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Abstract Due to the high toxicity, chemical stability, bioaccumulation in food chains, and non-biodegradable
nature of heavy metal contaminants, lead pollution, in particular, has emerged as one of the world's most significant
environmental and public health issues. Therefore, the development of sustainable, economically viable, and
efficient technologies for the removal of hazardous pollutants from water resources is of great importance. In this
regard, the current study investigates the synthesis and characterization of a zirconium-containing metal-organic
framework (UiO-66) as an adsorbent for the removal of divalent lead cations (Pb?") from aqueous solutions through
adsorption. In addition, the adsorption behavior and mechanism were investigated using various kinetic models.

Lead, The results demonstrated that the UiO-66 adsorbent exhibits a considerable adsorption capacity of 114.46 mg/g
Adsorption, for Pb** ions, indicating its effective performance in removing this heavy metal contaminant. Kinetic evaluation

Kinetic Models

demonstrated that the adsorption behavior is best described by the pseudo-second-order model, with an excellent

correlation coefficient (R? = 0.999), indicating that chemisorption predominates as the controlling mechanism of
the process. In conclusion, the findings of this study introduce UiO-66 as a stable and promising adsorbent with
significant potential for the efficient purification of lead-contaminated water.

https://doi.org/10.30501/jamt.2026.568922.1352

URL: https://www.jamt.ir/article 245412 .html

1. INTRODUCTION

Access to clean water is crucial for human well-
being and ecological stability (Wang et al., 2024).
Nevertheless, water resources are consistently
endangered by industrial contaminants, including heavy
metals, persistent organic pollutants, radioactive
substances, and pathogenic agents (Mohamed et al.,
2024). Notably, heavy metals like lead, because of their
long-term environmental stability and toxic effects, may
induce anemia, renal dysfunction, hepatic inflammation,
and multiple cancers (Collin et al., 2022; Jia et al.,
2021). Adsorption technology is a simple, accessible,
and cost-effective method for removing heavy metals
from water (Zhou et al., 2024). Its mechanism involves
a fluid (adsorbate) being captured onto the surface of a
porous solid material (adsorbent) through physical and
chemical bonding (Al-Ghouti & Da'ana, 2020).
Numerous adsorbents, such as silica (Ramezanian et al.,
2026), carbon nanotubes (Aboughaly, 2026), bentonite
(Kadirbayeva et al., 2026), biochar (Shakerizadeh et al.,
2025; Takalo et al, 2025), and metal-organic
frameworks (MOFs) (Chattopadhyay et al., 2026), have
been investigated for the removal of various heavy
metals, with MOFs being among the most prominent.
Ui0-66 is a zirconium-based metal-organic framework
composed of Zr*" clusters and terephthalic acid
(H.BDC) linkers. Its unique surface characteristics have
made it a valuable material for adsorption applications
and separation processes. Paz et al. utilized a magnetic
Zr-MOF composite (MOF-808/Fe3O4) to adsorb lead

ions from aqueous solutions. The adsorption
performance attained 44.2 mg/g when 30 mg of the
adsorbent was contacted with a 50 mg/L Pb?* solution
for 12 hours (Paz et al., 2022). In the present study, a Zr-
MOF known as UiO-66 was synthesized and
characterized, and this material was employed as an
adsorbent to remove lead ions from aqueous solutions.
The research’s main focus is the investigation of the
adsorption process and the analysis of the associated
kinetic models, a topic of considerable importance given
the need for effective lead removal from natural
environments and water resources. Moreover, by
presenting an efficient approach for the use of UiO-66,
this study represents an innovative step toward
improving MOF-based adsorbents for  water
purification.

2. MATERIALS AND METHODS

2.1. Production and Characterization of UiO-66

The solvothermal approach was adopted for the
synthesis of UiO-66. Terephthalic acid (0.9 g) and
zirconyl chloride octahydrate (1.1 g) were added to 60
mL of DMF and magnetically stirred at 250 rpm for 30
minutes. The prepared mixture was transferred to a 100
mL autoclave and maintained in an oven at 120 °C for
24 h. The resulting solid was successively rinsed with
DMF followed by methanol, centrifuged, and oven-
dried at 70 °C for 24 h, yielding a white UiO-66 powder.
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The as-synthesized UiO-66 was then characterized
using XRD, FT-IR, FE-SEM, and EDS analyses.

2.2. Batch Adsorption Experiment

A 500 mL aqueous solution containing 400 mg/L of
lead ions was prepared and magnetically stirred at 300
rpm for 30 minutes to ensure homogeneity.
Subsequently, 0.2 g of pristine UiO-66 powder was
added as the adsorbent, and the adsorption process was
carried out under continuous agitation. Samples were
collected at contact times of 5, 10, 30, 60, 120, and 180
minutes. At each sampling point, 10 mL of the solution
was withdrawn and centrifuged at 2000 rpm for 2
minutes, yielding a clear supernatant. The lead
concentration in the supernatant was quantified using
atomic absorption spectroscopy (AAS), and all
measurements were performed in triplicate. The
recovered solid was dried at 70 °C for 24 h and
subsequently analyzed using FE-SEM and EDS.

2.3. Adsorption Kinetic Models

Kinetic models of adsorption are commonly
employed to investigate both the adsorption rate and
underlying mechanism. The pseudo-first-order (PFO),
pseudo-second-order (PSO), Elovich, and intra-particle
diffusion (IPD) models were applied in the present
work.

3. RESULTS AND DISCUSSION

The variation in the adsorption capacity (q) of UiO-
66 with contact time is illustrated in Figure 1. A rapid
increase in q; was observed within the first 20 minutes,
reaching 78.63 mg/g, indicating a strong affinity for Pb*"
ions and the availability of abundant accessible active
sites. As the contact time increased, the adsorption rate
gradually decreased, and equilibrium was attained
within 60-120 minutes. The equilibrium adsorption
capacity of 114.46 mg/g confirms the high efficiency of
Ui0O-66 for Pb*" adsorption, particularly at high initial
concentrations.
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Figure 1. Pb?" ion adsorption capacity from aqueous solution
by the UiO-66 adsorbent (Adsorption experimental
conditions: Pb?" ion concentration of 400 mg/L, adsorbent

mass of 0.2 g, stirring speed of 300 rpm, solution temperature
of 25 °C, and solution pH of 7)

Figure 2a shows the surface morphology of UiO-66
after Pb*" adsorption from an aqueous solution, obtained
by FE-SEM at a magnification corresponding to a 5 pm
scale. Figure 2b presents the corresponding EDS
analysis. The EDS results clearly confirm the presence

of lead (Pb) after adsorption, demonstrating that UiO-66
effectively removes Pb?*" ions from the aqueous
medium. Moreover, the appearance of distinct Pb peaks
in the EDS spectrum indicates a strong interaction and
stable binding of Pb** ions to the UiO-66 surface.
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Figure 2. (a) FE-SEM image of UiO-66 at 5 pm scale and
(b) EDS analysis of the sample after Pb?* adsorption from
aqueous solution

Figures 3a and 3b show the linear representations of
the IPD and PSO kinetic models, respectively, using the
UiO-66 adsorbent for Pb** ion removal from aqueous
solution.

Evaluation of these kinetic models indicated that the
adsorption behavior occurs through multiple stages. The
first stage involves the rapid transfer of Pb>* ions from
the aqueous solution to the external surface of the
adsorbent (External mass transfer). The second stage
corresponds to the gradual intraparticle diffusion of Pb%*
ions into the porous network of UiO-66, reaching the
active adsorption sites (Pore diffusion). The third stage,
the slowest and rate-determining step, involves
chemical interaction (bond formation) at the active sites,
and is best described by the PSO model, exhibiting the
highest correlation coefficient (R? = 0.999) among the
evaluated models.
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Figure 3. Linearized kinetic models for the adsorption of
Pb?* ions from aqueous solutions by the UiO-66
adsorbent: (a) intra-particle diffusion and (b) pseudo-second-
order

4. CONCLUSION

In this investigation, UiO-66, a zirconium-
containing metal-organic framework (Zr-MOF), was
synthesized via the solvothermal method and
subsequently characterized. The synthesized UiO-66
was employed as an adsorbent for the removal of Pb%
ions from aqueous solutions. The results demonstrated
that at an initial Pb>" concentration of 400 mg/L under
neutral pH conditions, the use of 0.2 g of UiO-66 led to
a removal efficiency of 11.44%. Moreover, the
adsorption capacity of UiO-66 for Pb>* ions reached
114.46 mg/g at the same initial concentration, indicating
the high adsorption efficiency of this material even at a
low adsorbent dosage. Kinetic analysis revealed that
among the evaluated models, the PSO model gave the
best fit to the experimental results, exhibiting a high
correlation coefficient (R2 = 0.999).
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