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Heavy metal contamination, particularly from lead (Pb?*), poses serious environmental and health risks,
thereby driving the need for advanced remediation strategies. In this study, both pristine HKUST-1 and
urea-functionalized HKUST-1 (HKUST-1@Urea) were synthesized and systematically compared for Pb%*
removal from aqueous solutions. Structural and spectroscopic analyses (XRD, FT-IR, and SEM) confirmed

successful urea incorporation, which introduced amino and carbonyl groups that both improve

hydrophilicity and increase the density of adsorption sites. Adsorption experiments demonstrated that
HKUST-1@Urea outperformed unmodified HKUST-1, achieving 98% Pb?* removal within 45 min and
a maximum adsorption capacity of 400 mg g%, compared to the lower values of HKUST-1. Isotherm

modeling

indicated favorable monolayer adsorption, while kinetic fitting

revealed fast surface

interactions described by a pseudo-second-order model. Thermodynamic evaluation further confirmed

that the adsorption mechanism was spontaneous (AG® = —4.29 to —7.95 kJ mol™?), endothermic (AH® =
+29.48 kJ mol™), primarily physisorption-driven (AH° < 40 kJ mol™), and accompanied by increased
interfacial disorder (AS°® = +0.118 kJ mol™! K™1). Notably, HKUST-1@Urea maintained over 90% removal
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efficiency across multiple cycles, highlighting its excellent stability and reusability. These results establish

HKUST-1@Urea as a cost-effective and sustainable adsorbent with strong potential for practical water

DOI: 10.1039/d5ra07320k

rsc.li/rsc-advances performance.

1. Introduction

Water is indispensable for the survival of living organisms, yet
its quality is increasingly threatened by anthropogenic activi-
ties. Among the numerous environmental challenges, water
contamination has emerged as one of the most critical threats
to human health and ecological sustainability."* The pollution
of water resources arises from industrial, agricultural, and
domestic activities.®* Wastewater typically contains a complex
mixture of toxic and hazardous substances from sewage,
commercial practices, industrial operations, and agricultural
runoff. In recent years, pollution originating from industrial
effluents has become a particularly urgent concern. Industrial
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purification, demonstrating the advantages of post-synthetic urea modification for enhancing MOF

effluents, especially those from the chemical industry, are
major sources of heavy metal contamination. Toxic ions such as
Pb(u), Cu(u), Hg(u), and Co(u) are of particular concern owing to
their persistence, bioaccumulation, and detrimental impacts on
human and environmental health.*® Long-term exposure to
these metals can lead to severe diseases, ecological imbalances,
and irreversible environmental degradation. Conventional
remediation approaches—including ion exchange,® liquid
chromatography,” resin-based techniques,® and photocatalytic
degradation®—have shown effectiveness but suffer from limi-
tations such as high costs, high energy consumption, and
operational complexity. This situation has created a strong
demand for more efficient, economical, and sustainable solu-
tions with rapid response and high selectivity.

Metal-organic frameworks (MOFs) have recently emerged as
promising candidates for water purification owing to their
exceptional physicochemical properties. MOFs are crystalline,
porous materials formed by the self-assembly of inorganic
metal ions or clusters with organic ligands.'* Their high
surface areas, tunable pore structures, and functionalized
frameworks offer significant advantages for adsorption-based
applications. By tailoring the composition and synthesis
conditions, the structural and chemical properties of MOFs can
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be optimized for specific applications, enabling their use in gas
storage and separation,™ catalysis,™** sensing,"
adsorption,” ™ magnetism,* drug delivery,”* and bioimaging.**
Among the various MOFs, HKUST-1—constructed from copper
ions and 1,3,5-benzenetricarboxylate (BTC) ligands—has
received considerable attention. It crystallizes in a face-centered
cubic structure with square-shaped pores and abundant
unsaturated metal sites.*® Owing to these features, HKUST-1 has
been widely investigated for catalysis,* liquid-phase separation,
methane storage, and toxic gas capture.”>*¢

In water treatment, HKUST-1 demonstrates notable adsorp-
tion capacity and selectivity. Its large surface area offers ample
adsorption sites, while its unsaturated copper centers provide
strong binding interactions with contaminants. Furthermore, its
adjustable pore size facilitates the capture of molecules of
different sizes. A distinct advantage of HKUST-1 is its versatility
in removing a wide range of pollutants, including heavy metals
(e.g., Pb(u) and Cd(u)) and organic contaminants such as dyes,
pesticides, and pharmaceuticals.>” Lead (Pb(u)), in particular, is
a highly toxic pollutant with serious health consequences. The
World Health Organization (WHO) has set a provisional guide-
line value of 10 ug L™ for Pb(u) in drinking water, highlighting
the need to minimize exposure. Elevated lead concentrations are
associated with developmental delays, cognitive impairments,
reduced IQ, and behavioral disorders in children, while adults
may suffer from kidney damage, cardiovascular diseases, repro-
ductive dysfunction, and neurological disorders.”® Various strat-
egies—including coagulation, filtration, and chemical
precipitation—have been employed to remove Pb(u) from water.>
Adsorption, however, remains one of the most promising tech-
niques, particularly with advanced adsorbents such as activated
carbon, ion-exchange resins, and MOFs.*>?*!

In this study, we report the urea modification of HKUST-1
(HKUST-1@Urea) to enhance its performance for Pb(u)
removal from aqueous media. Urea functionalization intro-
duces amine groups to the MOF, which improve adsorption by
forming coordination bonds with metal ions. The presence of
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Fig. 1 Schematic of the preparation of HKUST-1 and HKUST-1@Urea.
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carbonyl groups further contributes to strong interactions,
while the enhanced hydrophilicity improves compatibility with
aqueous environments and facilitates pollutant capture. More-
over, the modification reduces metal ion leaching from the
framework, ensuring long-term stability and minimizing
secondary contamination. This approach offers a simple yet
effective strategy to improve the adsorption efficiency of
HKUST-1 toward Pb(u), thereby advancing its potential appli-
cation in sustainable water purification.

2.

2.1.

Experimental section
Synthesis of HKUST-1

HKUST-1 was synthesized following the procedure reported by
Liu et al.,>* with modifications to the method originally described
by Rowsell and Yaghi.** Briefly, 1,3,5-benzenetricarboxylic acid
(H3BTC) was dissolved in a mixed solvent of ethanol and N,N-
dimethylformamide (DMF) (1:1, v/v). In a separate flask, cop-
per(u) nitrate trihydrate was dissolved in distilled water. The two
solutions were combined, stirred for 10 min, and then trans-
ferred into a Teflon-lined stainless-steel autoclave. The autoclave
was heated at 100 °C for 10 h and allowed to cool naturally to
room temperature. The resulting product was separated, washed
with methanol at 70 °C for 3 h, and centrifuged again. Finally, the
precipitate was dried at 60 °C and activated in a vacuum oven at
150 °C for 24 h, as illustrated in Fig. 1.

2.2. Synthesis of HKUST-1@Urea

HKUST-1@Urea was prepared through post-synthetic modifi-
cation. Urea was first melted, and the as-synthesized HKUST-1
crystals were added to the molten urea with continuous mix-
ing to ensure homogeneity. After natural cooling to room
temperature, the solid was collected and washed sequentially
with distilled water and methanol to remove excess urea. The
product was then centrifuged, dried at 60 °C, and activated in
a vacuum oven at 150 °C for 24 h, as shown in Fig. 1.

; ‘ HKUST-1@Urea Synthesis

Washing

centrifugation HKUST-1

Molten Urea

Drying and activation HKUST-1@Urea
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2.3. Characterization

The adsorbents were characterized by XRD, SEM, FT-IR, BET, and
TGA. Powder X-ray diffraction (PXRD) analysis was performed on
a Rigaku D/Max-2550 diffractometer furnished with a SolX
detector using Cu K radiation with A = 1.542 A. Data were
collected by step scanning at 26 = 0.02° per second from 5° to 50°.
The morphology of the catalyst was studied using a SUPRA 55 1
scanning electron microscope (SEM) fitted with an acceleration
voltage of 20 kV. Nitrogen sorption experiments were performed
at —196 °C on a 3H-2000PS1 gas sorption and porosimetry system.
The samples were regularly arranged for examination after
degassing at 150 °C for 2 h under vacuum until the final pressure
reached 1 x 1072 torr. Fourier transform infrared (FT-IR) spec-
troscopy was performed on a Nicolet iS10 spectrometer. Spectra
were recorded with the KBr pellet technique using a Bruker
Equinox 55 Fourier transform infrared spectrophotometer, and
diffuse reflectance spectra were scanned in the range of 500-
4000 cm " with a resolution of 2 cm ™" with 100 scans in each
measurement. Thermogravimetric analysis (TGA) was conducted
on Shimadzu TA-50. X-ray photoelectron spectroscopy (XPS) was
carried out using monochromatic X-ray Al K-alpha radiation on
a US Thermo-Scientific K-alpha apparatus. The "H NMR spectra
were recorded on a Bruker Advance 400 MHz spectrometer using
a digested deuterated mixture as the solvent at room temperature;
the chemical shifts (6) are expressed in ppm.

2.4. Lead ion adsorption study

The adsorption performances of HKUST-1 and HKUST-1@Urea
toward Pb>" ions were evaluated using an aqueous solution
containing Pb*>" as a model pollutant. In each experiment,
25 mg of the adsorbent was added to 50 mL of a Pb** solution
(100 mg L") prepared from lead(u) nitrate. The suspension was
shaken at 150 rpm for 45 min and then filtered. The residual
concentration of Pb** ions was determined by inductively
coupled plasma (ICP) analysis. The adsorption capacity (Q,) and
removal efficiency (% R) were calculated according to eqn (1)
and (2), respectively:

0= L= Cl¥ Q

(Co—-C)

% R= C
0

x 100 2
The adsorption capacity (Q,) is expressed in milligrams per
gram (mg g~ '), while the removal efficiency (% R) represents the
effectiveness of the process. C, (mg L") and C, (mg L") denote
the initial and equilibrium concentrations of Pb>* ions in the
solution, respectively. V (L) represents the volume of the solu-
tion, and m (g) indicates the mass of the adsorbent.

3. Results and discussion

3.1. Synthesis and characterization of the HKUST-1 and
HKUST-1@Urea MOFs

HKUST-1 was successfully synthesized via a solvothermal route,
yielding uniform blue crystals, consistent with previous

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD patterns of HKUST-1 and HKUST-1@Urea adsorbents.

reports.®>** The post-synthetic modification with urea was
achieved by direct incorporation into molten urea, which
preserved the overall MOF. The successful preparation of both
HKUST-1 and HKUST-1@Urea was confirmed through struc-
tural and morphological characterizations.

The XRD patterns in Fig. 2 illustrate the crystalline structures
of HKUST-1 and HKUST-1@Urea. The black curve represents
HKUST-1, showing sharp and distinct peaks indicative of a well-
defined crystalline structure. The red curve, corresponding to
HKUST-1@Urea, exhibits broader and less distinct peaks
compared to HKUST-1, suggesting a decrease in crystallinity
due to urea incorporation. The presence of urea likely caused
partial amorphization or disorder in the HKUST-1 framework.
The intensity of the peaks in HKUST-1@Urea is also generally
lower than that in pure HKUST-1, further indicating a reduction
in crystallinity. The main peaks in both patterns align at similar
26 values, confirming that the basic framework of HKUST-1 is
retained even after urea modification. The differences in peak
intensities and widths highlight the impact of urea on the
structural properties of HKUST-1.

The nitrogen sorption isotherms of HKUST-1 and HKUST-
1@Urea, depicted in Fig. 3a, provide insights into their
surface area and porosity characteristics. HKUST-1 exhibits
a typical type I isotherm, indicative of microporous materials
with high adsorption capacities at low relative pressure. Its
surface area is 1352 m” g~ *, and its pore volume is 0.76 cm® g~.
By contrast, for HKUST-1@Urea, the BET surface area is 90 m>
g, and the total pore volume is 0.23 cm® g~', with an average
pore diameter of 12.7 nm. The high adsorption volume of
HKUST-1 is consistent with its well-known high surface area
and microporous structure. HKUST-1@Urea, however, shows
a markedly different sorption behavior, with significantly lower
adsorption volumes across all relative pressures, not exceeding
100 cm® g~ . The initial adsorption at low pressures is minimal,
indicating a reduction in microporosity. The gradual increase in
adsorption at higher relative pressures suggests the presence of

RSC Adv,, 2025, 15, 46523-46540 | 46525
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Fig. 3 N, sorption isotherms (a) and pore size distributions (b) of HKUST-1 and HKUST-1@Urea adsorbents.

mesopores or larger pores introduced via the incorporation of
urea, as presented in Fig. 3b. The reduction in the overall
adsorption capacity of HKUST-1@Urea implies that urea
incorporation disrupts the original microporous structure,
likely due to partial pore blockage or framework deformation.
This transformation leads to a mixed micro- and mesoporous
structure, as evidenced by the isotherm's shape and pore size
distribution.** These observations align with the SEM and TGA
results, highlighting that urea incorporation significantly alters
the physical structure of HKUST-1, impacting its surface area
and porosity. Such modifications can affect the material's
performance in applications like adsorption and -catalysis,
where the surface area and pore structure are critical
parameters.

The SEM images in Fig. 4 provide insights into the
morphology and particle size differences between HKUST-1 (a)
and HKUST-1@Urea (b). The image (a) of HKUST-1 shows well-
defined, uniform, and crystalline particles with a regular,
polyhedral shape.®**® The particle size appears to be relatively
large, averaging around 10 um, indicating a high degree of
crystallinity and uniform growth conditions. In contrast, the
image (b) of HKUST-1@Urea shows a significant change in the

morphology and particle size. The particles are smaller and less
defined and appear to be more aggregated than the pristine
HKUST-1. The average particle size of HKUST-1@Urea is around
2 pm, significantly smaller than that of HKUST-1, suggesting
that the incorporation of urea disrupts the crystal growth,
leading to the formation of smaller particles. Additionally, the
mesoporosity in HKUST-1@Urea is evident from the presence of
mesopores within the particles, as highlighted by the black
circle in the inset of Fig. 4b. These mesopores, which are not
present in the pristine HKUST-1, indicate that urea incorpora-
tion induces porosity within the material. The orange circle in
Fig. 4b highlights regions where particle aggregation occurs,
possibly due to the formation of interparticle mesopores.*” This
increased porosity and reduced particle size in HKUST-1@Urea
can enhance its textural properties, potentially improving its
performance in applications such as adsorption or catalysis.
The introduction of mesoporosity and the disruption of the
crystalline structure are direct consequences of urea incorpo-
ration, which modifies the growth mechanism and morphology
of the HKUST-1 framework.

The FT-IR spectra in Fig. 5 provide clear evidence of the
successful incorporation of urea into the HKUST-1 framework,

Fig. 4 SEM images of HKUST-1 (a) and (b) HKUST-1@Urea samples.
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Fig. 5 FT-IR spectra of HKUST-1 and HKUST-1@Urea samples.

forming the HKUST-1@Urea composite. In the spectrum of
pure HKUST-1 (black line), the characteristic bands are
observed at 3448 cm ', corresponding to O-H stretching
vibrations from adsorbed water, 1603 cm ' and 1385 cm ™ ?,
which are attributed to the asymmetric and symmetric
stretching vibrations of the carboxylate groups coordinated to
copper nodes in the MOF structure, respectively.**** Upon the
formation of the HKUST-1@Urea composite (red line), several
new absorption bands emerge, confirming the presence of urea.
The prominent band at 3434 cm™ ' is attributed to N-H
stretching from urea, while the 2920 cm ™" band corresponds to
C-H stretching vibrations.*>*' The sharp peak at 2363 cm™* may
indicate the presence of carbamic acid intermediates or CO,
interactions from slight urea decomposition or reaction at
elevated temperatures. The additional peaks at 1444 cm ™,
1371 cm™ ", and 727 cm ™" are characteristic of C-N stretching,
N-H bending, and N-C-N skeletal vibrations from urea mole-
cules, respectively. These new bands, absent in the pristine
HKUST-1, confirm that urea has been effectively integrated into
or onto the MOF structure, likely through physical encapsula-
tion or interaction with open metal sites or functional groups
on the HKUST-1 surface. The lack of significant shifts or
disappearance of the original HKUST-1 bands indicates that the
MOF's structural integrity is retained during the urea incorpo-
ration process.

The "H NMR spectra in DMSO-ds show a clear difference
between pristine HKUST-1 (black) and urea-modified HKUST-1
(red), as shown in Fig. 6. For pristine HKUST-1, only the char-
acteristic aromatic protons of BTC (linker) appear near 6 = 8.2-
8.8 ppm, confirming the intact framework. After urea modifi-
cation, additional signals appear in the 6 = 5.5-6.5 ppm region,
consistent with the -NH, protons of urea, while the aromatic
BTC region remains unchanged, indicating that the framework
structure is preserved. The identical aromatic pattern, but with
new urea-related resonances, confirms the successful incorpo-
ration of urea molecules within the MOF. Because the spectra

© 2025 The Author(s). Published by the Royal Society of Chemistry
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were obtained from digested samples that were washed before
digestion with water and methanol to remove physisorbed urea,
these resonances reflect the presence of urea species bound to
the Cu®" ion of paddlewheel building blocks or confined in
pores rather than physisorbed impurities, supporting the urea
functionalization of HKUST-1.

The TGA curves of HKUST-1 and HKUST-1@Urea, shown in
Fig. 7, illustrate the thermal stability and decomposition
behavior of these materials. The black curve (Fig. 7a) represents
HKUST-1, showing three major weight loss steps. The initial
weight loss of 14.02% below 100 °C corresponds to the loss of
adsorbed water. The second step, with a 7.93% weight loss
between 100 °C and 300 °C, likely represents the removal of
guest molecules or solvent molecules trapped within the pores.
The third significant weight loss of 47.45% between 300 °C and
400 °C indicates the decomposition of the HKUST-1 framework
itself.*> By comparison, the red curve (Fig. 7b), representing
HKUST-1@Urea, also shows three primary weight loss steps but
with different magnitudes. The initial weight loss of 9.68%
below 100 °C again corresponds to the loss of adsorbed water,
which is slightly lower than that of HKUST-1 due to the solvent-
free preparation method. The second step, showing a 7.76%
weight loss between 100 °C and 300 °C, indicates the removal of
urea and other volatile components. The major decomposition
of the HKUST-1@Urea framework occurs between 300 °C and
400 °C, with a 44.83% weight loss. This indicates that the
framework decomposes similarly to HKUST-1 but at a slightly
different rate due to urea incorporation. Finally, a minor weight
loss of 4.81% is observed up to 500 °C, which might be due to
the final decomposition of residual components. The overall
thermal stability of HKUST-1@Urea is slightly lower than that of
pure HKUST-1, as indicated by the lower total weight loss. These
differences in thermal behavior reflect the influence of urea on
the thermal properties of the HKUST-1 framework, potentially
modifying its application properties.*

RSC Adv, 2025, 15, 46523-46540 | 46527
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Fig. 7 TGA curves of HKUST-1 (a) and HKUST-1@Urea (b) samples.

3.2. Adsorption properties of HKUST-1 and urea-modified
HKUST-1

Adsorption represents a highly effective and economical
approach for the removal of toxic metal ions from contaminated
water. In the present study, the capacity of HKUST-1 and urea-
functionalized HKUST-1 (HKUST-1@Urea) to eliminate Pb>*
ions—a hazardous and persistent pollutant—was systematically
investigated. The adsorption capacity and removal efficiency
were used as the primary metrics to evaluate the suitability of
these materials for water purification applications.

3.2.1. Impact of the pH on the adsorption of Pb>* ions. The
pH level of the solution plays a crucial role in enhancing the
adsorption capacity for Pb>" ions, as it governs the interactions
between the adsorbate molecules and adsorbent particles,
thereby influencing the adsorption process in relation to the
surface functional groups. To assess the influence of the initial
pH on adsorption effectiveness, we examined the pH range
from 4 to 6. Our findings reveal that the adsorbent's stability is
compromised below pH 4, while precipitation occurs at pH
724 The experimental conditions included 50 mg of the
adsorbent, 50 mL of a Pb** ion solution with a concentration of
100 mg L%, 1 hour of contact time, and room temperature. The
resulting data are presented in Fig. 8. As shown in Fig. 8, both
HKUST-1 and HKUST-1@Urea exhibit the highest lead ion
adsorption efficiency at pH 5, with removal efficiencies reaching
approximately 90% and 95%, respectively. At pH 4, the
adsorption efficiency of HKUST-1 is around 70%, while HKUST-
1@Urea shows a higher efficiency of about 80%, indicating that
the presence of urea enhances adsorption at lower pH levels. At
pH 6, the removal efficiencies of both materials slightly
decrease but remain relatively high, around 80% for HKUST-1
and 85% for HKUST-1@Urea. These results suggest that the
optimal pH for lead adsorption on both HKUST-1 and HKUST-
1@Urea is around 5, where the surface functional groups are
likely most effective in capturing lead ions. The enhanced
performance of HKUST-1@Urea at all tested pH levels indicates
that urea incorporation improves the material's adsorption
capabilities. This may be due to the increased mesoporosity and

46528 | RSC Adv, 2025, 15, 46523-46540
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altered surface chemistry introduced by urea, as observed in
previous characterizations.

3.2.2. Impact of the contact time. In this experiment,
50 mg of the adsorbent was introduced to a 50 mL solution
containing Pb** ions at a concentration of 100 mg L™ " and a pH
of 5. The mixture was then shaken at room temperature for
varying durations ranging from 5 to 75 min. As shown in Fig. 9,
the rate of Pb>" ion adsorption is rapid for both HKUST-1 and
HKUST-1@Urea, reaching equilibrium after approximately
45 min. This rapid adsorption can be attributed to the initially
vacant binding sites on the adsorbents, which quickly become
occupied by lead ions. The removal efficiency (Fig. 9a) of both
adsorbents shows a sharp increase in the first 10 min, with
HKUST-1@Urea slightly outperforming HKUST-1 in terms of
efficiency. Both HKUST-1 and HKUST-1@Urea materials ach-
ieve over 90% removal efficiency within 45 min (93% for
HKUST-1 and 97% for HKUST-1@Urea). The adsorption
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Fig. 8 Effect of the pH on Pb?* ion adsorption on HKUST-1 and
HKUST-1@Urea in 50 mL of the lead nitrate solution with a concen-
tration of 100 mg L%, a contact time of 1 h, and 50 mg of the
adsorbent.
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Fig. 9 Effect of the contact time on Pb2* ion adsorption on HKUST-1 and HKUST-1@Urea: (a) removal efficiency and (b) adsorption capacity

versus time.

capacity (Fig. 9b) also demonstrates a similar trend, with a steep
initial increase, followed by a plateau, indicating the saturation
of binding sites. HKUST-1@Urea consistently shows a higher
adsorption capacity than HKUST-1, likely due to the enriched
chelating groups (amine and carbonyl groups) and meso-
porosity introduced by urea incorporation. Therefore, for
optimal Pb** ion removal, a contact time of 45 min is recom-
mended, as extending the contact time beyond this point shows
a minimal increase in the adsorption efficiency or capacity. The
results highlight that both materials are highly efficient for lead
ion removal, with HKUST-1@Urea offering marginally better
performance. The rapid achievement of equilibrium suggests
that these materials are suitable for practical applications where
quick and efficient removal of heavy metals is required.

3.2.3. Impact of the adsorbent dose. The effect of the
adsorbent dosage on Pb*" ion adsorption was investigated
under specific conditions: pH 5, room temperature, 50 mL of
a lead solution with a concentration of 100 mg L', and
a contact time of 45 min. The outcomes, presented in Fig. 10,
reveal that the Pb>" removal efficiency increases with increasing
adsorbent dosage from 10 mg to 25 mg for both HKUST-1 and
HKUST-1@Urea. Beyond 25 mg, the removal efficiency reaches
a plateau, indicating that any additional adsorbent does not
significantly enhance lead ion removal. At the optimal dosage of
25 mg, both HKUST-1 and HKUST-1@Urea achieve nearly 100%
removal efficiency, with HKUST-1@Urea showing a slightly
higher efficiency. This plateau suggests that the adsorption sites
become saturated at this dosage, and further increases in the
adsorbent quantity do not provide additional active sites for
Pb>" ion adsorption.*”® The slight advantage of HKUST-1@Urea
over HKUST-1 can be attributed to the increased chelating
groups and mesoporosity introduced by urea incorporation,
providing more accessible adsorption sites.** These results
align with the behavior observed in other adsorption studies,
where an optimal adsorbent dosage is identified, beyond which
the removal efficiency does not significantly improve. Overall,
the findings demonstrate that 25 mg is the optimal dosage for

© 2025 The Author(s). Published by the Royal Society of Chemistry

both adsorbents under the given experimental conditions. This
dosage ensures maximum efficiency while minimizing the
amount of material used, making the process more cost-
effective and practical for real-world applications.

3.2.4. Impact of the lead ion initial concentration. Various
concentrations of aqueous Pb®" ions (10, 30, 50, 70, 100, 130,
150, 170, and 200 mg L™') were prepared to evaluate the
adsorption efficiency of the adsorbents HKUST-1 and HKUST-
1@Urea. 25 mg of the adsorbent was added in each solutions,
and the solutions were placed in a shaker for 45 minutes at
room temperature. The effectiveness of the adsorbents was
assessed by measuring the percentage of adsorption and
adsorption capacity. The results, depicted in Fig. 11, clearly
indicate an initial increase in adsorption efficiency, which then
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Fig. 10 Effect of the adsorbent dosage on Pb?* ion adsorption on
HKUST-1 and HKUST-1@Urea at pH 5, room temperature, 50 mL of
a Pb2* ion solution with a concentration of 100 mg L™* and a contact
time of 45 min.
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Fig. 11 (a and b) Effect of the lead concentration on Pb?* ion adsorption on HKUST-1 and HKUST-1@Urea at a contact time of 45 min, an

adsorbent dose of 25 mg, and pH = 5.

levels off as the Pb*>" ion concentration rises from 10 to
100 mg L. Fig. 11a shows that the removal efficiency of both
HKUST-1 and HKUST-1@Urea increases with the Pb*" ion
concentration, reaching a plateau around 90-100 mg L'
Notably, HKUST-1@Urea consistently demonstrates higher
removal efficiency than HKUST-1 at all concentrations, peaking
at around 99% removal efficiency. This suggests that urea
incorporation enhances the adsorption performance of HKUST-
1. Fig. 11b presents the adsorption capacity, which increases
linearly with the Pb** ion concentration for both adsorbents,
with HKUST-1@Urea showing slightly higher capacities at
higher concentrations. The adsorption capacity of both mate-
rials increases from around 20 mg g ' at 10 mg L' to
approximately 70 mg g * at 150 mg L™ '. Based on these find-
ings, it can be inferred that both HKUST-1 and HKUST-1@Urea
exhibit greater effectiveness in treating aqueous Pb>" ion solu-
tions with concentrations up to 100 mg L~'. The enhanced
performance of HKUST-1@Urea can be attributed to the
increased chelating groups and mesoporosity introduced by
urea, providing more active sites for Pb>" ion adsorption. These
results confirm that both materials are highly efficient for lead
removal from water, with HKUST-1@Urea showing superior

performance, making it a promising candidate for practical
applications in water treatment.

Based on the comparative data in Table 1, HKUST-1
demonstrates a competitive adsorption capacity for Pb>*
(380 mg g ') relative to other literature-reported adsorbents. It
substantially outperforms several materials, including UiO-66
(melamine-modified) (205 mg g~ '), Algal biomass Sargassum
glaucescens (45.8 mg g~ ), and zeolite-NaX (14.22 mg g~ ). While
HKUST-1 exceeds mid-range adsorbents like HCl-activated Aloji
clay (333.3 mg g™ ), it falls short of the highest-capacity mate-
rials such as Tb-based MOFs (nanotube-like) (547 mg g~ ') and
NH,-MIL-53(Al) (492.4 mg g~ '). This positions HKUST-1 as
arobust adsorbent, though not the most exceptional in terms of
the absolute capacity, among the surveyed MOFs and mineral-
based materials.

The urea-functionalized variant, HKUST-1@Urea, exhibits
a measurable enhancement in Pb>" adsorption (400 mg g™ ")
compared to the parent HKUST-1 (380 mg g '), signifying
a 5.3% increase, which is attributable to urea modification. This
improvement suggests that urea integration optimizes the
material's affinity for Pb**, potentially through enhanced
surface chemistry or porosity. While HKUST-1@Urea still trails

Table 1 Comparison of the performance of HKUST-1 and HKUST-1@Urea with selected adsorbents for Pb?* removal from aqueous solutions

reported in the literature

Adsorbent Metal removal Max. adsorption capacity (mg g™ ) Ref.
Zeolite-NaX Pb** 14.22 46
Fe-modified sporopollenin (Fe-Sp) biomass Pb** 22.72 47

Algal biomass Sargassum glaucescens pb* 45.8 48

Ui0-66 (melamine-modified) pPb** 205 49
Activated Aloji clay (HCl-activated) Pb>* 333.3 50
HKUST-1 Pb>* 380 This work
HKUST-1@Urea Pb** 400 This work
NH,-MIL-53(Al) Pb*" 492.4 51
Tb-based MOF (nanotube-like) Pb>* 547 52
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behind Tb-based MOFs (547 mg g ') and NH,-MIL-53(Al)
(492.4 mg g™'), its capacity surpasses other modified mate-
rials like melamine-modified UiO-66 (205 mg g~ ') and outper-
forms all non-MOF adsorbents listed (e.g., biosorbents, zeolites,
and clay). The modification's efficacy is further underscored
when compared with drastically lower-capacity biosorbents
such as Fe-modified sporopollenin (22.72 mg g~ '). This posi-
tions HKUST-1@Urea as a strategically optimized adsorbent
within the HKUST series, offering incremental but scientifically
significant performance gains for Pb>" remediation.

3.2.5. Adsorption kinetic study. The time-dependent
adsorption of metal ions is presented in Fig. 12, conducted at
pH 5 for a Pb*>" ion solution. The maximum adsorption is
observed within 75 minutes, indicating that HKUST-1 and
HKUST-1@Urea exhibit rapid adsorption kinetics. The adsorp-
tion data versus time were analyzed using two simplified kinetic
models: the pseudo-first-order and pseudo-second-order
models. The models are computed by eqn (3) and (4),
respectively:>***

k
toe(a. ~ 0) = log . ~ (5135 ®)
t 1 t
—= 4+ — 4
q: queZ qe ( )

where k; and k, are the rate constants of the pseudo-first-order
(min™") and the pseudo-second-order models of adsorption (g
mg ' min~"), respectively, and ¢. and ¢, (mg g~ ") refer to the
amount of the metal ion adsorbed at equilibrium and at time ¢,
respectively. The kinetic parameters were obtained by applying
the pseudo-first-order and pseudo-second-order kinetic models.
The linear plots of log(ge — g;) versus t for the pseudo-first-order
model and ¢/q, versus t for the pseudo-second-order model were
constructed to evaluate their applicability. The suitability of
each model was assessed based on the correlation coefficients
(R?) and the agreement between the experimentally measured
and theoretically calculated g. values. As presented in Fig. 12
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and Table 2, the pseudo-second-order model exhibits the
highest R* values and the closest alignment of g. values, con-
firming that this model best describes the adsorption behavior
of Pb>" onto HKUST-1@Urea. These findings suggest that the
adsorption kinetics are primarily controlled by surface inter-
action processes between Pb>" ions and active sites on the
modified MOF.

The data do not align with the pseudo-first-order model, as
evidenced by the discrepancy between the calculated g. values
and those determined experimentally (Table 1). This suggests
that the adsorption process likely involves a multistep mecha-
nism, including (i) external film diffusion, (ii) intraparticle
diffusion, and (iii) interactions between the adsorbate and
active sites. To identify the rate-determining step, the adsorp-
tion data were analyzed in accordance with the Fickian diffu-
sion law (eqn (5)):

q, = x + K;it*? (5)
where ¢, is the amount of the metal ion adsorbed at time ¢, K; is
the intraparticle diffusion rate constant (mg ¢~ * min~%%), and x
represents the boundary layer diffusion effects. As the value of x
decreases, the effect of boundary layer diffusion decreases. The
plot of g, vs. ¢ (Fig. 13) gives a straight line that does not pass
through the origin; this indicates that the adsorption reaction is
controlled by intraparticle diffusion along with boundary layer
diffusion.>

3.2.6. Adsorption isotherm study. The study of adsorption
isotherms is important for obtaining the main information
about the mechanism of the adsorption process and interac-
tions between HKUST-1 and HKUST-1@Urea as adsorbents and
Pb>" ions as the adsorbate.* In this study, the experimental data
of Pb*" ion adsorption onto the HKUST-1 and HKUST-1@Urea
surfaces were fitted with the three most applied isotherm
models, namely, Langmuir, Freundlich, and Dubinin-Radush-
kevich (D-R) isotherm models. Adsorption isotherms were

(b)

—a— HKUST-1
0.6 —a— HKUST-1@Urea

-0.8 T T T T T T
10 20 30 40 50 60 70
Time, min

Fig. 12 Pseudo-second-order kinetics (a) and pseudo-first-order kinetics (b) of the uptake of Pb?* ions on HKUST-1 and HKUST-1@Urea

adsorbents.
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Table 2 Kinetic model parameters for Pb?* ion adsorption on HKUST-1 and HKUST-1@Urea adsorbents

Pseudo-first-order

Pseudo-second-order

Adsorbent Geexp) (Mg g71) k; (min™") Ge(car) (Mg g™ ") R? k, (g mg™' min™") Gecaly (Mg g™ ") R*
HKUST-1 63.84 0.045 12.88 0.996 0.0078 65.23 1
HKUST-1@Urea 65 0.059 9.77 0.994 0.0102 66.67 0.999
70 adsorption process is reversible; monolayer adsorption takes
—=— HKUST-1 place; and there are no side interactions between the adsor-
—¢—HKUST-1@Urea bates. The linearized form of the Langmuir isothermal model
65 can be applied using eqn (6):
¢_1 ¢ ©
_ qe bm  Gm
o
g’ 60 - where C. is the concentration of Pb®>" ions remaining in the
= solution at equilibrium (mg L"), g. is the amount of Pb*>" ions
o - adsorbed per mass unit of the adsorbent at equilibrium (mg
i 2 1), ¢m is the maximum adsorption capacity, refers to complete
554 monolayer adsorption (mg g™ '), and b is the Langmuir binding
constant responsible for the heat of adsorption (L mg™ ).
Fig. 14a and b shows a plot of C./g. versus C., which gives
50 ; . . . . ; a straight-line representation of the Langmuir isotherm model.
3 4 5 6 7 8 9 (1/bgy,) and (1/gy,) can be determined from the intercept and

{05 (min)

Fig. 13 Intraparticle diffusion kinetics of Pb?* ion uptake on HKUST-1
and HKUST-1@Urea.

applied by changing the initial metal ion concentration in the
range of 10-200 mg L~ " under optimum studied conditions.
3.2.6.1. Langmuir isotherm model. The Langmuir adsorption
isotherm®” is applied to describe equilibrium adsorption under
the assumiptions of monolayer adsorption onto a homoge-
neous surface with a fixed number of conformable sites, and
maximum adsorption happens when the adsorbate covers the
surface; a specific number of accessible sites are available on
the adsorbent surface, and all of them have the same energy; the

(a)

C/q.eM

0 20 40 60 80 100 120
C(mg/g)

slope of the graph, respectively, as exhibited in Table 3. It was
observed that the correlation coefficients R> had values of
0.9996 and 0.9997 for Pb>" ions with the maximum adsorption
capacities of 383 and 401 mg g ' for HKUST-1 and HKUST-
1@Urea, respectively. The coefficient » in the Langmuir equa-
tion was a measure of the stability of the complex formed
between the Pb*" ions and HKUST-1 and HKUST-1@Urea under
experimental conditions. In this study, the small b values of 1.3
and 1.5 L mg ™" for Pb*" ions, respectively, were obtained, which
indicate the strong binding of Pb** ions to HKUST-1 and
HKUST-1@Urea surfaces. The small value of b obtained for
HKUST-1, compared to that of HKUST-1@Urea, indicated that
Pb>" ions formed the strongest binding with the HKUST-
1@Urea surface. This can also be proved by the high
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e
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Fig. 14 Langmuir model of Pb?* ions adsorbed onto (a) HKUST-1 and (b) HKUST-1@Urea under the studied optimum conditions.
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Table 3 Different isothermal parameters for Pb?* ion adsorption onto HKUST-1 and HKUST-1@Urea

Parameters

D-R isotherm

Langmuir isotherm parameters Freundlich isotherm parameters parameters
Samples m(exp) (MZE)  gmeear) (mgg™) R b(Lmg™") Ke(mgg™)(Lmg)" & n E(Jmol™") R
HKUST-1 383 380 0.9996 1.3 33 0.9461 1.80 0.186 0.985
HKUST-1@Urea 401 400 0.9997 1.5 40 0.9486 1.88 0.438 0.988

adsorption capacity obtained for HKUST-1@Urea, which was
higher than that of HKUST-1.%®

3.2.6.2. Freundlich isotherm. The Freundlich equation
explains physicochemical adsorption on heterogeneous
surfaces.® The Freundlich adsorption isotherm is the most
used mathematical model for aqueous systems. This isotherm
can be applied by eqn (7):

1
g. = Ke Gy p (7

The linearized form of the Freundlich isotherm can be applied
by eqn (8)

1
log ¢ = log K¢ + p log C. (8)

where g, is the amount adsorbed per unit weight of the adsor-
bent at equilibrium (mg g™ "), C. is the equilibrium concentra-
tion of the adsorbate in a solution after adsorption (mg g~ '), Kg
is an empirical Freundlich constant or capacity factor [(mg g )
(L mg™ "], and (1/n) is the Freundlich exponent (the amount
of variation in affinity for the adsorbate with a variation in the
adsorption density), which varies with the degree of heteroge-
neity. Fig. 15a and b shows a plot of log C. against log g., which
gives a straight-line representation of the Freundlich isotherm
model. 1/n and log Kr can be determined from the slope and
intercept of the graph, respectively, as displayed in Table 3.
When 1/n = 1, the isotherm is linear, and the system has
constant free energy at all adsorbate concentrations. When 1/n <
1, the isotherm is concave, and sorbates have weaker free
energy, which is favorable for adsorption. It can be observed

3
25 (@) 9.0
? :
]
» 15
|
1
0.5
0
0 0.5 1 1.5 2 25
Log C,

that the n values of HKUST-1 and HKUST-1@Urea adsorption
were 1.8 and 1.88, respectively. It is obvious that 1/n values lie in
the range between 0 and 1, which shows the good chemisorp-
tion of Pb®>" ions onto HKUST-1 and HKUST-1@Urea. The
correlation coefficients R* had values of 0.9461 and 0.9486 for
Pb>" ions, respectively.

3.2.6.3. Dubinin-Radushkevich (D-R) isotherm. The Dubi-
nin-Radushkevich (D-R) isotherm model is more general than
the Langmuir isotherm because it does not require a homoge-
neous surface or a fixed adsorption potential. It is utilized to
determine the nature of the sorption process, physical or
chemical, and calculate the mean energy of sorption.*® The
Dubinin-Radushkevich isotherm equation® is shown by eqn

(9):
Ing. =Ingy — 652 (9)

where g, is the amount of the adsorbate adsorbed at equilib-
rium (mg g~ '), gm is the amount of the adsorbate adsorbed at
the maximum saturation (mg g~ '), 8 is a constant related to the
adsorption energy (mol> K™ J7?), and ¢ is the Dubinin-
Radushkevich isotherm constant assigned to the potential
energy of Polanyi (k] mol '), which can be calculated by eqn
(10):

e = RTIn(1 + 1/Cy,) (10)
where R is the molar gas constant, equal to 8.314 Jmol " K™ ', T
is the adsorption temperature (room temperature = 298 K), and
C. is the concentration of metal ions at equilibrium at different

(b)
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~ ™’

Log q,
i
w™m

0 0.5 1 15 2 25
Log C,

Fig. 15 Freundlich model of Pb** ions adsorbed onto HKUST-1 (a) and HKUST-1@Urea (b) under the studied optimum conditions.
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Fig. 16 Dubinin—Radushkevich (D-R) model of Pb?* ions adsorbed
conditions.

initial metal ion concentrations (mg L™ '). Fig. 16 shows a plot of
In g versus ¢*, which gives a straight-line representation of the
Dubinin-Radushkevich isotherm model. § and g, can be
determined from the slope and intercept of the graph, respec-
tively, as displayed in Table 3. The mean free energy (E) of
sorption can be computed using eqn (11):

1

E NeTi (11)
where E (k] mol ') gives information about how the adsorption
process occurs, physically or chemically. If E values lie between
8 and 16 k] mol *, the adsorption process takes place chemi-
cally, and if E is less than 8 kJ mol ™", the adsorption process
proceeds physically.®® It was observed that the energy value (E)
was equal to 0.186 k] mol " for HKUST-1 and 0.438 k] mol ™" for
HKUST-1@Urea; therefore, the process of the adsorption of
Pb>" ions on both HKUST-1 and HKUST-1@Urea was phys-
isorption.®® The g, values for HKUST-1 and HKUST-1@Urea,
calculated using the Dubinin-Radushkevich model curves,
were obtained as 403 mg g~ (R*> = 0.985) and 437 mg g~ ' (R*> =
0.988), respectively. It was observed that the Langmuir isotherm
was a better fitting model than the Freundlich isotherm model
and Dubinin-Radushkevich (D-R) model for the adsorption
system. Thus, the adsorption of Pb>" ions onto HKUST-1 and
HKUST-1@Urea follows the monolayer physisorption process.**

3.2.7. Temperature effect and thermodynamic analysis.
Temperature significantly affects the adsorption performance
by altering adsorbate mobility and adsorbent surface interac-
tions. To investigate this influence, Pb*>" adsorption experi-
ments were conducted at four temperatures (288, 298, 308, and
318 K) under optimized conditions. The study reveals that the
adsorption capacity of both HKUST-1 and HKUST-1@Urea
increases with increasing temperature, confirming that the
adsorption process is endothermic.

To further elucidate the adsorption feasibility and mecha-
nism, the thermodynamic parameters Gibbs free energy (AG®),
enthalpy (AH®), and entropy (AS°) were determined using eqn
(12)—(14):5>0¢

In K, = AS°/R — AH'/RT (12)
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onto HKUST-1 (a) and HKUST-1@Urea (b) under optimum adsorption

AG = AH® — TAS’ (13)
where R is the universal gas constant (8.314 x 10~ kJ mol ™"
K™'), and T is the absolute temperature in Kelvin. The equilib-
rium constant K. was calculated from the partition constant K,
according to Niwas et al.*” To obtain K, a plot of In(Cy/Ce) versus
Cs was constructed, and Cs was extrapolated to zero,*® where C,
is the equilibrium concentration in a solution and Cg is the
concentration of Pb>" on the adsorbent surface. Additionally,
AG° was validated using eqn (14):
AG’ = —RThh K, (14)
The linear van't Hoff plots of In K. versus 1/T (Fig. 17a and b)
yield AH° and AS° values, which are summarized along with the
AG° values in Table 4. Both HKUST-1 and HKUST-1@Urea
exhibit positive AH° values of 25.483 kJ mol ' and
29.481 kJ mol?, respectively, indicating that Pb>" ion adsorp-
tion is endothermic, and higher temperatures promote ion
uptake. The positive AS°® values (0.102 and 0.118 k] mol ™" K™,
respectively) suggest increasing disorder at the solid-liquid
interface due to the improved dispersion of Pb*>" ions on active
binding sites. Moreover, AG° is negative at all temperatures,
ranging from —3.897 to —7.10 k] mol ' (HKUST-1) and —4.290
to —7.949 kJ mol ' (HKUST-1@Urea), confirming the sponta-
neous nature of adsorption. The increasing magnitude of AG°
with temperature further demonstrates that adsorption
becomes more thermodynamically favorable at elevated
temperatures. Because AH° values lie well below the 40 kJ mol *
threshold and AG® falls within the —20 to 0 k] mol " range, the
adsorption of Pb>* ions onto both adsorbents is predominantly
driven by physisorption forces.* The slightly higher AH°, more
negative AG°, and larger AS° values for HKUST-1@Urea verify
that urea functionalization enhances Pb*" affinity, which is
attributed to the introduction of amide (-NH, and C=O0)
functionalities that contribute additional coordination sites
and surface interactions.
3.2.8. Effect of coexisting metal ions on Pb>* adsorption.
The influence of coexisting metal ions (Zn**, Cd**, and Ni**) on
the adsorption behavior of Pb*>* onto pristine HKUST-1 and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Plot of In K. versus 1/T for HKUST-1 (a) and HKUST-1@Urea (b).
Table 4 Thermodynamic parameters for the uptake of Pp2*
AG (k] mol ") at temperatures
AH (kJ mol™ ") AS (k] mol ' K™ 288 K 298 K 308 K 318 K
HKUST-1 25.483 0.102 —3.897 —5.645 —6.216 —7.10
HKUST-1@Urea 29.481 0.118 —4.290 —6.093 —6.828 —7.949

HKUST-1@Urea was systematically examined, and the corre-
sponding results are illustrated in Fig. 18. The data reveal that
the presence of competing cations in the solution noticeably
affects the adsorption efficiency of Pb**; however, HKUST-
1@Urea consistently demonstrates a superior removal perfor-
mance to the unmodified framework. In conclusion, although
the coexistence of other divalent cations slightly suppresses
Pb>" uptake due to competitive adsorption, HKUST-1@Urea
retains a distinctly higher selectivity toward Pb>". This supe-
rior performance highlights the potential of the modified
framework for efficient lead removal from multicomponent
aqueous systems containing various heavy metal contaminants.

3.2.9. Reusability study. The recyclability and stability of
HKUST-1 and HKUST-1@Urea for Pb>" removal were evaluated
through repeated adsorption cycles under optimum conditions.

80 u
HKUST-1

| |
HKUST-1@Urea

S <o

S <o

Removal efficiency %

N W A U NI
=}

[
S <o

=

Pb Zn Cd

Heavy metal ions

Ni

Fig. 18 Effect of coexisting metal ions on Pb?* adsorption by HKUST-1
and HKUST-1@Urea.
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Both materials showed high initial removal efficiency, with
HKUST-1@Urea performing slightly better due to additional
binding sites and improved surface chemistry from urea
incorporation (Fig. 19a). Over multiple cycles, a gradual decline
in efficiency was observed, likely caused by partial site satura-
tion and minor structural changes. However, HKUST-1@Urea
consistently maintained higher performance and stability
than pristine HKUST-1. By the fifth cycle, both materials
showed reduced efficiency but retained moderate reusability.
Overall, urea modification enhanced the durability and regen-
eration ability of HKUST-1, making it a more promising
candidate for long-term Pb*" ion removal in wastewater treat-
ment. The XRD patterns of HKUST-1 and urea-modified
HKUST-1 (both fresh and after five adsorption cycles) showed
that the crystalline framework of the MOFs remained largely
preserved after reuse (Fig. 19b). After five adsorption cycles
(spent samples), both materials retained their main diffraction
features, demonstrating excellent structural stability under
repeated use in Pb>* removal. However, the spent samples
(particularly HKUST-1 without urea) showed broader peaks and
lower intensities, indicating partial framework degradation or
amorphization after multiple exposures to aqueous solutions
and metal ion exchange. In contrast, HKUST-1@Urea (spent)
retained sharper peaks and better relative intensities, implying
that urea functionalization enhanced the chemical stability and
rigidity of the framework during cycling, likely by forming
hydrogen-bonding networks or reducing Cu®" site leaching.
3.2.10. Mechanistic analysis. The XPS analysis provides
clear evidence of the successful adsorption of Pb** ions onto the
HKUST-1@Urea framework (Fig. 20). The survey spectra confirm
the presence of Pb after adsorption through the appearance of
distinct Pb 4f signals (Fig. 20a), while the persistence of Cu, O, C,
and N peaks indicates that the parent structure of HKUST-1@Urea
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remains stable during the process. A closer inspection of the high-
resolution spectra provides important insights into the adsorption
mechanism. The O 1s spectra show significant shifts in the
binding energy after Pb>* adsorption (Fig. 20c), suggesting that
oxygen atoms from the carboxylate groups of HKUST-1 and from
urea functionalities play a key role in Pb>" coordination. This
implies the formation of strong Pb-O bonds that anchor Pb**
within the framework. Similarly, the N 1s spectra exhibit a clear
shift to higher binding energies after adsorption (Fig. 20e), indi-
cating that the nitrogen atoms of urea moieties are directly

involved in the coordination process. The interaction of Pb>" with
the lone-pair electrons on nitrogen supports the formation of Pb-
N bonds, which strengthen the overall binding affinity of the
adsorbent. Although the Cu 2p spectra remain largely unchanged
(Fig. 20b), minor variations in satellite features suggest that the
presence of Pb>* may slightly perturb the local environment of the
Cu-O clusters. However, this effect is less significant compared to
the strong coordination observed with oxygen and nitrogen atoms.
Overall, these results confirm that Pb*" adsorption on HKUST-
1@Urea occurs mainly through the synergistic action of oxygen
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and nitrogen donor atoms, which provide multiple high-affinity
binding sites. This dual interaction mechanism enhances the
stability of Pb** within the framework and highlights the crucial
role of urea modification in improving the adsorption capacity of
HKUST-1 for toxic heavy metal ions.

The adsorption of Pb*" ions onto HKUST-1@Urea can be
understood through a synergistic mechanism involving structural
modification, surface functionalization, and multisite coordina-
tion. As illustrated in Scheme 1, the molten-urea treatment coats
the HKUST-1 framework with urea functionalities, introducing
abundant -NH, and C=O groups on the MOF surface. These
polar sites significantly improve hydrophilicity and provide addi-
tional anchoring sites for Pb>" ions.

From a spectroscopic perspective, XPS analysis confirms that
both oxygen and nitrogen atoms are actively involved in Pb**
binding. The O 1s spectra show evident binding energy shifts after
adsorption, indicating that the carboxylate oxygen from the
HKUST-1 linker, as well as the urea-derived carbonyl oxygen,
strongly coordinate with Pb®* ions. Simultaneously, the N 1s
spectra reveal marked chemical shifts, confirming the contribu-
tion of urea's amino groups through lone-pair electron donation,
resulting in the Pb-N coordination. These dual interactions form
stable Pb-O and Pb-N bonds that enhance affinity and binding
strength.

From statistical physics and adsorption fitting perspectives, the
high maximum adsorption capacity (400 mg g ') and excellent
fitting with Langmuir-type isotherms suggest a monolayer
adsorption process. This implies that Pb*>" ions occupy discrete
active sites provided by the functionalized surface rather than
forming multilayers. Meanwhile, kinetic modeling supports
a chemisorption-controlled mechanism, where the rate-limiting
step is surface complexation rather than diffusion.

Finally, the recyclability and stability data (>90% efficiency after
multiple cycles) confirm that the Pb>* binding is strong yet
reversible, indicating that the adsorption occurs through coordi-
nation interactions rather than permanent structural degradation
of the framework.

4. Conclusions

The urea modification of HKUST-1 successfully enhanced its
adsorption performance for Pb>* ion removal from contaminated

© 2025 The Author(s). Published by the Royal Society of Chemistry

water. Comprehensive structural and surface analyses (XRD, SEM,
FT-IR, BET, and TGA) confirmed the incorporation of urea into the
HKUST-1 framework, introducing additional amino and carbonyl
functional groups that improved hydrophilicity and provided
more active binding sites. As a result, HKUST-1@Urea demon-
strated a significantly higher Pb®" adsorption capacity (400 mg
¢~ ") and removal efficiency (98%) under optimized conditions (pH
5,25 mg of the adsorbent, and 100 mg L ™" initial Pb>"). Adsorption
behavior was best represented by the Langmuir isotherm, indi-
cating monolayer coverage on a uniform surface. Kinetic analysis
followed a pseudo-second-order model, reflecting rapid surface
interactions. Thermodynamic results (AH° < 40 k] mol™' and
negative AG® values) confirmed that Pb** adsorption was sponta-
neous, endothermic, and predominantly governed by phys-
isorption forces. Furthermore, the adsorbent retained over 90%
efficiency after repeated regeneration cycles, demonstrating
excellent stability and reusability. Overall, the post-synthetic
functionalization of HKUST-1 with urea offers a cost-effective,
highly efficient, and reusable adsorbent for Pb** remediation.
Future work will focus on scaling up production, evaluating
performance in complex wastewater matrices, and advancing
application in continuous-flow treatment technologies.
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