIF-8 controlled etching process 1234.924 0.68 [31]
CO/ZIF-8@SA 90 [32]

2. Materials and Methods
2.1. Materials and ZIF-8 Synthesis

The flowchart in Figure 2 outlines the process involved in the preparation of three
ZIF-8 samples C-AQ, W-BM, and C-BM. Sample C-AQ was synthesized via an aqueous
solution route adopted from a previously reported procedure [27,33]. To be exact, 0.74 g
of Zn(NO3)2·6H2O (98%, Sigma-Aldrich, USA) and 12.28 g of 2-methylimidazole (Hmim,
99%, ACROS, Belgium) were separately dissolved in 10 mL and 90 mL of deionized (DI)
water, and the two solutions were mixed gradually. The resulting mixture was stirred for
3 h at room temperature to form a white, milky suspension. After filtration with a 0.22 µm
pore-size membrane filter, the collected solid was washed with methanol three times and
then dried in a furnace at 50 ◦C overnight. Samples W-BM and C-BM were synthesized
using a solvent-less mechanochemical process, differing only in the input of metal sources
(waste ZnO extracted from discarded batteries for W-BM and commercial ZnO for C-BM),
while all other conditions were kept identical. In this process, 0.497 g of waste/commercial
ZnO and 1.5033 g of Hmim were added to a 50 mL zirconia milling container. Zirconia
balls and 2 mL of methanol (99.6%, Sigma-Aldrich) were employed to facilitate the reaction.
The reaction was commenced at 500 rpm for 10 h. The obtained pasty samples were
collected and washed three times using 50 mL of deionized water and dried in a furnace at
60 ◦C overnight.
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2.2. Batch Adsorption Experiments

A uranium stock solution (in the form of UO2
2+) with a concentration of 1000 ppm

was prepared by dissolving uranium salt in deionized water, and it was stabilized by
adding concentrated nitric acid (HNO3). Experiments for the adsorption of U(VI) by
ZIF-8 samples were conducted in a beaker positioned on the temperature-controlled mag-
netic stirrer at room temperature (25 ± 1 ◦C). The reaction time was set between 0.5 and
90 min, sampling at each time interval. In addition, other parameters, including pH (3–8),
sample dosage (0.2–1.0 g·L–1), initial concentration of U(VI) (20–60 ppm), and interfering
metal ions (Na+, Mg2+, K+, and Ga2+), were also examined for the removal of U(VI) by
the synthesized ZIF-8. During the adsorption experiment process, ZIF-8 samples were
added into a beaker containing 30 mL of uranium solution, and the pH was tuned using
0.1 M of HNO3 and NaOH. The reaction was commenced with a magnetic stirring speed of
600 rpm. At each sampling interval, the mixtures were filtered with a 0.45 µm pore-size
water-based filter. The U(VI) concentrations in the resulting solution were analyzed us-
ing an ultraviolet-visible (UV-Vis) spectrophotometer (UV-1900i; Japan). The adsorption
capacity and adsorption efficiency of ZIF-8 for U(VI) were calculated using Equations (1)
and (2), respectively:

Adsorption capacity =
(C t − Co)V

m
(1)

Removal efficiency(%) =
Ct − Co

m
× 100% (2)

where C0 (mg·L–1), Ct (mg·L–1), m (g), and V (L) are the initial concentration of U(VI),
the remaining U(VI) concentration in the solution, and the quality of ZIF-8 and solution
volume, respectively.

2.3. Material Characterization

Phase components were determined via X-ray diffraction (XRD) analysis. The XRD
data were collected using a Bruker D8 Advance diffractometer equipped with a Cu Kα

radiation source (λ = 1.5418 Å). The morphology of the synthesized samples was observed
using a scanning electron microscope (SEM, Hitachi S-4800, Japan) after gold sputtering.
The N2 physisorption analyses and measurements of the specific surface areas and pore
diameters were performed at a liquid nitrogen temperature (77 K) using an Anton par
Autosorb 6100 high-pressure gas sorption analyzer. Prior to BET measurement, the sam-
ples were degassed at 200 ◦C for 8 h. The samples were analyzed by Fourier transform
infrared (FTIR) spectroscopy (PerkinElmer Spectrum 100 spectrometer) using the KBr pellet
method. The surface valence of the samples (XPS) was analyzed using a Thermo Scientific™
ESCALAB™ Xi+ X-ray Photoelectron Spectrometer. A list of the instrument models and
their places of origin used in this work is provided in Table 2.

Table 2. List of analytical instruments.

Characterize Model Country

FTIR PerkinElmer Spectrum100 America
XRD Bruker D8 Advance Germany
BET Autosorb 6100 America
SEM Sigma 300+ UILTIM MAX Britain
TEM JEOL JEM 2100 F Japan
XPS Thermo Scientific ESCALAB Xi+ America
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3. Results and Discussion
3.1. Characterization of ZIF-8

Figure 3a–c show the XRD patterns of ZIF-8 prepared via a ball milling route and
from an aqueous solution. The three synthesized samples featured similar XRD peak
positions that can be indexed as a ZIF-8 structure with a sodalite topology (CCDC 1046832).
Nevertheless, the XRD peak profiles among these ZIF-8 samples exhibited subtle differences,
suggesting the microstructural features (e.g., crystallite sizes and morphology) of these
ZIF-8 samples differ slightly. The Pawley refinement method was carried out to quantify
the differences based on the XRD data. The Pawley refinement provided a satisfactory fit to
the experimental data. The crystallite sizes of W-BM, C-BM, and C-AQ were estimated to
be 68(40) nm, 80(20) nm, and 96(15) nm, respectively, indicating a much smaller crystallite
size of ZIF-8 synthesized from the waste electrodes. The lattice parameter a and cell volume
for samples W-BM, C-BM, and C-AQ were determined to be 17.0276(5) Å, 17.0297(5) Å,
17.0225(4) Å, and 4937.0(5) Å3, 4938.8(5) Å3, 4932.5(4) Å3, respectively. These findings
demonstrate ZIF-8 synthesized from different routes exhibiting an identical crystalline
phase while showing slight variations in its microstructural features.
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Figure 3. (a) Pawley-refined XRD patterns of sample W-BM; (b) Pawley-refined XRD patterns of
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parameter, and cell volume of three ZIF-8 samples W-BM, C-BM, and C-AQ.

The nitrogen adsorption–desorption patterns (Figure 4a) reveal type IV isotherms,
indicating that the ZIF-8 samples C-AQ, W-BM, and C-BM feature a porous structure, which
is consistent with the reported ZIF-8 structure. In addition, W-BM synthesized from waste
ZnO exhibited a significantly higher specific surface area of 1433.94 m2·g–1 and a larger
pore diameter of 7.86 nm compared to the two ZIF-8 samples C-AQ (981.26 m2·g–1 and
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3.07 nm) and C-BM (1031.93 m2·g–1 and 3.69 nm), which were synthesized from commercial
zinc sources via an aqueous solution route and a ball milling process. The higher specific
surface area of W-BM is attributed to its smaller crystallite size compared to the two
ZIF-8 samples, C-AQ and C-BM. The larger surface area might offer more active sites for
the reaction. Figure 4c shows that three ZIF-8 samples, C-AQ, W-BM, and C-BM, have
nearly identical FTIR spectra. Consequently, the vibrational analysis was based on a single
ZIF-8 sample. The most typical characteristic peaks are associated with the vibration
of imidazole. For instance, the bands at 3622 and 2930 cm–1 were ascribed to the C-H
stretching of methyl groups [27,34]. The peaks at 1306 and 752 cm–1 were associated with
the entire imidazole ring vibration mode, and 1178 and 1146 cm–1 were assigned to C–N
stretches [35,36]. The characteristic peak at 420 cm–1 belonging to Zn–N bonds was also
observed, confirming the successful synthesis of ZIF-8. The SEM images (Figure 4d,e)
show the difference in morphologies and crystallites of ZIF-8 samples W-BM and C-AQ
synthesized via two distinct methods. The former exhibited irregular morphologies and
aggregated particles in contrast to the well-dispersed, regular morphology of the latter.
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samples C-AQ, W-BM, and C-BM; (d) SEM image of W-BM at 500 nm scale; (e) SEM image of C-AQ
at 500 nm scale.

3.2. U(VI) Absorption Performance of ZIF-8

Prior to evaluating the U(VI) adsorption performance of the synthesized ZIF-8, con-
trol experiments were performed to analyze the U(VI) concentration variations in a ura-
nium solution without ZIF-8 under different pH conditions (Figure 5a). During the initial
2 h shaking period, the U(VI) concentration remained insignificant, while the concen-
tration showed a reduction at both pH = 7 and pH = 9, with a significant reduction



Separations 2025, 12, 40 8 of 15

observed at pH = 9, after a 1-day standing period. This suggests that the precipitation
of U(VI) is less likely within 2 h. Higher pH conditions and extended standing times
(>2 h) can facilitate precipitation. Thus, the variation in the U(VI) concentration in the
solution containing ZIF-8 is not theoretically influenced by precipitation. The ZIF-8 samples
C-AQ, C-BM, and W-BM were subjected to experiments to analyze the effects of contact
time, pH, and dosage on U(VI) removal. The adsorption kinetics experiments show that
U(VI) was rapidly removed by the three ZIF-8 samples at the beginning of adsorption,
with the highest removal efficiency for W-BM, followed by C-BM and C-AQ. The removal
efficiency gradually increases until adsorption equilibrium is reached at around 20 min
for W-BM, 30 min for C-BM, and 60 min for C-AQ, respectively (Figure 5b). It should be
noted that the removal efficiency for W-BM reaches nearly 100% at equilibrium, indicating
that ZIF-8 synthesized from waste ZnO exhibits remarkable U(VI) adsorption capability.
The influence of solution pH on the removal efficiency of U(VI) was evaluated for the
three ZIF-8 samples. Over an initial pH range of 3 to 8, three synthesized ZIF-8 samples
exhibited high U(VI) removal efficiencies (Figure 5c). Notably, sample W-BM achieved
near complete removal of U(VI) under the tested pH conditions. Figure 5d shows that
increasing the dosage of ZIF-8 did not result in a significant improvement in U(VI) removal
efficiency. Nevertheless, all three ZIF-8 samples showed high removal efficiencies, with
W-BM consistently achieving the highest removal efficiencies within the dosage range.
Thus, the ZIF-8 samples, particularly those synthesized from waste ZnO, exhibited superior
removal capability for U(VI) ions across a range of contact times and pH conditions.
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of U in samples C-AQ, W-BM, and C-BM; (c) initial pH-dependent removal of U(VI) in samples
C-AQ, W-BM, and C-BM; (d) the effect of the initial dosage of samples C-AQ, W-BM, and C-BM on
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To further investigate the U(VI) adsorption performance of ZIF-8 synthesized from
waste ZnO via a ball milling process (W-BM), the effects of process parameters, including
initial U(VI) concentration, contact time, dosage, pH, and interfering ions, on the removal
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efficiencies were evaluated. Figure 6a shows that W-BM demonstrated rapid removal of
U(VI), with a high removal efficiency achieved within the first minute, especially at lower
initial U(VI) concentrations (20 ppm). Also, at this initial concentration, the adsorption
equilibrium of U(VI) was attained within 20 min. As the initial U(VI) concentration
increased from 20 to 60 ppm, the time to reach adsorption equilibrium was prolonged.
Figure 6b illustrates that U(VI) removal efficiencies were not significantly affected by
increasing the dosage of W-BM, indicating that a high level of U(VI) removal efficiency
can still be achieved even with a small amount of W-BM. The U(VI) adsorption capacity
exhibited a decreasing trend as the dosage increased, which is likely due to the saturation
of active sites on the ZIF-8 surface.

Separations 2025, 12, x FOR PEER REVIEW 10 of 17 
 

 

 

Figure 6. (a) Effect of contact time and initial U(VI) concentration on U(VI) removal efficiency; (b) 
effect of dosage on U(VI) removal efficiency and adsorption capacity; (c) effect of initial pH on U(VI) 
removal efficiency and adsorption capacity (c(U(VI)) = 20 ppm, dosage = 0.6 g·L–1); (d) U(VI) removal 
in the presence of Na+, K+, and Mg2+. 

The effect of initial pH on the U(VI) removal efficiency and adsorption capacity of W-
BM was also studied (Figure 6c). Over the initial pH range, sample W-BM exhibited high 
U(VI) removal efficiencies, approaching complete elimination. Three replicate experi-
ments were performed, and the average U(VI) removal efficiency was found to be 97.83%. 
A one-sample t-test was performed on the removal efficiencies to assess variability. With 
a p-value of 0.215, the results indicate no statistically significant difference between the 
replicates. This suggests that within the experimental conditions, variations in pH had a 
negligible effect on the adsorption performance of W-BM, demonstrating its relative sta-
bility under these conditions. The impact of interfering cations, including Mg2+, K+, and 
Na+, on the U(VI) adsorption by ZIF-8 was also explored because these ions are prevalent 
in natural water sources. Figure 6d shows that the U(VI) removal efficiencies were main-
tained at a high level of 99% in the presence of Mg2+, K+, Na+, and the ZIF-8 sample W-BM. 
Moreover, even at high concentrations, these interfering cations have a limited inhibitory 
effect on U(VI) removal, indicating ZIF-8 synthesized from waste ZnO is highly effective 
in reducing the concentration of U(VI) in natural water sources. This suggests that ZIF-8 
has a significant potential advantage in treating real wastewater containing U(VI). 

Batch experiments demonstrate that the ZIF-8 sample W-BM, synthesized from waste 
ZnO, possessed superior U(VI) removal capacity. To further investigate the adsorption 
behavior of U(VI) on W-BM, Langmuir and Freundlich isothermal adsorption models 
were adopted to fit the experimental data. Langmuir isotherm is more suitable for 

Figure 6. (a) Effect of contact time and initial U(VI) concentration on U(VI) removal efficiency;
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The effect of initial pH on the U(VI) removal efficiency and adsorption capacity of
W-BM was also studied (Figure 6c). Over the initial pH range, sample W-BM exhibited high
U(VI) removal efficiencies, approaching complete elimination. Three replicate experiments
were performed, and the average U(VI) removal efficiency was found to be 97.83%. A
one-sample t-test was performed on the removal efficiencies to assess variability. With
a p-value of 0.215, the results indicate no statistically significant difference between the
replicates. This suggests that within the experimental conditions, variations in pH had
a negligible effect on the adsorption performance of W-BM, demonstrating its relative
stability under these conditions. The impact of interfering cations, including Mg2+, K+, and
Na+, on the U(VI) adsorption by ZIF-8 was also explored because these ions are prevalent in
natural water sources. Figure 6d shows that the U(VI) removal efficiencies were maintained
at a high level of 99% in the presence of Mg2+, K+, Na+, and the ZIF-8 sample W-BM.
Moreover, even at high concentrations, these interfering cations have a limited inhibitory
effect on U(VI) removal, indicating ZIF-8 synthesized from waste ZnO is highly effective in
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reducing the concentration of U(VI) in natural water sources. This suggests that ZIF-8 has a
significant potential advantage in treating real wastewater containing U(VI).

Batch experiments demonstrate that the ZIF-8 sample W-BM, synthesized from waste
ZnO, possessed superior U(VI) removal capacity. To further investigate the adsorption
behavior of U(VI) on W-BM, Langmuir and Freundlich isothermal adsorption models were
adopted to fit the experimental data. Langmuir isotherm is more suitable for monolayer
adsorption on homogeneous sites, whereas Freundlich isotherm is better suited for multi-
layer adsorption on heterogenous sites [37]. Equations (3) and (4) can be used to express
the two models, respectively:

qe =
KLqmCe

1 + KLCe
(3)

qe = KFC
1
n
e (4)

where KL and KF are the isothermal equilibrium constants of the Langmuir model and the
Freundlich model, respectively; n is the correlation coefficient for adsorption affinity; qe and
Ce are equilibrium adsorption capacity (mg·g−1) and equilibrium concentration (mg·L−1);
and qm is the maximum adsorption capacity (mg·g−1).

As depicted in Figure 7a and Table 3, the poor fitting results suggest that the Redlich–
Peterson and Dubinin–Radushkevich models may not adequately describe the adsorption
behavior in this work. Nevertheless, the Freundlich model (R2 = 0.9702) showed better
agreement with experimental data than the Langmuir model (R2 = 0.8359), suggesting the
adsorption of U(VI) onto the ZIF-8 sample W-BM is more likely to occur on heterogeneous
sites rather than homogeneous sites. In other words, multilayer adsorption may be the
primary adsorption mechanism, considering the porous structure of ZIF-8.
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On the other hand, the kinetic study of U(VI) adsorption on the ZIF-8 sample W-BM
was performed. As shown in Figure 7b, the adsorption capacity of W-BM undergoes a
sharp increase in the initial 10 min and then stabilizes. The maximum adsorption capacity
in W-BM was approximately 32 mg·g−1. A pseudo-first-order reaction kinetic model and
pseudo-second-order reaction kinetic model were fitted to the experimental data, and the
equations are given as follows:

qt = qe

(
1 − e−k1t

)
(5)
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qt =
k2q2

e t
1 + k2qet

(6)

where qt is the adsorption capacity at t time (mg·g−1); qe is the adsorption capacity at
equilibrium (mg·g−1); and k1 and k2 are the adsorption rate constants of the pseudo-
first-order reaction kinetic model and the pseudo-second-order reaction kinetic model,
respectively. The calculated parameters are outlined in Table 3. The higher R2 value (0.9986)
for the pseudo-second-order model indicates that the adsorption of U(VI) onto ZIF-8 was
primarily governed by the chemical adsorption process.

Table 3. Isotherm constants and kinetic parameters for U (VI) adsorption onto W-BM.

Langmuir Isotherm Freundlich Isotherm
qm (mg·g−1) KL (L·mg−1) R2 KF (L·mg−1) 1/n R2

97.58 1.4366 0.8359 56.1171 0.3053 0.9702

Redlich–Peterson Dubinin–Radushkevich
a KR R2 qm (mg·g−1) KD R2

1 × 10−4 25.8587 0.2170 93.68 1.4782 0.6924

Pseudo-first-order Pseudo-second-order
k1 (min−1) qe (mg·g−1) R2 k2 (L·mg−1) qe (mg·g−1) R2

1.1563 32.5100 0.9911 0.0792 33.3438 0.9986

3.3. Durability of W-BM for U(VI) Removal

The re-utility of materials is crucial for their practical application in water treatment.
To evaluate the recyclability of W-BM, five consecutive adsorption–desorption cycles were
conducted. As illustrated in Figure 8, W-BM maintained a U(VI) removal efficiency ex-
ceeding 80% even after five cycles, demonstrating its potential for sustainable use in water
treatment processes.
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3.4. Reaction Mechanism

In further investigating the adsorption mechanism, the ZIF-8 sample W-BM, syn-
thesized from waste ZnO, was characterized for its elemental and structural properties.
Figure 9 shows an SEM image of W-BM after U(VI) adsorption and the corresponding
EDS mapping images. The homogenous dispersion of U(VI) within the ZIF-8 sample that
contains Zn, C, and N suggests a high affinity between U and ZIF-8, leading to adsorption
into the structure. Moreover, a significant reduction in the intensity of the XRD peaks was
noted for the sample W-BM after adsorption (Figure 10a), indicating the adsorption of
U(VI) resulted in a gradual loss of long-range order in the structure. The high-resolution
XPS spectrum of W-BM after U(VI) reveals two U 4f5/2 and U 4f7/2 peaks at 392.5 eV and
381.9 eV, which can be attributed to the splitting of unpaired electrons, respectively [38].
This observation also suggests a strong interaction between W-BM and U(VI), resulting in
the distribution of U(VI) on the ZIF-8 sample W-BM. While the loss of long-range order
and the occurrence of U(VI) in the sample were observed, the high-resolution XPS spectra
of Zn 2p showed little change in W-BM before and after U(VI) adsorption, implying that
the adsorption of U(VI) did not affect the local environment around Zn. A comparison of
the FTIR spectra of W-BM before and after U(VI) adsorption reveals that most vibrational
modes, including the imidazole ring and the Zn–N bond, were retained, even with the
loss of long-range order in the structure induced by the adsorption process. However, for
the sample W-BM after U(VI) adsorption, a distinct peak (896 cm–1) was noted among
the imidazole ring vibrational bands. This observation suggests that U(VI) ions were
preferentially adsorbed onto the imidazole ring of the ZIF-8 structure, consistent with a
previous density functional theory study indicating bidentate chelation between U(VI) and
N atoms in imidazole rings [39]. Therefore, the adsorption mechanism of U(VI) onto the
ZIF-8 sample W-BM can be attributed to the chelate formation of U(VI) with N atoms from
imidazole rings.
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Separations 2025, 12, 40 13 of 15
Separations 2025, 12, x FOR PEER REVIEW 14 of 17 
 

 

 

Figure 10. (a) XRD patterns of W-BM before and after U(VI) adsorption; (b) high-resolution XPS 
spectrum of U 4f (The purple line is the background signal; the green and blue lines are the fitting 
results, respectively); (c) high-resolution XPS spectra of Zn 2p in W-BM before and after adsorption 
(the blue and orange lines are the fitting results, respectively); (d) FTIR spectra of W-BM before and 
after U(VI) adsorption. 

4. Conclusions 
This study demonstrates a cost-effective approach to valorize waste electrode mate-

rial by transforming it into ZIF-8 for U(IV) removal. ZIF-8 was successfully synthesized 
from waste ZnO derived from spent dry batteries through a mechanochemical process. 
Characterization techniques, including XRD, BET, FTIR, and SEM, revealed that ZIF-8 
synthesized from waste ZnO (W-BM) exhibited a smaller crystallite size, a higher specific 
surface area, and a larger pore diameter compared to those synthesized from commercial 
Zn(II) sources. The batch experimental results confirm the effectiveness of the ZIF-8 sam-
ple W-BM in the removal of U(VI) ions from water, reaching near complete removal 
within a short equilibrium period, even in the presence of interfering alkaline ions Na+, 
K+, and Mg2+ and across various initial dosages and pH values. The kinetic study suggests 
that the adsorption of U(VI) onto ZIF-8 is primarily driven by a chemical adsorption pro-
cess. The reaction mechanism may be explained by the chelate formation of U(VI) with N 
atoms from imidazole rings within the ZIF-8 structure. The utilization of waste ZnO ex-
tracted from discarded alkaline batteries at no cost offers a significant economic advantage 
compared to commercial ZnO (Sigma-Aldrich, reagent grade) (USD 51.52 per 100 g) and 

Figure 10. (a) XRD patterns of W-BM before and after U(VI) adsorption; (b) high-resolution XPS
spectrum of U 4f (The purple line is the background signal; the green and blue lines are the fitting
results, respectively); (c) high-resolution XPS spectra of Zn 2p in W-BM before and after adsorption
(the blue and orange lines are the fitting results, respectively); (d) FTIR spectra of W-BM before and
after U(VI) adsorption.

4. Conclusions
This study demonstrates a cost-effective approach to valorize waste electrode mate-

rial by transforming it into ZIF-8 for U(IV) removal. ZIF-8 was successfully synthesized
from waste ZnO derived from spent dry batteries through a mechanochemical process.
Characterization techniques, including XRD, BET, FTIR, and SEM, revealed that ZIF-8
synthesized from waste ZnO (W-BM) exhibited a smaller crystallite size, a higher spe-
cific surface area, and a larger pore diameter compared to those synthesized from com-
mercial Zn(II) sources. The batch experimental results confirm the effectiveness of the
ZIF-8 sample W-BM in the removal of U(VI) ions from water, reaching near complete
removal within a short equilibrium period, even in the presence of interfering alkaline
ions Na+, K+, and Mg2+ and across various initial dosages and pH values. The kinetic
study suggests that the adsorption of U(VI) onto ZIF-8 is primarily driven by a chemical
adsorption process. The reaction mechanism may be explained by the chelate formation
of U(VI) with N atoms from imidazole rings within the ZIF-8 structure. The utilization of
waste ZnO extracted from discarded alkaline batteries at no cost offers a significant eco-
nomic advantage compared to commercial ZnO (Sigma-Aldrich, reagent grade) (USD 51.52
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per 100 g) and Zn(NO3)2·6H2O (Sigma-Aldrich, reagent grade) (USD 31.26 per 100 g).
Overall, this work provides a promising pathway to environmental sustainability and
resource conservation.
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