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Abstract

This study investigates the effectiveness of ZnAl-LDH modified with polyoxometalate (POM) as an adsorbent material in
the competitive adsorption of heavy metal ions Cr(VI) and Fe(ll). The material was synthesized using the co-precipitation
method, resulting in ZnAI-LDH@POM with enhanced interlayer spacing, a specific surface area 14 times more significant, and
increased surface-active sites. Characterization using XRD, FT-IR, and BET confirmed the successful structural modification
and improved adsorption properties. Kinetic studies revealed that adsorption followed a pseudo-second-order kinetic model,
achieving maximum efficiency within 50 minutes. Isothermal analysis demonstrated maximum adsorption capacities (Qmax)
of 92.95 mg/g for Fe(ll) and 44.44 mg/g for Cr(VI). These findings highlight the potential of ZnAl-LDH@POM as an effective
adsorbent for treating heavy metal-contaminated wastewater.
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1. INTRODUCTION

In recent years, rapid industrial development has increased toxic
metal ion emissions, severely damaging aquatic ecosystems (dos
Santos et al., 2021; Li et al., 2024). Heavy metal ions such as Cr,
Pb, Fe, and As, known for their high bioaccumulation properties,
have been identified as significant contributors to environmental
degradation in water bodies (Babu Poudel et al., 2022; Huang
et al., 2022a; Jiang et al., 2024a; Ou et al., 2020). Consequently,
effective measures are required to remove and reduce the concen-
trations of these toxic ions before wastewater is discharged into
the environment. Various technologies have been developed for
the removal of toxic metals from wastewater, including chemical
precipitation, photocatalysis (Ramadhini et al., 2023), adsorption,
flocculation, biological treatment, reverse osmosis, and mem-
brane filtration (Liu et al., 2022; Maria Cardinale et al., 2024;
Mutahir et al., 2024; Rivers et al., 2024). Among these methods,
adsorption stands out due to its high efficiency, simplicity, and
relatively low operational costs (Vinsiah et al., 2020; Yuliasari
et al., 2022). Factors such as morphological structure, adsorption
capacity, specific surface area, dispersibility, chemical/physical
stability, and surface charge of the adsorbent play a critical role
in determining the efficiency of the adsorption process (Mohadi
et al., 2022; Normabh et al., 2021; Taher et al., 2024; Zubair et al.,
2025).

In this context, developing effective materials for water treat-
ment and removing heavy metal ions has become a primary
focus of current research (Zhang et al., 2023). Nanostructured
metal oxides and layered double hydroxides (LDH) have emerged
as promising adsorbents due to their unique characteristics, in-
cluding high surface area, abundant active sites, biocompatibility,
and chemical and physical stability (Ahmad et al., 2024; Deng
et al., 2023; Wibiyan et al,, 2024; Zhao et al,, 2024). LDHs ex-
hibit structural flexibility, such as tunable composition and ratios
of layer-forming elements, variable interlayer anions, and ad-
justable layer spacing through material modifications (Hanifah
and Amri, 2023; Zhao et al., 2023; Kameliya et al., 2023).

Introducing eco-friendly LDH-based materials provides a so-
lution to the limitations of traditional adsorbents. Various LDH
materials and their calcined products with diverse morpholo-
gies have been successfully synthesized and effectively used to
remove a wide range of pollutants from wastewater. In (Tian
et al., 2024). However, pristine LDHs often need more structural
components that enhance uptake efficiency in adsorption ca-
pacity. Various modification strategies have been developed to
address these challenges, including anion intercalation, surface
modifications, and the formation of composites with other ma-
terials (Jiang et al., 2024b). LDHs can be combined with carbon
nanostructures, surfactants, iron nanoparticles, or polymers to
improve their functional properties (Cao et al., 2023; Huang et al.,


https://doi.org/10.26554/ijmr.20242347

Normabh et. al.

2023; Normah and Lesbani, 2024). These modifications signifi-
cantly enhance the adsorption capacity of LDHs compared to
their unmodified forms, making them more effective and ver-
satile materials for wastewater treatment applications (Altalhi
et al., 2024).

Ma et al. (2022) demonstrated the effectiveness of Mg/Al-LDH
modification by compositing it with biochar and incorporating
egg white as a mediation agent in material formation. This modi-
fication increased phosphate adsorption capacity threefold, from
44.17 mg/g to 133.13 mg/g, indicating a monolayer adsorption
mechanism with enhanced filament structures on the material
surface contributing to improved adsorption performance. LDHs
are also known to exhibit various heavy metal adsorption mech-
anisms, including coordination by interlayer anions, interlayer
cation exchange, surface hydroxyl group binding, and hydroxide
precipitation resulting from dissolution processes (Huang et al.,
2022b; Tian et al.,, 2024). Fitri et al. (2024) successfully synthe-
sized a Zn-Al/magnetic biochar composite material for malachite
green adsorption. This composite demonstrated enhanced struc-
tural properties, such as increased specific surface area from
9.621 m?/g to 99.473 m?/g, as determined by BET analysis. The
adsorption efficiency also doubled compared to pristine LDHs.
Another study focused on Abriyanto et al. (2024) the modifica-
tion of Ca/Al-LDH through intercalation with various anions,
such as water, hydroxide, carbonate, and [a-SiW;,0,,]*", yield-
ing interlayer spacings of 7.58, 5.04, 7.53, and 4.84 A, respectively.
These results highlight that LDH intercalation significantly in-
fluences the structural properties of LDHs, ultimately impacting
their adsorption performance.

This study uses a combination of polyoxometalates (POMs)
and layered double hydroxides (LDHs) as adsorbents, offering
large interlayer spacings through the co-precipitation method.
The synthesized LDH materials were characterized using X-ray
diffraction (XRD), Fourier-transform infrared spectroscopy (FT-
IR), and Brunauer-Emmett-Teller (BET) analysis to determine
their structural, functional, and specific surface area properties.
Furthermore, the study investigated the material’s ability to
remove Cr(VI) and Fe(Il) ions through comprehensive adsorption
kinetics and isothermal behaviour analyses to understand the
underlying adsorption mechanisms. The results demonstrated
a significant enhancement in heavy metal adsorption capacity
with POM-modified LDHs (LDH@POM), establishing them as
promising adsorbents for wastewater treatment applications.

2. EXPERIMENTAL SECTION

2.1 Reagents and Materials

All solutions were prepared using deionized water. All chemicals
used were of analytical grade without any further purification.
Reagents for the synthesis of LDH were obtained from Merck, in-
cluding zinc nitrate hexahydrate (Zn(NO3),.6H,0, 98.9% purity),
aluminium nitrate (Al(NO;);.9H,0, 99% purity), and sodium hy-
droxide (NaOH, >99% purity). POM was used as a supporting ma-
terial for the modification, and for the chromium (Cr) adsorption
experiments, anhydrous potassium chromate (K,CrOy4, >99% pu-
rity) was dissolved in water to obtain a stock solution with a con-
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centration of 1000 mg.L’l. Additionally, 1,5-Diphenylcarbazide
(C13H14,N,O), acetone (C4HgO), sulfuric acid (H,SO,4, 98% purity),
and Iron (II) tetrachloride (FeCl,.4H,0) and o-phenanthroline
monohydrate (C;,HgN,) were obtained from Sigma-Aldrich.

2.2 Synthesis of ZnAl-LDH supported on POM (POM@ZnA
1-LDH)

Before synthesizing ZnAl-LDH composited with POM, POM
was prepared using a co-precipitation method as outlined in the
literature (Chenggian et al.,, 2023). Once the POM was ready,
the synthesis of POM@ZnAIl-LDH was conducted via the co-
precipitation method (Kameliya et al., 2023). In brief, 22.31 g of
Zn(NOs),.6H,0 and 9.38 g of AI(NOs);.9H,0 were dissolved in
100 mL of distilled water and stirred until homogenous. Sub-
sequently, a 1 M NaOH solution was added gradually until the
pH reached 10, resulting in the precipitation of ZnAl-LDH. At
this stage, 20 g of POM powder was introduced, and the mixture
was stirred for 20 minutes. After the formation of the slurry,
stirring continued for 62 hours at 70°C. The final product was
then dried in an oven at 60°C for 12 hours before ground into
powder. The synthesis of unmodified ZnAl-LDH followed the
same procedure without adding POM during specific steps.

2.3 Characterization Techniques

The characterization of the crystal structure of the synthesized
material was carried out using X-ray diffraction (XRD) with
a Rigaku Miniflex-6000 instrument, employing CuKe radiation
within the 20 angle range of 4° to 80°. Functional groups were ana-
lyzed via Fourier-transform infrared spectroscopy (FT-IR) within
the 4000 to 500 cm’! wavelength range. Nitrogen adsorption-
desorption measurements were performed at 77K to determine
the specific surface area, pore volume, and pore diameter using a
Quantachrome version 3.01 instrument. The adsorption process
was analyzed using a UV-Vis spectrophotometer (Biobase BK-UV
1800 PC).

2.4 Adsorption Experiment

The effectiveness of the synthesized POM@ZnAI-LDH compos-
ite was evaluated in the adsorption process by calculating the
removal efficiency and maximum adsorption capacity for Cr(VI)
metal and Fe(Il). The adsorption process was carried out using
50 mL of Cr(VI) solution at a concentration of 5 mg L™! and 50
mL of Fe(Il) solution at a concentration of 5 mg L!, with 0.3 g of
POM@ZnAl-LDH adsorbent. The adsorption kinetics parame-
ters were analyzed by varying the contact time between the ad-
sorbent and adsorbate at intervals of 0, 5, 10, 20, 25, and up to 180
minutes. The adsorption isotherm parameters were monitored
at different temperatures, specifically 30°C, 40°C, 50°C, and 60°C.
Throughout the process, the adsorption was performed using a
shaker, and after completion, the mixture was separated from the
solution by centrifugation. The residual concentration of Cr(VI)
was measured using a UV-Vis spectrophotometer at a wavelength
of 543 nm after being complexed with 1,5-diphenylcarbazide
(C13H14N,O). In comparison, the residual concentration of Fe(II)
was measured at a wavelength of 510 nm after being complexed
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with 1,10 fenantrolint. The data obtained were used to evaluate
the maximum adsorption capacity, along with the kinetics and
isotherm characteristics, providing a comprehensive overview
of the ZnAl-LDH@POM composite’s potential as an adsorbent
for removing heavy metal pollutants and organic dyes from
aqueous.

3. RESULTS AND DISCUSSION

3.1 Material Characterization

Figure 1 illustrates the X-ray diffraction (XRD) patterns for ZnAl-
LDH@POM alongside those for pure ZnAl-LDH and the POM
compound. All three materials exhibit pronounced crystallinity,
with ZnAl-LDH@POM and ZnAl-LDH showing peaks consis-
tent with the JCPDS standard No. 48-1023 (Lu et al., 2023). In-
troducing POM compounds results in changes to certain peak
angles and intensities in ZnAl-LDH@POM, indicating a blend
of structural characteristics from both ZnAl-LDH and the POM
compound. Notably, distinct peaks in the XRD pattern of the
ZnAl-LDH@POM composite appear around 8.42°, 10°, and within
the 20-30° range. Peaks characteristic of ZnAl-LDH at 10.29°,
20.07°, 29.59°, 34.20°, and 60.16° and crystal plane of ZnAl-LDH
(003), (006), (012), (110, (113) (Sun et al., 2024) are present in
ZnAl-LDH@POM, while new peaks around 8°, 20°, and 25-30°
are attributable to the POM compound. This analysis also re-
veals an increase in interlayer spacing from 8.58 A(10.19°) in
ZNAI-LDH to 10.36 A(8.53°) in ZnAl-LDH@POM, confirming
the successful integration of the POM compound within the
layered structure.

(003)

(006)

Intensity (a.u.)

ZnAl-LDH

10 20 30 40 50 60 70 80
2-theta (deg)

Figure 1. The XRD Patterns of the ZnAl-LDH, POM
Compound, and ZnAl-LDH@POM Composite

The Fourier Transform Infrared (FTIR) spectroscopy analysis
shown in Figure 2 reveals the chemical bonds and molecular in-
teractions within the ZnAl-LDH@POM composite by measuring
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infrared absorption at specific wavelengths. The FTIR spectrum
of the composite highlights critical peaks corresponding to both
ZnAl-LDH and the POM compound. Notably, absorption bands
at 1103 cm™ (Si—O—Si) and 894 cm™ (W—0O—W) confirm the
presence of the POM compound within the composite structure
(Liu et al., 2024; Terzi et al., 2023). The peak at 3552 cm’! corre-
sponds to interlayer O—H anions typical of LDH. In comparison,
the band at 1631 cm™ suggests H—O—H bending vibrations,
likely from water molecules embedded within the LDH layers. A
peak at 1379 cm™! indicates the stretching vibrations of various
interlayer anions in the composite. Additionally, metal-oxygen
bonds are evidenced by absorption peaks at 823 cm™! (Al—0) and
591 cm’! (O—Zn—O0), affirming the presence of aluminium and
zinc within the LDH structure (Abdelrahman, 2018). Overall, the
FTIR spectrum verifies the successful integration of the POM
compound into the ZnAl-LDH matrix, preserving characteristic
features from both ZnAl-LDH and the POM compound. This
confirms the formation of a cohesive composite material.

ZnAl-LDH
—POM
ZnAl-POM

Transmittance (%)

O-H

co,

" T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
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Figure 2. The FT-IR Spectra of the ZnAl-LDH, POM
Compound, and ZnAl-LDH@POM Composite

The increase in specific surface area and pore volume sug-
gests (Figure 3) that incorporating POM enhances the materials
structural properties, creating more active sites and improving
the accessibility of adsorbate molecules. The mesoporous nature
of both materials, as indicated by their average pore sizes within
the 2-50 nm range, is consistent with type IV isotherms observed
in the adsorption-desorption analysis (Lu et al., 2023).

The BET analysis reveals significant differences in the tex-
tural properties between ZnAl-LDH and the ZnAl-LDH@POM
composite (Table 1). The specific surface area (SBET) of ZnAl-
LDH is measured at 1.9685 m?/ g, which indicates a relatively
low availability of active sites for adsorption. In contrast, incor-
porating POM significantly enhances the SBET to 14.042 m?/g,
demonstrating that the modification introduces new structural
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Figure 3. Isotherm of Nitrogen Adsorption-Desorption (a) of ZnAl-LDH and (b) ZnAl-LDH@POM Composite

Table 1. The Characteristics Surface Area Specific Adsorbent of ZnAl-LDH and ZnAl-LDH@POM Composite

Adsorbent SBET (m?/g) Vp (cm®/g) Sp (nm)
ZnAl-LDH 1.9685 0.005 13.512
ZnAl-LDH@POM composite 14.042 0.053 15.673

features or improves the accessibility of active sites, thereby
increasing the materials adsorption potential. Similarly, the pore
volume (Vp) shows a notable increase from 0.005 cm®/g for ZnAl-
LDH to 0.053 cm®/g for ZnAl-LDH@POM. This enhancement
suggests that the modification with POM expands the internal
pore structure and provides a higher capacity to accommodate
adsorbate molecules (Alvarez et al., 2017).

Furthermore, the pore size (Sp) increases from 13.512 nm to
15.673 nm. The larger pore size in the composite facilitates better
accessibility for target molecules, particularly larger ones such
as heavy metal ions or organic pollutants. Overall, the improved
textural parameters highlight the success of the POM modifi-
cation in enhancing the adsorption capabilities of ZnAl-LDH.
With a higher specific surface area, increased pore volume, and
optimal pore size, the ZnAl-LDH@POM composite is expected
to exhibit superior adsorption performance compared to the
unmodified ZnAl-LDH (Gao et al., 2023; Zheng et al., 2024).

3.2 Adsorption Experimental

3.2.1 Kinetic Adsorption

The adsorption kinetics of Cr(VI) and Fe(Il) ions on ZnAl-LDH@P
OM were evaluated to understand the adsorption mechanism
and rate-controlling steps. The data in Figure 4 show that the
adsorption process for both ions closely follows the pseudo-
second-order kinetic model, as evidenced by the linearity of the
plot values (0.996 for Cr(VI) and 0.999 for Fe(Il)). For Cr(VI),
the pseudo-second-order rate constant (k;) was determined to
be 0.011 g/mg-min, with a slope of 0.0225 and an intercept of
0.0446. In comparison, Fe(Il) exhibited a higher rate constant of
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k; = 0.019 g/mg.min, with a slope of 0.0176 and an intercept of
0.0162. These results suggest that the Fe(II) adsorption rate is
faster than that of Cr(VI), potentially due to differences in ion
size, charge density, or interaction strength with the active sites
of ZnAl-LDH@POM.

The pseudo-second-order model indicates that chemisorp-
tion is the dominant mechanism involving valence forces or elec-
tron sharing between the adsorbate and adsorbent (Zulkarnain
et al., 2024). This aligns with the material’s mesoporous nature
and the availability of active sites, as confirmed by BET analysis.
The data further reveal that equilibrium for both Cr(VI) and Fe(II)
is achieved within 50 minutes, indicating the efficiency of ZnAl-
LDH@POM as an adsorbent. Overall, the higher adsorption rate
for Fe(Il) and the excellent fit to the pseudo-second-order model
demonstrate that ZnAl-LDH@POM has strong potential for the
simultaneous removal of Cr(VI) and Fe(Il) ions from aqueous
solutions (Melak, 2022).

The competitive adsorption behaviour of Fe(Il) and Cr(VI)
on the ZnAl-LDH@POM surface revealed significant differences
influenced by the ionic size, charge, and interaction strength
with the material. Fe(Il), as a divalent cation with an ionic radius
of approximately 0.75 A, exhibited a faster adsorption rate com-
pared to Cr(VI), which exists predominantly as an anionic species
(e.g., Cr,0,% or HCrO,) with a larger ionic radius of 7.3 A. The
smaller size and lower hydration radius of Fe(Il) facilitated its
preferential adsorption onto the active sites of ZnAl-LDH@POM,
particularly under conditions where adsorption sites were lim-
ited. In contrast, Cr(VI), due to its bulkier oxyanionic structure,
encountered steric hindrance and reduced accessibility to ac-
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Figure 4. Cr(VI) and Fe (II) Ion Adsorption Contact Time Variation Curve and Kinetic Adsorption of ZnAl-LDH@POM
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Figure 5. Langmuir Parameters of ZnAl-LDH and ZnAl-LDH@POM Composite

tive sites, especially those already occupied by Fe(II) (Egbosiuba
et al., 2021; Melak, 2022). Moreover, the higher oxidation state
of Cr(VI) (+6) compared to Fe(Il) (+2) influenced the electrostatic
interactions with the material’s surface. Fe(Il) demonstrated
stronger interactions with negatively charged or neutral adsorp-
tion sites, while weaker interactions and competitive exclusion
constrained the adsorption of Cr(VI). These findings underscore
the preferential adsorption of Fe(Il) in competitive environments,
attributed to its smaller ionic size, faster kinetics, and stronger
interaction with ZnAl-LDH@POM.

3.2.2 Isotherm Adsorption

The adsorption behaviour of Cr(VI) and Fe(Il) ions on ZnAl-
LDH@POM was modelled using Langmuir isotherms, as shown
in Figure 5. The isotherm parameters provide insights into the
adsorption capacity and mechanism. For Cr(VI), the maximum
adsorption capacity (Qqy) is 44.444 mg/g, with a Langmuir con-
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stant (ki) of 0.627 L/mg, indicating moderate adsorption affinity.
The Freundlich constants, n = 3.794 and kr=20.417, suggest
favourable adsorption, as the value of n exceeds 1, confirming a
heterogeneous surface interaction (Maria Cardinale et al., 2024).
However, the R? value for Cr(VI) in the Freundlich model (0.889)
is lower than for Fe(Il), indicating that Cr(VI) adsorption is less
well-fitted to the Freundlich model compared to Fe(Il). For Fe(II),
the Qg is significantly higher at 92.953 mg/g, with a lower kg, of
0.350 L/mg. The Freundlich constants (n = 3.526 and kr=37.106)
also suggest favourable adsorption with heterogeneous surface
characteristics. The higher R? value (0.912) indicates that the
Freundlich model provides a better fit for Fe(I) adsorption com-
pared to Cr(VI).

The results highlight striking differences in adsorption per-
formance. Fe(Il) exhibited a higher adsorption capacity (Qpax), at-
tributed to its smaller hydration radius and stronger interactions
with the adsorbent surface. In contrast, Cr(VI), predominantly
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as oxyanions in aqueous solution, may experience steric hin-
drance and weaker electrostatic interactions, leading to a lower
adsorption capacity. The fit to the Freundlich model suggests
that the adsorption of both ions involves multilayer adsorption
on a heterogeneous surface, consistent with the mesoporous
nature of ZnAl-LDH@POM (Sun et al., 2024). Furthermore, the
higher kr value for Fe(Il) reflects stronger adsorption intensity,
making the material particularly effective for removing Fe(Il) in
multicomponent systems (Pei et al., 2024).

4. CONCLUSIONS

This study successfully developed a ZnAl-LDH@POM composite
through modification with polyoxometalate (POM), significantly
enhancing the adsorption capacity for heavy metal ions Cr(VI)
and Fe(Il). Characterization revealed improved structural and
textural properties, such as a larger specific surface area and in-
creased pore size, which enhanced adsorption efficiency. Kinetic
and isothermal studies demonstrated that the adsorption mecha-
nism was dominated by chemisorption and exhibited multilayer
characteristics on a heterogeneous surface. ZnAl-LDH@POM
exhibited superior performance, particularly in adsorbing Fe(II),
making it a strong candidate for wastewater treatment applica-
tions.
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