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AbstractThe development of efficient and easily recoverable adsorbents for heavymetal removal remains a significant challenge in wastewatertreatment. In this study, a magnetic ZIF-67@Fe3O4 (ZIFO) composite was successfully synthesized via a simple methanol-assistedin situ method at ambient temperature for the removal of Pb(II) from aqueous solution. The physicochemical properties of thesynthesized material were comprehensively characterized using XRD, FTIR, FESEM-EDS, HR-TEM, Raman spectroscopy, BET surfacearea analysis, and XPS, Zeta potential, confirming the successful integration of Fe3O4 into the ZIF-67 framework. Batch adsorptionexperiments were conducted to evaluate the effects of pH, contact time, and initial Pb(II) concentration on adsorption performance.The results showed that Pb(II) uptake was strongly dependent on solution pH, with optimal removal achieved at pH 6. Under theoptimized conditions, ZIFO exhibited an experimental adsorption capacity of 212.69 mg g-1 and achieved up to 99.86% Pb(II)removal. Kinetic analysis revealed that the adsorption process was best described by the pseudo-second-order model (R2 = 0.99535),indicating that chemisorption dominated the adsorptionmechanism. The equilibrium data were well-fitted by the Langmuir isothermmodel (R2 = 0.9887), with a maximum monolayer adsorption capacity of 158.73 mg g-1. These findings demonstrate that ZIFOis a fast, efficient, and magnetically separable adsorbent with strong potential for the practical treatment of Pb(II)-contaminatedwastewater.
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1. INTRODUCTION

In recent decades, the rapid advancement of science and tech-
nology has accelerated industrial development, while simul-
taneously intensifying pressure on environmental quality and
human health (Wen et al., 2017; Saxena, 2025; Jiang et al.,
2023) . Among the various contaminants released into aquatic
systems, heavy metals have become one of the most serious
threats due to their persistence, toxicity, and tendency to ac-
cumulate in living organisms. Lead (Pb(II)), in particular, is
a highly toxic heavy metal widely used in strategic industrial
sectors such as battery manufacturing, rubber processing, fossil
fuel production, and pesticides. Even at low concentrations,
Pb(II) exposure can cause irreversible physiological damage
to humans and aquatic organisms through bioaccumulation
and biomagnification along the food chain (Moghadam et al.,
2021) .

Heavy metal contamination in water systems has therefore
become an urgent global issue because of the non-biodegradable
nature of metal ions and their strong affinity for essential bio-
logical macromolecules (Zaynab et al., 2022; Sall et al., 2020;
Paithankar et al., 2021) . To address this problem, considerable
efforts have been devoted to developing effective technologies
for the remediation of Pb(II)-contaminated wastewater. Vari-
ous physicochemical methods have been investigated, including
biological oxidation (Kumar et al., 2021) , adsorption (Nazir
et al., 2022; Fu et al., 2022; Tu et al., 2018) , photocatalysis
(Maryanti et al., 2025) , chemical coagulation (Akinnawo et al.,
2023) , and ion exchange (Baker et al., 2009) . Among these
approaches, adsorption using porous materials is considered
one of the most promising strategies because of its high re-
moval efficiency, simple operation, economic feasibility, and
adaptability in water treatment processes. However, conven-
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tional adsorbents such as fly ash, commercial activated carbon
(Bandura et al., 2021) , mesoporous activated carbon (Zhu et al.,
2023) , chitin hydrogel beads impregnated with nonionic or
anionic surfactants (Khoshkho et al., 2021) , spinel CoFe2O4
(Liaskovska et al., 2025) , and natural zeolite modified with
N,N-dimethyl dehydroabietylamine oxide (Liu et al., 2018)
often suffer from limited adsorption capacity, low selectivity,
and poor regeneration performance, thereby restricting their
large-scale practical application. Consequently, the develop-
ment of advanced adsorbents with high specific surface area,
abundant active sites, and strong affinity toward Pb(II) remains
a key challenge in environmental materials science.

Metal–Organic Frameworks (MOFs) have emerged as highly
attractive materials for pollutant removal owing to their crys-
talline porous structures, exceptionally high surface areas, and
tunable metal active sites (Yuan et al., 2018) . Recent studies
have shown that the performance of MOFs can be further im-
proved through hybridization or composite formation with
other functional materials, such as CsPbBr3@Ce-MOF@SiO2
nanocomposites (Ren et al., 2022) , Fe3O4-COOH@H-ZIF-
67 (Chen et al., 2024a) , polystyrene/MOF composites (Ku-
mar et al., 2025) , Fe3O4/microporous MOFs (Ke et al., 2019) ,
and UiO-66/CTS aerogels (Yang et al., 2021) . These hybrid
systems often exhibit enhanced structural stability, improved
adsorption efficiency, and multifunctional properties that are
beneficial for environmental remediation.

Among the various MOF families, Zeolitic Imidazolate
Framework-67 (ZIF-67), constructed from cobalt ions and
2-methylimidazole ligands, has attracted significant attention
because of its excellent thermal stability, chemical robustness,
and good performance in aqueous environments (Ma et al.,
2020) . As a result, ZIF-67 has been widely explored in catal-
ysis (Bavykina et al., 2020; Konnerth et al., 2020; Maryanti
et al., 2025) , adsorption (Tu et al., 2018; Zhao et al., 2018;
Zhang et al., 2016) , gas storage (Jia et al., 2022) , chemical
sensing (Matatagui et al., 2018) , and biomedical applications
such as drug delivery (Ren et al., 2022) . More importantly,
recent studies indicate that the physicochemical performance
of ZIF-67 can be significantly enhanced through the formation
of composites with other functional materials. For instance,
HNTs@ZIF-67, prepared through the in-situ growth of ZIF-
67 on halloysite nanotubes, was reported as an efficient het-
erogeneous catalyst for the Knoevenagel condensation reaction
with a catalytic activity of 99% (Hou and Wu, 2020) . Wei et al.
(2022) modified the surface charge of ZIF-67 using phospho-
tungstic acid and obtained an adsorbent with an adsorption
capacity of 446.4 mg g-1 for methylene blue. Maryanti et al.
(2025) synthesized ZIF-67@SiO2 as a catalyst for Congo red
degradation, achieving a removal efficiency of 72.79%.

Despite these advantages, the practical use of powdered
ZIF-67 remains limited by the difficulty of separating fine par-
ticles from aqueous media after treatment, which may result in
material loss and even secondary pollution. Incorporating mag-
netic nanoparticles into the MOFs structure offers an effective
strategy to overcome this limitation by enabling rapid mag-

netic recovery while potentially generating synergistic effects
that enhance adsorption performance. Previous studies have
demonstrated that Fe3O4/MnO2(310)/ZIF-67 exhibited a re-
markably high adsorption capacity toward Cu2+ (1261.60 mg
g-1), attributed to the synergistic interaction between MnO2
and ZIF-67 (Wang et al., 2023) . Nazir et al. (2021) reported
the combination of Fe with ZIF-67 for RhB removal, achiev-
ing a degradation efficiency of 79.92%. Fe3O4@ZIF-67 has
also been employed as a heterogeneous catalyst for the rapid
degradation of tetrabromobisphenol A (TBBPA), with 93.4%
efficiency within 10 min (Chen et al., 2021) . In another study,
Song et al. (2022) synthesized Fe3O4@ZIF-8@ZIF-67 for
tetracycline removal from water, reaching a removal efficiency
of more than 95.47%. These findings confirm that magnetic
ZIF-based composites exhibit strong magnetic responsiveness
and improved functionality, making them highly attractive for
post-treatment separation and wastewater purification.

Nevertheless, although numerous studies have reported
ZIF-67-based hybrid materials for the removal of organic
pollutants, the application of magnetic ZIF-67 composites
specifically integrated with Fe3O4 nanoparticles for Pb(II) re-
moval remains insufficiently explored. In recent years, the
integration of magnetic iron oxide nanoparticles (Fe3O4) with
zeolitic imidazolate frameworks, particularly ZIF-67, has at-
tracted considerable attention as an effective strategy for de-
veloping advanced adsorbents for environmental remediation.
These magnetic metal–organic framework (M-MOF) compos-
ites combine the tunable porosity and abundant coordination
sites of ZIF-67 with the magnetic responsiveness of Fe3O4, en-
abling efficient adsorbate interaction and facile post-treatment
separation, thereby overcoming the recovery limitations com-
monly associated with conventional MOF powders (Omer et al.,
2021) . Consequently, various fabrication approaches, includ-
ing solvothermal, hydrothermal, and in-situ growth methods,
have been explored to construct Fe3O4/ZIF-67-based com-
posites for the removal of hazardous aquatic pollutants.

Despite significant progress, many reported synthesis strate-
gies still rely on elevated temperatures, extended reaction du-
rations, and organic solvents or stabilizing agents, which may
increase production costs and environmental impacts. More-
over, conventional synthesis routes commonly generate ZIF-67
structures with typical polyhedral or rhombic dodecahedral
morphologies, where limited exposure of specific active facets
may influence adsorption interactions with target pollutants.
Therefore, developing a simple, sustainable, and controllable
synthesis approach for constructing Fe3O4/ZIF-67 composites
with enhanced surface chemical activity and efficient pollutant
removal capability remains an important research objective.
To position the present work within the current development
of ZIF-67-based magnetic adsorbents, a comparative analysis
of reported synthesis methods, structural characteristics, and
morphologies of representative ZIF-67 and Fe3O4-containing
composites is summarized in Table 1.

As summarized in Table 1, most previously reported ZIF-
67 and Fe3O4/ZIF-67 composites exhibit conventional polyhe-
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dral morphologies obtained through solvothermal, hydrother-
mal, or post-modification strategies. In this work, we demon-
strate a facile synthesis approach for a magnetic ZIF-67@Fe3O4
(ZIFO) composite. This structural evolution provides im-
proved accessibility of adsorption sites and facilitates mass trans-
port during heavy metal removal. The synthesized ZIFO com-
posite demonstrates excellent Pb(II) adsorption performance,
achieving an experimental adsorption capacity (qe (exp)) of
212.69 mg g-1, which is competitive with or superior to many
previously reported ZIF-67-based adsorbents under compa-
rable conditions. In addition, the incorporation of Fe3O4
provides magnetic recoverability, improving the practical ap-
plicability of the composite for wastewater treatment. This
study therefore offers a sustainable strategy for designing high-
performance magnetic MOF-based adsorbents for toxic heavy
metal remediation.

Therefore, in this study, a magnetic ZIF-67@Fe3O4 (ZIFO)
composite was successfully synthesized through a facile in situ
method at room temperature using methanol as the solvent
medium. The physicochemical properties of the resulting
ZIFO heterostructure were comprehensively characterized
using FTIR, XRD, FESEM-EDS, HR-TEM, Raman spec-
troscopy, XPS, zeta potential, and BET surface area analysis.
Its adsorption behavior toward Pb(II), as well as the residual
Pb(II) concentration after treatment, was quantitatively evalu-
ated using Atomic Absorption Spectrophotometry (AAS). The
synthesized ZIFO composite is expected to exhibit high Pb(II)
adsorption capacity together with rapid magnetic separabil-
ity, thereby offering a promising and sustainable adsorbent for
practical heavy metal remediation in aqueous systems.

2. EXPERIMENTAL SECTION

2.1 Materials
Cobalt nitrate hexahydrate (Co(NO3)2·6H2O,≥99.5%), metha-
nol, and ethanol were purchased from Merck, Germany. 2-
Methylimidazole (2-MeIM, ≥98%) and Pb(II) precursor were
obtained from Sigma-Aldrich, Germany. Hydrochloric acid
(37%) and ammonium hydroxide (33%) were also supplied by
Sigma-Aldrich, Germany. Fe3O4 was synthesized from iron
sand. Whatman No. 42 filter paper (Hyundai) and distilled
water (Brataco) were used throughout the experiments. All
chemicals and solvents employed in this study were of analytical
grade and used without further purification.

2.2 Methods
2.2.1 Synthesis of Fe3O4 Nanoparticles
Fe3O4 nanoparticles were synthesized following a previously
reported procedure with slight modifications. The prepared
sample was immersed in 37% HCl at a ratio of 1:2 (w/v) and
stirred at 70 ◦C for 30 minutes. The resulting solution was fil-
tered, and the filtrate was precipitated by the dropwise addition
of 20% ammonium hydroxide (NH4OH) under continuous
stirring at 70 ◦C. The precipitate was then filtered and washed
with demineralized water (DM water) until the pH reached

6.5. Finally, the obtained solid was dried at 120 ◦C for 8 hours
(Gano et al., 2024) .

2.3 Synthesis of ZIF-67 and ZIF-67@Fe3O4 (ZIFO)
ZIF-67 was synthesized by dissolving 48 mmol of 2-methyli-
midazole and 12 mmol of Co(NO3)2·6H2O in 150 mL of
methanol. The two solutions were combined and stirred us-
ing a shaker at 150 rpm for 30 minutes, followed by aging at
room temperature for 24 hours. The resulting precipitate was
collected by centrifugation, washed three times with methanol,
and dried at 100 ◦C for 24 hours (Lei et al., 2023) . The ZIF-
67@Fe3O4 (ZIFO) composite was synthesized using the same
procedure as ZIF-67. The primary difference was the incorpo-
ration of 0.08 g of Fe3O4 into the 2-methylimidazole solution
prior to mixing.

2.4 Characterization
The crystallographic structures of ZIF-67 and the synthesized
ZIFO composites were analyzed by X-ray diffraction (XRD,
Bruker D6-Phaser) using Cu K𝛼 radiation (𝜆 = 1.545 Å), op-
erated at 40 kV and 15 mA. Diffraction patterns were recorded
over a 2𝜃 range of 5-80◦ at a scanning rate of 2◦ min-1 with
a step size of 0.04◦. The surface morphology, particle distri-
bution, and elemental composition of the samples were exam-
ined using field-emission scanning electron microscopy cou-
pled with energy-dispersive X-ray spectroscopy (FESEM-EDS,
HITACHI SU8220) at an accelerating voltage of 2 kV. High-
resolution micrographs were obtained at magnifications ranging
from 2,000× to 60,000×. The textural properties, including
the specific surface area and pore characteristics, were evalu-
ated from N2 adsorption–desorption isotherms at 77.3 K using
a Quantachrome QuadraWin system. Prior to measurement,
the samples were degassed under vacuum at 150 ◦C for 5 h to
remove physically adsorbed moisture, residual solvents, and
gaseous impurities. The specific surface area was calculated
using the Brunauer–Emmett–Teller (BET) method, while the
total pore volume was determined from the nitrogen adsorp-
tion amount at a relative pressure (P/Po) of 0.991. Molecular
structure and chemical bonding were further investigated by
Raman spectroscopy (Bruker Senterra II) using a 785 nm exci-
tation laser with an output power of 10 mW and an aperture of
50 × 1000 𝜇m. The spectra were collected over the range of
45–3630 cm-1 with a spectral resolution of 4 cm-1. Functional
groups were identified by attenuated total reflectance–Fourier
transform infrared spectroscopy (ATR-FTIR, Bruker Alpha I),
with spectra recorded in the range of 400–4000 cm-1 at a reso-
lution of 4 cm-1 over 64 scans. The surface chemical composi-
tion and oxidation states of the constituent elements were ana-
lyzed by X-ray photoelectron spectroscopy (XPS, DESKTOP-
TFLCH0R) equipped with a monochromatic Al K𝛼 radiation
source (h𝜈 = 1491.690 eV). Measurements were performed
under ultra-high vacuum conditions (∼10-9 mbar) with an ac-
celerating voltage of 12 kV and an operating power of 75 W.
The optical absorption properties of the samples were analyzed
using UV–Vis diffuse reflectance spectroscopy (UV–Vis DRS,
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Shimadzu UV-2401-PC). The obtained zeta potential values
were used to assess the surface charge characteristics, colloidal
stability, and pH-dependent adsorption behavior of the adsor-
bents toward Pb(II) ions. The concentrations of Pb(II) ions
before and after adsorption were determined by atomic ab-
sorption spectroscopy (AAS, PerkinElmer Analyst-100) at a
wavelength of 217 nm.

2.5 Adsorption Experiment
Batch adsorption experiments were systematically conducted
to evaluate the effects of various operational parameters on
the Pb(II) removal efficiency. In a typical experiment, 15 mg
of adsorbent (ZIF-67 or ZIFO) was dispersed into 15 mL of
Pb(II) solution (150 mg L-1) contained in 30 mL glass vials.
The suspensions were agitated at 150 rpm using an orbital
shaker at ambient temperature until equilibrium was reached.

To optimize adsorption performance, the effects of solution
pH (4, 5, 6, 8, and 9), contact time (10, 20, 30, 40, 50, and
60 min), and initial Pb(II) concentration (30, 50, 70, 100, and
150 mg L-1) were investigated. The pH was adjusted using 0.1
M HCl or 0.1 M NaOH solutions. After adsorption, the solid
adsorbent was separated, and the residual Pb(II) concentration
was measured using AAS at 217 nm. The removal efficiency
(Re, %) and equilibrium adsorption capacity (qt, mg g-1) were
calculated using Equations (1) and (2), respectively (Tu et al.,
2018) :

Removal Efficiency (Re) (%) = (Co − Ct)
Co

× 100 (1)

qt =
(Co − Ct)V

m
(2)

Where Co and Ct (mg L-1) represent the initial and time-
dependent Pb(II) concentrations, respectively; V (L) is the
solution volume; and m (g) is the mass of the adsorbent. To
further elucidate the adsorption mechanism, kinetic studies
were performed by adding 15 mg of adsorbent to 15 mL of 150
mg L-1 Pb(II) solution. After agitation at ambient temperature
for predetermined time intervals (10, 20, 30, 40, 50, and 60
min), the adsorbent was separated, and the remaining Pb(II)
concentration was determined using AAS. The kinetic data
were analyzed using the pseudo-first-order (PFO) and pseudo-
second-order (PSO) models, expressed in Equations (3) and
(4) (Tu et al., 2018) :

qt = qe (1 − e−k1t) (3)

qt =
k2q2e t

(1 + k2qet)
(4)

where qe and qt (mg g-1) denote the adsorption capacities
at equilibrium and at time t (min), respectively; k1 (min-1)

and k2 (g mg-1. min-1) are the rate constants of the PFO and
PSO models. Adsorption isotherms were evaluated by varying
the initial Pb(II) concentration (30–150 mg L-1) at a fixed
ZIFO dosage of 1 g L-1 for 30 minutes. The equilibrium data
were fitted to the Langmuir (Equation 5) and the Freundlich
(Equation 6) isotherm models (Huang et al., 2025) :

qe =
qmaxKLCe
1 +KLCe

(5)

qe = KFC
1/n
e (6)

where Ce (mg L-1) is the equilibrium concentration of
Pb(II); qm (mg g-1) represents the maximum monolayer ad-
sorption capacity; KL (L mg-1) is the Langmuir constant related
to binding affinity; and KF [(mg g-1). (L mg-1)

1/n] and n are the
Freundlich constants describing adsorption capacity and inten-
sity, respectively. The equilibrium thermodynamic parameters,
including the Gibbs free energy change (𝛿G0, kJ mol-1), the
enthalpy change (𝛿H0, kJ mol-1) and the entropy change (𝛿S0,
J (mol K) -1) were calculated through Equations (7) – (9) on the
basis of experimental data to investigate the thermodynamic be-
havior of Pb(II) adsorption onto as-prepared ZIF-67@Fe3O4.
The thermodynamic properties were studied under the con-
ditions of 150 mg L-1, and at different temperatures (298 K,
308 K, 313 K, 318 K).

Kc =
qe
ce

(7)

ΔG0 = −RT lnKc (8)

lnKc = −ΔH0

R

(
1
T

)
+ ΔS0

R
(9)

where R is the gas constant (8.314 J mol-1 K-1), T is the
absolute temperature (K), and Kc is the equilibrium constant.

3. RESULT AND DISCUSSION

3.1 Structural and Chemical Characterization
The crystal structures of Fe3O4, ZIF-67, and the ZIF-67@-
Fe3O4 (ZIFO) composite were characterized using X-ray dif-
fraction (XRD), as shown in Figure 1a. The diffraction pattern
of the synthesized Fe3O4 (1a, green line) exhibits characteristic
peaks at 2𝜃 = 30.2◦ (220), 35.6◦ (311), 43.2◦ (400), 53.8◦

(422), 57.3◦ (511), and 62.9◦ (440), corresponding to the cubic
magnetite phase (JCPDS No. 065-0731). These results con-
firm the successful formation of Fe3O4 with good crystallinity.
In the XRD pattern of the ZIF-67@Fe3O4 (ZIFO) composite,
the characteristic peaks of Fe3O4 remain clearly observable
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Figure 1. (a) XRD, (b) FTIR, (c) Raman Spectra of Fe3O4, ZIF-67, and ZIF-67@Fe3O4 (ZIFO)

without significant shifts in peak positions, indicating that the
magnetite crystal structure was preserved during composite
formation. In addition, the composite diffraction pattern (1a,
pink line) displays the typical reflections of ZIF-67 at 2𝜃 =
7.3◦, 10.3◦, 12.7◦, 14.7◦, 16.4◦, 18.0◦, 22.1◦, 24.5◦, 26.6◦,
29.6◦, 30.5◦, and 35.6◦, which are indexed to the (001), (002),
(112), (022), (013), (222), (114), (233), (244), (134), (044),
and (311) crystal planes, respectively. All diffraction peaks are
well-defined and consistent with previously reported crystal
patterns of ZIF-67 (Jiang et al., 2023; Maryanti et al., 2025;
Song et al., 2022; Lei et al., 2023) , confirming the successful
formation of a highly crystalline ZIF-67 framework. No impu-
rity phases or significant peak shifts were detected, suggesting
that the incorporation of Fe3O4 nanoparticles did not disrupt
the crystalline framework of ZIF-67. Instead, the composite
retained its crystallinity and structural stability. These findings
indicate that Fe3O4 nanoparticles were successfully dispersed
within the ZIF-67 matrix without compromising its structural
order.

The crystallite size average can be calculated using the Equa-
tion Debye-Scherrer.

D =
0.9𝜆
𝛽 cos 𝜃

(10)

where D (nm)-average crystalline sizes, k-wave constant=0.9,

𝜆=wavelength of the X-ray radiations (𝜆=0.154 nm) (CuK𝛼),
𝜃-Bragg diffractions angles as well as 𝛽 -full width at half maxi-
mum (FWHM) of the respective diffractions peak.

The crystallite size parameters of ZIF-67, Fe3O4, and the
ZIF-67/ Fe3O4 (ZIFO) composite are summarized in Table
2. The average crystallite sizes obtained from the most intense
diffraction peaks were 37.06 nm for ZIF-67 and 9.05 nm for
Fe3O4, consistent with previously reported values for similar
MOF and magnetite nanostructures (Cravillon et al., 2011;
Zargartalebi and Rafiee, 2026) . Crystallite size estimation was
performed using the Debye–Scherrer equation based on the
most intense reflections of ZIF-67 ((001), (002), (112)) and
Fe3O4 ((220), (311), (400), (511)).

For the ZIF-67/Fe3O4 (ZIFO) composite, the average crys-
tallite size increased to 46.37 nm (Table 2). This increase sug-
gests that Fe3O4 nanoparticles act as heterogeneous nucleation
centers during in situ crystallization, facilitating the growth of
larger ZIF-67 crystalline domains. Similar nucleation-assisted
crystal growth behavior in MOF–nanoparticle hybrid systems
has been previously reported (Shearer et al., 2016) . In addi-
tion, the ZIFO composite exhibits higher diffraction intensi-
ties and reduced FWHM values compared to the individual
components, indicating improved crystallinity and enhanced
structural ordering of the heterostructure.

The functional groups and chemical coordination of Fe3O4,
ZIF-67, and the ZIF-67@Fe3O4 (ZIFO) composite were ana-
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Table 1. Comparative Analysis of Synthesis Strategies, Structural Characteristics, and Morphologies of Representative ZIF-67-
and Fe3O4-Based Composites.

Material Synthesis
Method

XRD Morphology (SEM/FESEM) Ref

ZIF-67 Hydrothermal ZIF-67 peaks con-
firmed

Polyhedral structure (Li et al., 2022)

ZIF-67 Solution synthe-
sis

ZIF-67 sharp peaks Rhombic dodecahedral crystals (Li et al., 2015)

ZIF-67@GA Sonication-
assisted magnetic
stirring

Not reported Chamfered cubes (Raj et al., 2026)

ZIF-67 Solvothermal ZIF-67 sharp peaks Rhombic dodecahedral crystals (Mostafazadeh et al.,
2018)

Fe3O4/ZIF-
67@AmCs beads

Ex-situ growth Not reported Core-double shell (Omer et al., 2021)

ZIF-67@Cs In-situ growth ZIF-67 sharp peaks
dominated

Porous and ZIF-67 is evenly
distributed coated by CS

(Fu et al., 2022)

ZIF-67 Solution synthe-
sis

ZIF-67 sharp peaks Rhombic dodecahedral crystals (Xie et al., 2023)

ZIF-67 Solvothermal Similar diffraction
pattern to single-
crystal ZIF-67

Wafer-like morphology (Huang et al., 2018)

Cu-MOFs/Fe3O4 Hydrothermal Not reported Spherical-flower like (Shi et al., 2018)
Fe3O4-FeMoS4 Hydrothermal Hydrotalcite charac-

teristic pattern
Nano-metric spherical (Behbahani et al.,

2021)
Fe3O4@C Co-precipitation Cubic Rough porous surface (Kakavandi et al.,

2015)
Fe3O4 Co-precipitation Cubic spinel Spherical (Li et al., 2022)
ZIF-67@Fe3O4 Solvothermal ZIF-67 sharp peaks Rhombic dodecahedral This work

Table 2. The Average Crystalline Sizes of ZIF-67, Fe3O4 and ZIFO Composite

Material 2𝜃 (◦) FWHM (◦) Crystallite Size (nm) Average Crystallite Size (nm)

ZIF-67

7.394 0.26686 29.832

37.06
10.421 0.21517 37.074
12.760 0.20447 39.095
18.058 0.1904 42.248

Fe3O4

30.280 0.73264 10.466

9.05
35.624 0.79313 9.536
43.232 0.66844 11.045
57.350 1.02957 6.836

ZIFO

7.449 0.20468 38.895

46.37
10.499 0.18594 42.905
12.847 0.16457 48.578

18.15788 0.14594 55.126

lyzed using Fourier-transform infrared (FTIR) spectroscopy,
as presented in Figure 1b. The FTIR spectrum of Fe3O4 (Fig-
ure 1b, green line) exhibits a prominent absorption band at
549 cm-1, characteristic of the Fe O stretching vibration in
the magnetite lattice. Additionally, the broad bands observed

at 3367 cm-1 and 1622 cm-1 are attributed to the stretching
and bending vibrations of hydroxyl ( OH) groups originat-
ing from physically adsorbed water molecules. In the ZIF-67
spectrum (1b, purple line), the successful coordination between
Co2+ ions and the nitrogen atoms of the 2-methylimidazole
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Figure 2. (a) FESEM ZIF-67, (b) FESEM ZIF-67@Fe3O4 (ZIFO), (c) SEM Fe3O4, (d) HR-TEM ZIF-67, (e) HR-TEM
ZIF-67@Fe3O4, (f) EDS Elemental Mapping of ZIF-67, and (g) EDS Elemental Mapping of ZIF-67@Fe3O4

Table 3. Elemental Composition of ZIF-67 and ZIFO Determined by EDS Analysis

Element (%w/t)
ZIF-67 ZIFO

Weight (%) Atomic (%) Weight (%) Atomic (%)

C 67.73 75.73 92.93 95.75
N 18.71 17.94 3.22 2.84
O 5.31 4.44 1.05 0.81
Fe - - 0.82 0.18
Co 8.24 1.88 1.98 0.42

ligand is confirmed by the Co N stretching vibration at 426
cm-1, consistent with previously reported values around 419
cm-1 (Maryanti et al., 2025) . The FTIR spectrum of ZIF-67
shows characteristic absorption bands corresponding to the
functional groups of the organic ligand. The band at 1575
cm-1 is assigned to the C N stretching vibration, while the
peak at 2929 cm-1 corresponds to the sp3 C H stretching
vibration of the methyl group, in agreement with previous re-
ports (Jiang et al., 2023; Maryanti et al., 2025; Sadiq et al.,
2023; Qian et al., 2012) . After incorporation of Fe3O4, the
FTIR spectrum of the ZIF-67/Fe3O4 composite (ZIFO) ex-
hibits the characteristic vibrational bands of both ZIF-67 and
Fe3O4, confirming the successful formation of the composite
structure. The retention of the C N stretching band at 1575
cm–1 and the out-of-plane bending vibration at 775 cm–1 in-
dicates that the structural integrity of the ZIF-67 framework
was maintained after Fe3O4 incorporation.

A detailed comparison of the spectra reveals slight shifts

in the characteristic metal–ligand vibrational bands, indicating
interfacial interactions between the Fe3O4 nanoparticles and
the ZIF-67 framework. Specifically, the Fe O stretching vi-
bration shifted from 549 cm–1 to 553 cm–1, while the Co N
vibration shifted from 426 cm–1 to 422 cm–1. These changes
suggest modification of the local coordination environment and
electron distribution at the Fe3O4/ZIF-67 interface. Further-
more, the presence of the Fe O vibration band confirms the
successful incorporation of Fe3O4 nanoparticles into the ZIF-
67 matrix, supporting the formation of a ZIFO heterostructure
rather than a simple physical mixture.

The Raman spectrum of the ZIF-67@Fe3O4 (ZIFO) com-
posite exhibits several characteristic bands, as shown in Figure
1c. The observed peaks at 72, 177, 289, 687, 1145, 1175,
1355, 1377, and 1451 cm-1 are consistent with previous re-
ports (Maryanti et al., 2025; Xue et al., 2022) , confirming the
presence of vibrational modes characteristic of the composite
structure. The band at 1145 cm-1 can be assigned to vibrational
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modes of the imidazolate linker within the ZIF-67 framework,
particularly C N stretching and ring-related vibrations. Its
presence indicates that the organic ligand structure of ZIF-67
was retained after Fe3O4 incorporation, supporting the success-
ful formation of the ZIF-67@Fe3O4 composite. The presence
of this band indicates local structural defects within the mate-
rial, which may influence the electronic properties and surface
activity of the composite.

3.2 Morphology and Composition
The surface morphology and elemental distribution of Fe3O4,
ZIF-67, and the ZIF-67@Fe3O4 (ZIFO) composite were char-
acterized using SEM, FESEM, and HR-TEM (Figure 2a–g).
FESEM images revealed that pristine ZIF-67 exhibits a uni-
form rhombic dodecahedral morphology with a smooth surface
and an average particle size of 96 nm (Figure 2a). In contrast,
Fe3O4 nanoparticles display a rough texture with a strong ten-
dency toward agglomeration (Figure 2c). For the ZIFO com-
posite (Figure 2b), the characteristic dodecahedral framework
of ZIF-67 remains preserved; however, its surface becomes
irregular due to the deposition of Fe3O4 nanoparticles at the
crystal interface. The increase in composite particle size to 168
nm correlates with the aggregation of Fe3O4 nuclei formed
during the early nucleation stage, consistent with previous find-
ings (Chen et al., 2021) . HR-TEM analysis (Figure 2e) further
confirms that Fe3O4 nanoparticles are uniformly distributed on
the surface of ZIF-67 crystals. Elemental mapping in Figure
2g validates the successful synthesis through the detection of
C, N, O, and Co elements constituting the ZIF-67 framework,
along with Fe representing the magnetite phase. The elemental
composition and distribution of the synthesized materials were
analyzed using Energy-Dispersive X-ray Spectroscopy (EDS).
As summarized in Table 3, pristine ZIF-67 mainly consists of
C (67.73 wt%, 75.73 at%), N (18.71 wt%, 17.94 at%), and Co
(8.24 wt%, 1.88 at%), which correspond to the major compo-
nents of the cobalt-based zeolitic imidazolate framework. After
incorporation of Fe3O4, the ZIFO composite exhibited the
presence of Fe (0.82 wt%, 0.18 at%), confirming the successful
introduction of the magnetic iron oxide phase. In addition, the
Co content decreased to 1.98 wt% (0.42 at%) after composite
formation, accompanied by changes in the relative C and N
contents, suggesting the contribution of Fe3O4 incorporation
to the final composite composition.

The EDS elemental mapping further demonstrates the uni-
form distribution of C, N, Co, Fe, and O throughout the com-
posite structure. Together with the structural characterization
results, these elemental analyses confirm the successful fabri-
cation of the ZIFO composite and provide additional support
for its application as a magnetic adsorbent for Pb(II) removal.

3.3 Optical-Vibration Properties and Surface Area
Figure 3a and 3b present the optical properties of ZIF-67 and
the ZIF-67@Fe3O4 composite analyzed using UV–Vis diffuse
reflectance spectroscopy (UV–Vis DRS). The synthesized ma-
terials exhibit absorption in the visible light region. ZIF-67

shows an absorption edge at 532 nm (2.3 eV), indicating its
remarkable optical properties associated with its porous struc-
ture and unique surface characteristics. Meanwhile, the ZIF-
67@Fe3O4 composite exhibits absorption at 643 nm (1.93
eV). The observed decrease in the optical band gap of ZIF-67
after integration with Fe3O4 is attributed to the formation of a
heterostructure composite, as Fe3O4 nanoparticles can intro-
duce additional electronic states within the band structure. The
incorporation of Fe3O4 facilitates electronic interactions and
charge transfer at the interface between the Fe3O4 and ZIF-
67 phases, effectively narrowing the energy gap between the
valence band and conduction band (Mahmoud et al., 2024) .

The textural properties, including porosity and surface
area of the synthesized materials, were analyzed using N2
adsorption-desorption isotherms based on the BET method
(Figure 3c). The synthesized ZIF-67 exhibits a surface area of
990.239 m2 g-1 with a pore volume of 0.039 cm3 g-1, whereas
the surface area of the ZIF-67@Fe3O4 composite decreases
to 462.571 m2 g-1 with a pore volume of 0.125 cm3 g-1. De-
tailed porosity parameters of ZIF-67 and the ZIF-67@Fe3O4
composite are presented in Table 4. Based on Figure 3c, the
ZIF-67 isotherm demonstrates Type I microstructure char-
acteristics, typical of microporous materials, consistent with
previous studies (Maryanti et al., 2025) . In contrast, the ZIF-
67@Fe3O4 composite exhibits a Type IV microstructure ac-
cording to IUPAC classification, with an H3 hysteresis loop in
the relative pressure range (P/Po > 0.3). This indicates that the
pore structure is no longer dominated by the micropores of
ZIF-67 but instead forms a hierarchical micro–mesoporous
structure. This structural transformation is attributed to partial
pore blockage and the formation of interparticle mesopores at
the ZIF-67@Fe3O4 interface due to the integration of Fe3O4
particles into the ZIF framework, in agreement with previous
reports (Zhao et al., 2019) .

Although the incorporation of Fe3O4 into the ZIF-67 frame-
work resulted in a lower specific surface area compared with
pristine ZIF-67, the ZIF-67@Fe3O4 composite exhibited en-
hanced Pb(II) adsorption performance. This reduction in
surface area can be attributed to the mass dilution effect of the
Fe3O4 phase and partial blocking of microporous channels dur-
ing composite formation (Zhang et al., 2022) . However, the
increased adsorption capacity indicates that Pb(II) removal is
not solely dependent on the available surface area. Instead, the
adsorption process is strongly influenced by surface chemistry
and the generation of additional active adsorption sites.

The incorporation of Fe3O4 introduces Fe–O-containing
surface groups and hydroxyl functionalities that can interact
with Pb(II) ions through surface complexation. In addition,
the ZIF-67 framework contributes nitrogen-containing imida-
zolate groups and exposed Co-based coordination sites, which
provide additional interaction sites for Pb(II) adsorption. The
interfacial interaction between Fe3O4 and ZIF-67 may further
modify the surface properties of the composite, improving
the accessibility and affinity of adsorption sites (Wang et al.,
2022) . Similar observations have been reported for magnetic
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Figure 3. UV-Vis DRS Spectra of (a) ZIF-67, (b) ZIF-67@Fe3O4 (ZIFO), and c) N2 Adsorption-Desorption Isotherms

Table 4. The Surface Area and Pore Volume of ZIF-67 and ZIF-67@Fe3O4

Materials SBET (m2 g−1) Pore Volume (cm3 g−1)

ZIF-67 990.239 0.039
ZIF-67@Fe3O4 462.571 0.125

MOF-based adsorbents, where enhanced adsorption capacity is
often associated with increased chemical affinity and active site
availability rather than surface area alone (Wang et al., 2025) .
Therefore, the synergistic contribution of ZIF-67 and Fe3O4
compensates for the reduction in BET surface area by provid-
ing more favorable adsorption sites and stronger interactions
with Pb(II) ions.

The surface chemical composition and oxidation states of
the synthesized ZIFO composite were investigated by X-ray
photoelectron spectroscopy (XPS), as shown in Figure 4(a–c).
The survey spectrum (Figure 4a) reveals the characteristic
peaks corresponding to C 1s, N 1s, O 1s, Fe 2p, and Co 2p,
confirming the presence of both the ZIF-67 framework and
Fe3O4 phase in the composite. The coexistence of Co- and
Fe-containing species indicates the successful formation of the
ZIF-67@Fe3O4 heterostructure (Eltaweil et al., 2023) .

The high-resolution Fe 2p spectrum of ZIFO (Figure 4c)
exhibits the characteristic Fe 2p3/2 and Fe 2p1/2 peaks located at
approximately 710–711 eV and 723–724 eV, respectively. The

deconvolution of the Fe 2p spectrum reveals the coexistence
of Fe(II) and Fe(III) species, confirming the mixed-valence
nature of the Fe3O4 phase. The presence of these character-
istic oxidation states demonstrates that the Fe3O4 component
was successfully incorporated into the ZIF-67 structure while
maintaining its chemical properties (Atrei et al., 2022; Delgado-
Marin et al., 2024) .

The high-resolution Co 2p spectrum (Figure 4b) displays
the Co 2p3/2 and Co 2p1/2 peaks at approximately 780 and
796 eV, respectively. The fitted peaks indicate the presence of
Co(II) and Co(III) species, which are associated with the cobalt
coordination environment of the ZIF-67 framework (Eltaweil
et al., 2023; Delgado-Marin et al., 2024) . The preservation of
Co-related chemical states after Fe3O4 incorporation suggests
that the structural integrity of ZIF-67 was maintained during
composite formation.

The simultaneous presence of mixed-valence Fe species
and Co-based active centers, together with N- and O-containing
functional groups from the ZIF-67 framework, provides abun-
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Figure 4. XPS Spectra of ZIF-67@Fe3O4 (ZIFO): (a) Survey Spectrum Showing C, N, O, Fe, and Co, (b) High-Resolution Co
2p Spectrum Showing Co(II)/Co(III) Species, and (c) High-Resolution Fe 2p Spectrum Showing Fe(II)/Fe(III) Species,
Confirming the Formation of the ZIFO Composite

dant surface sites that may contribute to Pb(II) adsorption
through surface complexation and electrostatic interactions.
Therefore, the XPS results confirm the successful construction
of the ZIF-67@Fe3O4 composite and support the availability
of chemically active surface sites responsible for the enhanced
adsorption performance.

3.4 Adsorption Performance
3.4.1 Effect of pH
As shown in Figure 5, the zeta potential analysis was further
conducted to experimentally verify the surface charge char-
acteristics and clarify the pH-dependent adsorption behavior
of the synthesized adsorbents. Zeta potential measurements
revealed values of +31.7 mV for pristine ZIF-67 and +63.0 mV
for ZIF-67@Fe3O4(ZIFO), respectively. The higher positive
surface charge of ZIFO indicates that Fe3O4 incorporation
significantly modified the surface electrochemical properties of
the ZIF-67 framework. This change can be associated with the
introduction of Fe–O-containing surface groups and hydroxyl
functionalities from Fe3O4, which generate additional active
interfaces for adsorption. Similar enhancements in surface
charge modulation, stability, and adsorption performance of
magnetic MOF composites have been widely reported in re-
cent Fe3O4@MOF hybrid systems (Wang et al., 2023; Eltaweil

et al., 2023; Jiang et al., 2021) .
The positive zeta potential values indicate that protonation

of surface functional groups occurs in aqueous environments,
particularly involving nitrogen-containing imidazole ligands
and exposed metal coordination sites. Under acidic conditions,
excessive protonation increases positive surface charge density,
resulting in electrostatic repulsion toward Pb2+ ions and compe-
tition with H+ ions for active sites. This pH-dependent surface
charge behavior is consistent with previous reports on ZIF-
based materials and magnetic MOF hybrids, where surface
protonation strongly regulates heavy metal uptake (Eltaweil
et al., 2023; García et al., 2021) .

As the pH increases toward neutral conditions, gradual
deprotonation reduces electrostatic repulsion and promotes
Pb2+ interaction with adsorption sites. The enhanced adsorp-
tion efficiency of ZIFO at pH 5–8 can therefore be attributed
to electrostatic attraction, surface complexation, and coordi-
nation bonding between Pb2+ ions and both imidazolate ni-
trogen groups and Fe–OH surface species. Recent studies on
Fe3O4@MOF composites have shown that Fe–OH groups play
a key role in binding heavy metal ions through inner-sphere
complexation, significantly improving adsorption capacity and
kinetics (Wang et al., 2023; Eltaweil et al., 2023; Jiang et al.,
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Figure 5. Zeta Potential of (a) ZIF-67 and (b) ZIF-67@Fe3O4 (ZIFO) Measured in Aqueous Suspension

Figure 6. Influence of (a) pH, (b) Temperature, (c) Removal Efficiency and (d) Adsorption Capacity of ZIF-67 and
ZIF-67@Fe3O4 for Pb(II)

2021) .
Furthermore, the higher zeta potential magnitude of ZIFO

compared with pristine ZIF-67 suggests improved colloidal
stability and a more chemically active adsorption interface.
This finding supports the proposed mechanism where superior
Pb(II) removal is governed not only by surface area but also by
synergistic effects between modified surface charge, accessible
coordination sites, and interfacial Fe3O4–ZIF-67 interactions.

The solution pH significantly affects both the surface prop-
erties of the adsorbent and the speciation of Pb(II) in aqueous

solution. As a hydrolyzable heavy metal, Pb(II) exhibits pH-
dependent chemical forms, where Pb2+ is dominant under
acidic conditions, while hydrolyzed species such as Pb(OH) +

and Pb(OH) 2 may form at higher pH values (Jiang et al., 2023) .
Therefore, an initial pH range of 4–9 was selected to investi-
gate the Pb(II) adsorption behavior of ZIF-67@Fe3O4 under
different conditions.

The adsorption behavior of Pb(II) is closely related to the
surface charge characteristics of the adsorbent. Zeta potential
analysis confirmed that ZIF-67 and ZIFO possessed positive
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surface charges of +31.7 and +63.0 mV, respectively. The in-
creased surface charge of ZIFO indicates that Fe3O4 incorpora-
tion modified the surface properties of ZIF-67 by introducing
Fe–O-containing groups and hydroxyl functionalities, which
provide additional active sites for Pb(II) interaction (Du et al.,
2017) .

At acidic pH (pH 4), excessive protonation of surface func-
tional groups increases positive surface charge density, caus-
ing stronger repulsion toward Pb2+ ions and competition with
H+ ions for adsorption sites, resulting in lower removal effi-
ciency. Similar pH-dependent behavior has been reported for
ZIF-based materials, where protonation of imidazolate ligands
affects adsorption site availability (Singh et al., 2024; Sajjadi
et al., 2018) .

As the pH increased toward near-neutral conditions, re-
duced surface protonation enhanced the accessibility of ad-
sorption sites. As shown in Figure 6a, ZIFO exhibited stable
and near-complete Pb(II) removal (∼100%) within pH 5–8,
showing a broader effective adsorption range than pristine ZIF-
67, which reached maximum removal at pH 6 (∼99.8%). This
improvement is attributed to the synergistic contribution of the
ZIF-67 framework and Fe3O4 component, including modified
surface chemistry and additional Fe–OH active sites. At pH
>8, the slight decrease in Pb(II) removal may be related to the
formation of hydrolyzed Pb species, such as Pb(OH) 2, which
reduces the availability of Pb2+ for adsorption (Al-Hazmi et al.,
2023) .

Therefore, pH 6 was selected as the optimum condition
for subsequent experiments. The high adsorption efficiency
at near-neutral pH suggests that Pb(II) uptake is mainly gov-
erned by specific interactions, including coordination between
Pb2+ ions and nitrogen-containing imidazolate groups of ZIF-
67 and complexation with Fe–OH groups on Fe3O4 surfaces.
Similar coordination-based adsorption mechanisms have been
reported for ZIF-based and magnetic MOF adsorbents (Zhang
et al., 2016; Sajjadi et al., 2018) .

3.4.2 Adsorption Kinetics
The adsorption kinetics of Pb(II) onto ZIF-67 and ZIF-67@-
Fe3O4 (ZIFO) were investigated by evaluating the effect of con-
tact time at room temperature. As shown in Figure 7, Pb(II)
uptake increased rapidly at the initial stage due to the high con-
centration gradient, abundant accessible active sites, and strong
external surface availability (Huang et al., 2025) . After approx-
imately 30 min, the adsorption rate gradually decreased and
approached equilibrium, which can be attributed to the pro-
gressive occupation of active sites and the reduction in available
adsorption driving force.

To further elucidate the adsorption mechanism, pseudo-
first-order (PFO) and pseudo-second-order (PSO) kinetic
models were applied. The results (Table 5) indicate that ZIF-
67 follows the PSO model more closely, as evidenced by its
higher correlation coefficient (R2 = 0.99535) and the close
agreement between experimental and calculated equilibrium
capacities (qe(exp) = 206.13 mg g-1; qe(cal) = 204.57 mg g-1).

Figure 7. Effect of Contact Time on Pb(II) Adsorption onto
ZIF-67 and ZIF-67@Fe3O4 (ZIFO), Fitted with
Pseudo-First-Order and Pseudo-Second-Order Kinetic
Models at Room Temperature

This suggests that Pb(II) adsorption on ZIF-67 is primarily
governed by chemisorption involving valence forces and sur-
face complexation.

In contrast, ZIFO exhibits better agreement with the PFO
model, with qe,(cal) (212.00 mg g-1) closely matching the
experimental value (212.69 mg g-1), slightly higher R2 than
PSO, and a noticeable deviation in PSO-predicted capacity.
This implies that after Fe3O4 incorporation, the adsorption
process is more influenced by physical interactions such as
electrostatic attraction between negatively charged surface sites
(Fe/Co-based moieties) and Pb(II) ions, as well as diffusion-
controlled mass transfer (Al-Hazmi et al., 2023) . Therefore,
the modification with Fe3O4 alters the dominant adsorption
mechanism from chemisorption-controlled (ZIF-67) to more
diffusion/physical interaction-controlled behavior (ZIFO).

To compare the initial adsorption rates of the synthesized
materials, the pseudo-first-order rate constants (K1) of pris-
tine ZIF-67 and the magnetic ZIFO composite were evalu-
ated. The K1 value of ZIF-67 was 0.47818 min-1, which was
higher than that of ZIFO (0.1665 min-1), indicating faster ini-
tial Pb(II) uptake by pristine ZIF-67. The pristine ZIF-67
exhibits an initial kinetic rate constant that is approximately
2.87-fold higher than that of the ZIFO composite. This dif-
ference in the kinetic behavior may be attributed to structural
and interfacial changes caused by the in-situ incorporation of
Fe3O4. Pristine ZIF-67 possesses more exposed surface sites
and relatively open pore pathways, allowing Pb(II) ions to dif-
fuse more readily to the adsorption sites and resulting in a faster
initial adsorption rate. Conversely, within the ZIFO hybrid
network, the successful in-situ growth of Fe3O4 nanoparticle
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Table 5. Kinetic Parameters for Pb(II) Adsorption Onto ZIF-67 and ZIF-67@Fe3O4 (ZIFO)

Adsorbent
qe(exp)
(mg
g−1)

Pseudo-First-Order Pseudo-Second-Order

qe(cal) (mg g−1) K1 (1 min−1) R2 qe(cal) (mg g−1) K2(g mg−1

min)
R2

ZIF-67 206.13 199.46±2.089 0.47818±0.058 0.99572 204.57±3.358 0.0085±0.003 0.99535
ZIFO 212.69 212.00±7.172 0.1665±0.024 0.97419 237.08±12.227 0.0010±3.317 0.97297

Table 6. Thermodynamic Parameters Calculated for Pb(II) Adsorption with ZIF-67 and ZIF-67@Fe3O4

Materials ΔH0 (kJ mol−1) ΔS0 (J mol−1)
ΔG0 (kJ mol−1)

298 K 308 K 313 K 318 K

ZIF-67 +32.579±2157.84 6.041±6.98 -34.19 -34.33 -35.46 -33.77
ZIF-67@Fe3O4 -76.793±6904.79 361.051±22.34 -30.12 -34.32 -39.34 -35.64

introduces a degree of spatial hindrance and increases the intra-
particle diffusion resistance within the porous channels, which
moderately decelerates the solute migration velocity (K1). Cru-
cially, however, this 2.87-fold decrease in the initial rate con-
stant does not compromise the ultimate remediation efficiency.
The in-situ layout optimizes the structural integrity, resulting
in an overall upgrade of the total equilibrium adsorption ca-
pacity (qe(exp) increases from 206.13 mg g-1 for ZIF-67 to
212.69 mg g-1 for ZIFO) due to the generation of new syn-
ergistic active sites at the Fe3O4/MOFs interface. Although
ZIFO showed a slightly lower initial adsorption rate, this limita-
tion is balanced by its magnetic responsiveness, which enables
rapid and convenient separation after adsorption. This fea-
ture improves the practical applicability of the composite for
wastewater treatment.

3.4.3 Thermodynamic Study
The effect of temperature on Pb(II) adsorption by ZIF-67 and
ZIF-67@Fe3O4 was investigated within the range of 298–318
K (Figure 8a). The adsorption capacity of both adsorbents
showed moderate variation with increasing temperature, indi-
cating that temperature influences the adsorption equilibrium.

As summarized in Table 6, the calculated 𝛿G0 values for
both ZIF-67 and ZIF-67@Fe3O4 were negative at all inves-
tigated temperatures, suggesting that Pb(II) adsorption is a
spontaneous process. The variation of 𝛿G0 with temperature
indicates changes in adsorption favorability as the temperature
increases.

The 𝛿H0 value provides information regarding the heat
effect associated with adsorption. The positive 𝛿H0 value ob-
tained for ZIF-67 indicates an endothermic adsorption process,
where increased temperature slightly favors Pb(II) uptake. In
contrast, the negative 𝛿H0 value calculated for ZIF-67@Fe3O4
suggests an exothermic adsorption process, indicating stronger
interactions between Pb(II) ions and the active sites of the com-
posite surface. The different thermodynamic behaviors may be
related to the modified surface environment after incorporation

of Fe3O4.
The positive 𝛿S0 value for ZIF-67@Fe3O4 suggests in-

creased randomness at the solid–liquid interface during adsorp-
tion, which may result from the displacement of interfacial
water molecules and rearrangement of adsorbed Pb(II) species.
Therefore, the thermodynamic results indicate that Pb(II) ad-
sorption onto both materials is spontaneous, while the Fe3O4
incorporation modifies the adsorption environment and influ-
ences the adsorption energetics.

3.4.4 Adsorption Isotherms
The relationship between the equilibrium concentration (Ce)
and the adsorption capacity (qe) is presented in Figure 9. The
adsorption capacities (qmax) of ZIF-67 and ZIF-67@Fe3O4
(ZIFO) increased significantly with increasing initial Pb(II)
concentrations, reaching 140.16 mg g-1 and 145.94 mg g-1,
respectively. This behavior can be attributed to the enhanced
mass transfer driving force at higher concentrations, which
effectively overcomes the resistance between the aqueous and
solid phases (Huang et al., 2025) . The experimental data were
fitted using the Langmuir and the Freundlich isotherm models
(Figure 9b-c, Table 7). The Langmuir model showed the best
fit to the experimental data (R2 = 0.9887), indicating that Pb(II)
adsorption occurred predominantly as monolayer coverage on
energetically homogeneous adsorption sites. To further evalu-
ate the feasibility of the adsorption process, the dimensionless
separation factor (RL) was calculated using the equation: RL
= 1 / (1 + KL Co), where KL is the Langmuir constant, and
Co is the initial concentration. The calculated RL values for
both adsorbents at all tested concentrations were within the
range of 0 < RL < 1, indicating that the adsorption of Pb(II)
onto ZIFO is highly favorable. In contrast, the relatively lower
correlation of the Freundlich model (R2 = 0.9816) suggests
that multilayer adsorption on heterogeneous surfaces is not the
dominant mechanism in this system.

Although several highly functionalized adsorbents reported
in the literature exhibit higher maximum adsorption capacities,
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Figure 8. (a) Effect of Adsorption Temperature on the Pb(II) Adsorption Capacity of ZIF-67 and ZIF-67@Fe3O4, (b) Van’t Hoff
Plots of ln Kc Versus 1/T for the Thermodynamic Analysis of Pb(II) Adsorption onto ZIF-67 and ZIF-67@Fe3O4

Figure 9. (a) Adsorption Isotherm Fitted by Langmuir Model, (b) Adsorption Isotherm Fitted by Freundlich Model, and (c)
Effect of Initial Concentration on the Adsorption Capacity of Pb(II)

ZIFO offers a distinct and practically important advantage by
combining rapid adsorption kinetics, facile room-temperature
synthesis, preserved ZIF-67 crystallinity, and magnetic sep-
arability in a single material platform. This combination is
particularly important because many high-capacity adsorbents
rely on more complex functionalization strategies or lack sim-

ple post-treatment recovery. Therefore, the present ZIFO
composite can be confidently regarded as a highly competitive
and practically attractive adsorbent for Pb(II) remediation, es-
pecially in applications where easy separation and operational
simplicity are essential.
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Table 7. Parameters of Isotherm Models for Pb(II) Adsorption by ZIF-67@Fe3O4 (ZIFO)

Metal Adsorbent
Langmuir Model Freundlich Model

qmax (mg g−1) KL (L mg−1) R2L KF (mg g−1) n (L g−1) R2F

Pb2+ ZIF-67 137.55 0.3368 0.9079 22.0861 0.4636 0.9626
ZIFO 158.73 0.5821 0.9887 68.4936 1.1130 0.9816

Table 8. Comparison of ZIF-67@Fe3O4 with Other Reported Adsorbents for Heavy Metal Ion Removal

Adsorbent Metal Heavy Metal
Concentration
(mg L−1)

pH Adsorbent
Dose (g L−1)

Time (minute) qmax (mg
g−1)

Percentage
Adsorption
(%)

Ref

ZIF-67 Cr(VI) 80 8 1.67 20 43.1 - (Li et al., 2022)
ZIF-67 Cr(VI) 15 5 1 20 15.43 88 (Li et al., 2015)
ZIF-67@GA Pb(II) 10 - 0.5 15 1020 - (Raj et al., 2026)
ZIF-67 Cr(VI) 107.82 5 0.009 180 26.27 - (Mostafazadeh et al.,

2018)
Fe3O4/ZIF-
67@AmCs beads

Cr(VI) 50 2 0.5 - 119.05 77.2 (Omer et al., 2021)

ZIF-67@Cs Pb(II) 100 7 0.2 240 505.051 - (Fu et al., 2022)
ZIF-67 Cr(VI) 200 - 1 360 27.7 - (Xie et al., 2023)
ZIF-67 Pb(II) 200 6 0.5 60 1348.42 ∼95 (Huang et al., 2018)
Cu-MOFs/Fe3O4 Pb(II) 10 - 1 60 219 - (Shi et al., 2018)
Fe3O4-FeMoS4 Pb(II) 40 5 1.5 60 190.75 - (Behbahani et al.,

2021)
Fe3O4@C Pb(II) 50 6 2 60 - ∼90 (Kakavandi et al.,

2015)
ZIF-67@Fe3O4 Pb(II) 10 6 1 30 212.696 99.25 This work

3.5 The stability of ZIF-67@Fe3O4
The practical applicability and economic feasibility of adsor-
bents for wastewater treatment are largely determined by their
regeneration capability and structural stability during repeated
adsorption–desorption processes. The cyclic adsorption perfor-
mance of pristine ZIF-67 and the magnetic ZIFO composite
toward Pb(II) ions is presented in Figure 10a. Both materi-
als exhibited excellent initial adsorption efficiencies, achieving
Pb(II) removal efficiencies of 99.86% and 99.25%, respectively,
during the first cycle. However, after three consecutive regen-
eration cycles, pristine ZIF-67 showed a noticeable decrease in
removal efficiency to 91.50%, indicating a gradual deterioration
of adsorption performance under repeated aqueous exposure.

The reduced cyclic stability of pristine ZIF-67 can be asso-
ciated with the inherent susceptibility of the Co-based zeolitic
imidazolate framework to hydrolytic degradation. Continuous
exposure to water and hydrated metal ions may weaken the
Co–N coordination bonds, leading to partial framework dis-
tortion, reduced pore accessibility, and decreased availability
of adsorption-active sites. This structural instability limits the
preservation of nitrogen-containing coordination sites respon-
sible for Pb(II) binding, resulting in progressive adsorption
capacity loss during regeneration cycles (Emara et al., 2023) .

In comparison, the ZIFO composite showed good regen-
eration stability, maintaining a Pb(II) removal efficiency of
91.34% after three cycles, corresponding to a 7.91% decrease
from its initial performance. This recyclability may be associ-

ated with the incorporation of Fe3O4, which helps improve the
structural integrity of the ZIF-67 framework through interfa-
cial interactions between the Fe3O4 phase and the MOF struc-
ture. These interactions may reduce framework deformation
during repeated adsorption–desorption processes (Chen et al.,
2024b) . In addition, the magnetic responsiveness of ZIFO
enables convenient solid–liquid separation after adsorption, re-
ducing adsorbent loss and improving recovery efficiency. The
gradual decline in adsorption efficiency of ZIFO after repeated
cycles may result from incomplete regeneration of strongly
bound Pb(II) species, particularly those associated with surface
complexation at hydroxyl groups (≡Fe–OH) and nitrogen-
containing imidazole sites. In addition, minor material loss
during repeated washing and magnetic recovery procedures
may contribute to the observed decrease in adsorption per-
formance (Wang et al., 2023) . Nevertheless, the retention of
above 90% Pb(II) removal efficiency demonstrates the excellent
recyclability and structural robustness of ZIFO, highlighting its
potential as a reusable adsorbent for sustainable heavy-metal
remediation (Abdelhameed et al., 2020) .

The magnetic separability of the synthesized ZIF-67@-
Fe3O4 nanocomposite was qualitatively evaluated by applying
an external NdFeB permanent magnet to the side of the reac-
tion vessel. Upon exposure to the magnetic field, the dispersed
dark particles rapidly migrated toward the magnet within a few
seconds, resulting in a clear and transparent supernatant. This
rapid phase separation indicates that the magnetic responsive-
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Figure 10. (a) Regeneration and Recycling Performance of ZIF-67 and ZIF-67@Fe3O4 for Pb(II) Adsorption, (b) FTIR Spectra,
and (c) XRD Patterns of ZIF-67@Fe3O4 Before and After Pb(II) Adsorption

ness of the Fe3O4 phase was retained after incorporation into
the ZIF-67 framework.

Although quantitative magnetic parameters obtained from
Vibrating Sample Magnetometer (VSM) analysis, were not
measured in this study, the observed magnetic response demon-
strates the feasibility of magnet-assisted recovery of the com-
posite. Based on previous reports, Fe3O4 nanoparticles gener-
ally exhibit high saturation magnetization with low remanence
and coercivity, characteristic of superparamagnetic behavior
(Nguyen et al., 2021) . After integration with non-magnetic
MOF frameworks, a reduction in magnetization is commonly
observed due to the mass dilution effect caused by the presence
of the porous ZIF-67 shell (Al-Hajji et al., 2024) . Nevertheless,
Fe3O4-based MOF composites reported in the literature gen-
erally maintain sufficient magnetic responsiveness for efficient
solid–liquid separation under an external magnetic field (He
et al., 2026; Zhou et al., 2020) . Therefore, the rapid mag-
netic separation observed in this work supports the potential
application of ZIF-67@Fe3O4 as a magnetically recoverable
adsorbent.

3.6 Post-Adsorption Structural Characterization (XRD and
FTIR Analysis)

The structural evolution of pristine ZIF-67 and ZIFO after
Pb(II) adsorption was evaluated using XRD and FTIR analyses.

As shown in Figure 10c, pristine ZIF-67 exhibited decreased
diffraction intensity after adsorption, particularly for the char-
acteristic (100) reflection at 2𝜃 = 7.3◦, indicating partial dis-
ruption of the framework crystallinity under aqueous Pb(II)
conditions. This structural change is likely related to interac-
tions between hydrated Pb(II) ions and the Co–N coordina-
tion environment, leading to partial framework rearrangement
(Liang et al., 2026) .

In contrast, ZIFO retained the characteristic diffraction
features of both ZIF-67 and Fe3O4 after Pb(II) adsorption.
The Fe3O4 (311) reflection remained clearly visible, while
the ZIF-67-related peaks were still detectable, demonstrating
improved structural preservation compared with pristine ZIF-
67. This enhanced stability can be attributed to the reinforcing
effect of the Fe3O4 phase, which helps maintain the integrity of
the hybrid framework during adsorption (Chen et al., 2024b) .

The FTIR results further supported the structural stabil-
ity of ZIFO (Figure 10b). After Pb(II) adsorption, pristine
ZIF-67 showed changes in imidazole-related vibrations, sug-
gesting interactions between Pb(II) and nitrogen-containing
functional groups accompanied by partial structural modifi-
cation. Meanwhile, ZIFO maintained its major characteristic
bands, including the Fe–O vibration at approximately 553
cm–1, confirming the preservation of the magnetic phase. The
slight shifts of bands near 1140 and 993 cm-1 indicate inter-
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Figure 11. Proposed Adsorption Mechanism of Pb(II) onto ZIF-67@Fe3O4 (ZIFO) Composite through Coordination
Interactions with Imidazolate Nitrogen Sites, Complexation with Surface Fe OH Groups, and pH-Dependent Surface
Interactions

actions between Pb(II) and surface functional groups without
severe framework degradation. Therefore, Pb(II) adsorption
on ZIFO is likely governed by coordination interactions in-
volving surface hydroxyl groups and nitrogen donor sites while
preserving the composite structure (He et al., 2026) . The
incorporation of Fe3O4 improves the structural stability and
recyclability of ZIF-67 while maintaining accessible adsorption
sites. The combination of high Pb(II) removal efficiency, mag-
netic recoverability, and structural durability highlights ZIFO
as a promising reusable adsorbent for heavy-metal wastewater
treatment.

3.7 Proposed Mechanism for the removal of Pb(II) by ZIF-
67@Fe3O4

Based on the adsorption proposed mechanism illustrated in Fig-
ure 11 and the surface chemical characteristics revealed by XPS
analysis, the adsorption of Pb(II) onto ZIFO is suggested to
proceed through multiple synergistic pathways involving elec-
trostatic attraction, deprotonation-assisted adsorption, surface
complexation, and possible ion-exchange processes. Under ap-
propriate pH conditions, deprotonation of nitrogen-containing

functionalities within the ZIF-67 framework and hydroxyl
groups associated with the Fe3O4 surface generates negatively
charged adsorption sites, which facilitate the initial electrostatic
attraction of Pb2+ ions toward the adsorbent surface. Concur-
rently, the desolvation of hydrated Pb2+ species reduces the
energy barrier for adsorption, enabling closer interaction be-
tween Pb2+ ions and the active sites distributed throughout
the ZIFO heterostructure (Zhou et al., 2020; Chaudhry et al.,
2016) . Furthermore, the lone pair electrons of nitrogen atoms
from the imidazolate linkers and oxygen-containing surface
species may coordinate with Pb(II), leading to the formation of
stable inner-sphere surface complexes. The proposed mech-
anism also suggests that partial ion exchange between Pb2+

ions and cobalt species within the ZIF-67 framework may
contribute to Pb(II) immobilization. Therefore, the superior
adsorption performance of ZIFO toward Pb(II) can be at-
tributed to the synergistic effects of electrostatic interactions,
deprotonation-assisted adsorption, and surface complexation,
with ion exchange potentially serving as an additional adsorp-
tion pathway.
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4. CONCLUSIONS

In conclusion, a magnetic ZIF-67@Fe3O4 (ZIFO) composite
was successfully synthesized through a facile methanol-assisted
route at ambient temperature and demonstrated excellent per-
formance for Pb(II) removal from aqueous solution. The in-
corporation of Fe3O4 into the ZIF-67 framework not only pro-
vided magnetic functionality for easier post-adsorption separa-
tion, but also contributed to enhanced adsorption performance.
The adsorption behavior was strongly influenced by solution
pH, with the optimum removal achieved at pH 6. Kinetic anal-
ysis showed that the adsorption process was best described by
the pseudo-second-order model (R2 = 0.99535), indicating
that chemisorption played a dominant role in Pb(II) uptake.
Meanwhile, the equilibrium data were well fitted by the Lang-
muir isotherm model (R2 = 0.9887), suggesting predominantly
monolayer adsorption on homogeneous active sites. Under the
optimized conditions, ZIFO exhibited an experimental adsorp-
tion capacity of 212.69 mg g-1 with a Pb(II) removal efficiency
of 99.86%, while the Langmuir maximum adsorption capacity
reached 158.73 mg g-1. Overall, these results confirm that
ZIFO is a fast, efficient, and practically attractive adsorbent for
Pb(II) remediation. Nevertheless, the structural stability of the
composite under acidic conditions remains an important issue
for practical implementation. Therefore, future studies should
focus on improving the chemical durability and reusability of
magnetic MOF-based hybrids, particularly through surface
modification, framework stabilization, and validation in real
wastewater systems.
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