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Abstract

Dissolved ferrous ions in water pose significant environmental and operational challenges, necessitating efficient and sustainable
removal technologies. In this study, a hybrid adsorbent was developed by integrating Zn-Al layered double hydroxide (LDH) with
hydrochar derived from rambutan peel (Nephelium lappaceum L.) via coprecipitation. Characterization confirmed successful composite
formation with a substantial increase in specific surface area from 9.621 m?.g~! for pristine Zn-Al LDH to 52.964 m?.g~! for the
composite, accompanied by enlarged pore volume and enriched oxygen-containing functional groups. Batch adsorption experiments
showed strong pH dependence, with optimal Fe(ll) removal at pH 6 and equilibrium reached within 120 min. The Zn-Al LDH@NL-HC
composite exhibited a markedly higher adsorption capacity (51.501mg.g~!) compared with Zn-Al LDH (15.692 mg.g~!) and hydrochar
alone (8.594 mg.g~!), indicating a significant synergistic effect. Isotherm analysis revealed a maximum adsorption capacity of 76.336
mg.g~! at elevated temperature, while kinetic data followed a pseudo-second-order model, suggesting chemisorption-dominated
uptake. Thermodynamic parameters indicated an endothermic and spontaneous process. Regeneration studies demonstrated
excellent stability, with adsorption efficiency maintained at 79.48% after five cycles. The superior performance is attributed to
combined mechanisms including electrostatic attraction, surface complexation with oxygen-rich groups, ion exchange within LDH
interlayers, and diffusion into mesoporous structures. These findings demonstrate the effective valorization of agricultural waste into
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1. INTRODUCTION

The contamination of aquatic environments by dissolved heavy
metals remains a persistent global challenge due to their non-
biodegradable nature, toxicity, and long-term ecological im-
pacts. Unlike organic pollutants, heavy metals cannot be miner-
alized and therefore tend to accumulate in water bodies and sed-
iments, posing chronic risks to ecosystems and human health
(Singh et al., 2024). Among various metal ions, ferrous iron
(Fe(ID)) is frequently detected in groundwater and industrial
effluents, particularly from mining, steel processing, and elec-
troplating activities (Xiao et al., 2024). Although iron is an
essential micronutrient, excessive Fe(Il) concentrations can
significantly deteriorate water quality, accelerate pipeline cor-
rosion, induce discoloration and turbidity, and disrupt aquatic
habitats (Yao et al., 2025). Furthermore, the oxidation of
Fe(Il) to Fe(IIl) often results in uncontrolled precipitation

and sludge formation, complicating downstream treatment
processes. These challenges underscore the necessity for effi-
cient, selective, and operationally simple technologies for Fe(II)
removal.

Conventional iron removal strategies, including chemical
oxidation, membrane filtration, ion exchange, and biological
treatment, have been widely implemented (Shafie et al., 2025).
However, these approaches frequently suffer from high chem-
ical consumption, membrane fouling, sludge generation, or
elevated operational costs, limiting their sustainability and scal-
ability (Kitri and Ardiansyah, 2023; Wijaya et al., 2021). In
this context, adsorption has emerged as a promising alterna-
tive owing to its simplicity, flexibility, and compatibility with
decentralized water treatment systems (Meftah et al., 2025;
Shabbirahmed et al., 2025). Nevertheless, the overall effective-
ness of adsorption is strongly governed by the physicochemical
properties of the adsorbent, particularly the accessibility of
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active sites, structural stability, and resistance to aggregation
(Khan et al., 2025; Kudaibergenova et al., 2026; Tee et al.,
2022).

Layered double hydroxides (LDHs) have attracted con-
siderable interest as multifunctional adsorbents due to their
tunable metal composition, high surface reactivity, and unique
lamellar architecture (Hadnadjev-Kostic et al., 2025; Asri et al.,
2020). ZnAl-LDH, in particular, exhibits favorable chemi-
cal stability and strong affinity toward metal ions through sur-
face complexation and electrostatic interactions (Normah et al.,
2021). Despite these advantages, pristine LDHs are prone to
particle agglomeration and restacking of layers, which reduce
accessible active sites and limit adsorption performance (Bai
etal., 2024; Gao et al., 2025). In addition, structural instability
under repeated adsorption-desorption cycles may compromise
long-term applicability (Alcalde-Garcia et al., 2023). These
inherent limitations highlight the need for rational structural
engineering strategies to improve dispersion, stability, and in-
terfacial reactivity.

Hybridization of LDHs with carbonaceous materials has
emerged as an effective strategy to address these limitations
(Taher et al., 2023). The incorporation of biomass-derived
carbon supports can enhance structural dispersion, introduce
additional functional groups, and create synergistic adsorption
interfaces (Khosrowshahi et al., 2022; Kundu et al., 2024).
Hydrochar obtained from hydrothermal carbonization is par-
ticularly attractive because it can be produced from renewable
biomass under relatively mild conditions while retaining abun-
dant oxygen-containing functional groups such as -OH and
—COOH (Durak et al., 2026). These surface functionalities
facilitate metal ion coordination and promote stronger inter-
facial interaction between the inorganic LDH layers and the
carbon matrix (Hao, 2025). However, the performance en-
hancement of LDH-carbon composites is highly dependent
on precursor selection, interfacial compatibility, and structural
integration, which remain insufficiently optimized in many
reported systems.

Recent studies have demonstrated the potential of LDH-
based carbon composites for metal ion removal, including
systems incorporating biochar, activated carbon, or graphene-
derived materials (IHuang et al., 2022; Sikri et al., 2025). These
composites generally exhibit improved adsorption efficiency
compared to pristine LDHs due to enhanced dispersion and ad-
ditional binding sites (Juleanti et al., 2021). Nevertheless, many
reported materials rely on chemically activated carbons or syn-
thetic carbon nanostructures, which may increase production
cost and reduce sustainability (Tyagi and Anand, 2024). More-
over, several biomass-derived carbons show limited structural
homogeneity or weak interfacial coupling with LDH layers, re-
sulting in moderate performance gains (El-Sawaf et al., 2025).
These observations indicate that the selection of a suitable
biomass precursor and a controlled integration strategy are crit-
ical to achieving meaningful synergistic effects in LDH-carbon
composites.

Agricultural waste represents a promising yet underutilized

© 2026 The Authors.

Science and Technology Indonesia, 11 (2026) 524-537

precursor for functional hydrochar production. Nephelium lap-
paceum L. (rambutan) peel waste is abundantly generated in
tropical regions and is rich in lignocellulosic components and
reactive surface functionalities, making it an attractive sustain-
able carbon source (Khir et al., 2025; Torgbo et al., 2024).
Converting this biomass into hydrochar not only mitigates solid
waste accumulation but also aligns with circular economy prin-
ciples by transforming agricultural residues into value-added
functional materials. Despite this potential, the controlled inte-
gration of rambutan-derived hydrochar with ZnAl-LDH for
selective Fe(II) adsorption has not been systematically explored,
particularly in terms of structural synergy and adsorption sta-
bility (Cedefio-Mufioz et al., 2026).

In this study, we report a sustainable ZnAl-LDH/hydrochar
composite synthesized via a facile coprecipitation strategy by
integrating ZnAl-LDH with hydrochar derived from Nephelium
lappaceum L.. waste. The structural, morphological, thermal,
and surface characteristics of the composite were systematically
investigated using X-ray diffraction (XRD), Fourier-transform
infrared spectroscopy (FTIR), scanning electron microscopy
(SEM), thermogravimetric-differential thermal analysis (T'G-
DTA), and Brunauer-Emmett-Teller (BET) analysis. The
developed material demonstrates high selectivity toward Fe(II)
and excellent reusability. The improved performance is at-
tributed to the synergistic interaction between the layered in-
organic framework and the biomass-derived carbon matrix,
which enhances dispersion, suppresses agglomeration, and pro-
vides abundant accessible active sites. This work provides a ra-
tional and sustainable design approach for LDH-based compos-
ites and advances the development of environmentally friendly
materials for efficient water purification.

2. EXPERIMENTAL SECTION

2.1 Chemicals and Instrumentals
The chemicals used are Zinc Nitrate Hexahydrate (Zn(NOg) q.
6H40O), Aluminium Nitrate Nanohydrate (AI(NOjg) 3.9H40),
Sodium Hydroxide (NaOH), Hydrochloric Acid (HCI), Ni-
tric Acid (HNOyg), Iron(IT) Chloride Tetrahydrate (- 4H,O),
Acetate Buffer Solution (CHgCOONa), 1,10-Phenanthroline
(C19HgNy.Hy0O), Hydroxylamine Chloride (HONHjgCI), Dis-
tilled Water and Rambutan Peel (Nephelium lappaceum 1..)
The instruments used were XRD Rigaku Miniflex-6000,
FT-IR Shimadzu Prestige-21, Nitrogen Adsorption Desorp-
tion Equipment Quantachrome Instruments, Scanning Elec-
tron Miscroscope SU800 Series, Image-] software to analyze
particle distribution in the material, TG-DTA Shimadzu DTG-
60H, UV-Vis Spectrophotometer Biobase BK-UV 1800 PC
and Hydrothermal stainless-steel autoclave.

2.2 Synthesis ZnAl LDH

Synthesis of ZnAl LDH was carried out using the Coprecipita-
tion method (Lesbani et al., 2025; Mohadi et al., 2022). 100
mL of 0.75 M Zn(NOj3) 9.6 HyO was mixed with 100 mL of
0.25 M Al(NOg) 3.9H4O. The mixture was then dripped with
2 M NaOH solution until pH 10 and stirred for 20 hours at
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temperature of 80°C. After that, the precipitate was filtered
and rinsed with distilled water. The precipitate was dried using
oven. The resulting solid was characterized using XRD, FTIR,
BET, SEM and TG-DTA instruments.

2.3 Preparation of NL-HC from Rambutan (Nephelium lap-
paceum L.) Peel

A total of 2.5 g of Rambutan (Nephelium lappaceum L..) peel
powder was added with 50 mL of distilled water and placed
in a hydrothermal stainless steel autoclave (Ramadhan et al.,
2025). The mixture was then heated at 200°C for 10 hours.
The resulting solid, in the form of hydrochar, was filtered and
dried until dry. Named with HC-NL. The hydrochar solid
was then characterized using XRD, FTIR, BET, SEM, and
TG-DTA.

2.4 Preparation of Zn-Al LDH@NL-HC

7/n-Al LDH@NL-HC was prepared using the Coprecipita-
tion method (Badaruddin et al., 2026). A total of 15 mL
of 0.75 M Zn(NOy) 9.6 HqO solution and 15 mL of 0.25 M
Al(NOg3) 3.9H50 solution were mixed and adjusted to pH 10
using NaOH. The mixture was stirred for 1 hour and 3 g of
hydrochar was added. The mixture was then set at a temper-
ature of 80°C for 8 days. The precipitate was filtered, dried
using an oven and the resulting solid was characterized using
XRD, FTIR, BET, SEM and TG-DTA.

2.5 Adsorption-Desorption Study

2.5.1 Effect of pH

20 mL of Fe(IT) with a concentration of 10 mg/L was used
to study the effect of pH on adsorption. 0.02 g of adsorbent
was added to a 100 mL Erlenmeyer flask filled with the sample.
The pH of the solution was adjusted to 2-11 using sodium hy-
droxide (NaOH) and hydrochloric acid (HCI) solutions. The
solution was stirred for 2 hours. The separation process was
carried out by centrifugation, and the absorbance of the ob-
tained filtrate was measured using a UV-Vis spectrophotometer
after complexing with 1,10-phenanthroline. The adsorption
capacity was calculated using Equation (1):

_ (Co = C)V

m

Qe (1)

Where Q, is the adsorption capacity (mg/g), Cy is the initial
concentration, C, is the final concentration, m is the mass of
the adsorbent (g), and J is the volume of the solution (L).

2.6 Kinetic, Thermodynamic, Isotherm, and Desorption
Analysis

The effect of adsorption contact time on the adsorbent can

be studied by varying the contact time between the adsorbate

and the adsorbent. Adsorption kinetics were calculated using

pseudo-first-order and pseudo-second-order equations (Equa-
tions (2) and (3)).
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Where Q, is the adsorption capacity at equilibrium (mg/g),
Q; is the adsorption capacity at t (mg/g), t is the adsorption
time (minutes), k1 is the kinetic adsorption rate constant at
pseudo-first order (minute™!), and kg is the kinetic adsorption
rate constant at pseudo-second order (g/mg min).

The isotherm parameters are calculated based on the Lang-
muir and Freundlich equations (Equations (4) and (5)).

3)

C C 1

00" )
Qe Qm QmKL

logQ, =logKr + 1/nlogC, (5)

Where C, is the metal ion concentration at equilibrium (mg/L),
Q. is the adsorption capacity at equilibrium (mg/g), Q,, is the
maximum adsorption capacity (mg/g), K;, is the Langmuir
isotherm equilibrium constant, Ky is the Freundlich isotherm
equilibrium constant, and n is the adsorption intensity.

Furthermore, the thermodynamic parameters are analyzed
through calculations using Equation (6).

Q _AS _AH
& =R "RT ©)

Meanwhile, the Gibbs free energy in the adsorption process is
calculated using Equation (7).

AG = AH = TAS (7)

where R is the Universal Gas Constant, T is Temperature (K),
AG is Gibbs Free Energy (k]/mol), AH is Enthalpy (k]J/mol),
and AS is Entropy (J/mol K).

The percentage of desorption is calculated based on the
number of Fe(IT) metal ions adsorbed through Equation (8).

_ G

%D
Ca

x 100% (8)

where %D is the percentage of desorbed Fe(II) metal ions, C,
is the number of adsorbed Fe(IT) metal ions (mg), and Cy is
the number of desorbed Fe(II) metal ions (mg).
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2.6. Regeneration Study

The regeneration process was carried out by mixing the des-
orbed adsorbent with 50 mL of a 100 mg/L Fe(I) metal ion
solution. The mixture was stirred for 2 hours, and the residual
concentration was measured using a UV-Vis spectrophotome-
ter. The adsorbent was dried and, after drying, used for the
desorption process by adding 25 mL of the best desorption
reagent and stirring for 2 hours. The filtrate was then com-
plexed with 1,10-phenanthroline and measured using a UV-Vis
spectrophotometer. The residue was then dried and reused
using a similar procedure for five cycles. The effectiveness of
the adsorbent in regeneration can be calculated using Equation

9).

%Regeneration = % x 100% 9)
0

where Qg is the initial Fe(II) metal ion adsorption capacity
(mg/g) and Q, is the Fe(Il) metal ion adsorption capacity after
regeneration (mg/g).

3. RESULT AND DISCUSSIONS

3.1 Characterization

XRD analysis is implemented to identify crystal structure, ma-
terial phases, and structural changes before and after compos-
ite formation. Zn-Al LDH has typical peaks at 26 = 10.15°,
19.98°, 32.01°, 83.77°, 89.11°, 58.7°, and 60.02° presented
in Figure 1a. These distinctive peaks are oriented to the crystal
plane 003, 006, 009, 012, 015, 018, 110 in succession. The
layered structure of the LDH is characterized by the creation
of a sharp peak at 20 = 10.15° in accordance with JCPDS No.
48-1023 (Wibiyan et al., 2024). These sharp peaks indicate
high crystallinity occupying space in the Zn-Al LDH structure
(Wijaya et al., 2025). The NL-HC peak is found at 26 = 22.20°
with an orientation of 002. The presence of hydrochars in Zn-
Al LDH provides a change in the crystal orientation of the
material. The weakened peaks of 260 at 32.01° and 88.77° due
to the incorporation of NL-HC in the Zn-Al LDH structure
create a weak hydrogen bond between the hydrochar and the
hydroxyl group (H9O deformed) in the Zn-Al LDH. In addi-
tion, it is also caused by the presence of organic components of
NL-HC that cause disturbances in crystal growth. Therefore,
peak widening is formed at 20 = 9.78° and 60.24° which indi-
cates the process of hydrolysis of the hemicellulose and lignin
segments of the rambutan peel during hydrothermal carboniza-
tion (Kohzadi et al., 2023). The results of this XRD analysis
confirm that the layered structure of LDH is maintained and
the success of Zn-Al formation of Zn-Al LDH@NL-HC has
been successfully verified.

The chemical function groups and interactions between
the components that make up the composite material were
evaluated using the FTIR instrument on the composite. Fig-
ure 1b shows the presence of vibration of the -OH group of
the water molecule at 83448 cm™!. The presence of hydroxyl
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groups in Zn-Al LDH is also confirmed by bending vibrations
at 1650 em™! associated with deformation of adsorbed water
molecules (Jefri et al., 2025). The NOg anion occupying the
space between LDH layers is characterized by a vibration band
at 1871 em™! (Mohadi et al., 2022). The incorporation of NL-
HC in Zn-Al LDH causes a shift in the strain vibration band
of the —OH group to 3425 cm™! (Ramadhan et al., 2026).
The absorption band at 2967 cm™! is associated with a —CHy
vibration which implies the presence of aliphatic carbon bonds
of organic components on the hydrochar surface. In addition,
the successful integration of NL-HC into the Zn-Al structure
of LDH is characterized by an increase in band intensity at
1600-1500 cm~!. This shows the presence of aromatic C=C,
C=0, and —COO (carboxyl) groups derived from hydrochar
organic components, such as cellulose and lignin (Nassar et al.,
2023). The C—O bond of cellulose from hydrochar was also
successfully verified at 1056 cm™!. Meanwhile, bands detected
in the wavenumber range from 500 to 800 cm™! imply the
presence of metal oxide vibrations in the M—O—M bonds de-
rived from divalent and trivalent metals in LDH structures.
Therefore, the formation of Zn-Al LDH@NL-HC was suc-
cessfully verified along with the results of the difractograms
discussed earlier.

The BET characterization method was applied to investi-
gate the properties of surface texture, specifically surface area
(SpeT) and pore structure that greatly affect the performance
of the adsorbent. All synthesized materials imply Ny type
IV adsorption-desorption isotherms and H3 type hysteresis
loops, as shown in Figure 1c-e. Type IV adsorption-desorption
indicated that the material analyzed had a meso-sized pore
structure in the range of 2 to 50 nm (Wibiyan et al., 2024).
Meanwhile, the H3 type indicates that the material has non-
rigid aggregates, so it is advantageous for the adsorption process.
7Zn-Al LDH has a surface area of 9.621 m?.g~'. The SBET
increased significantly to 52.964 m?.g~! when Zn-Al LDH
was introduced with rambutan bark hydrochar. The increase
occurred because NL-HC had an SBET of 52,964 m?.g™!.
In addition, there was an increase in pore volume from 0.017
em®.g71 in Zn-Al1LDH t0 0.118 em®.g~ ! in Zn-Al LDH@NL-
HC. The findings show that the incorporation of hydrochar in
7Zn-Al LDH can increase surface area and pore volume which
has the potential to have a positive impact on the metal ad-
sorption process. This is linear with previous research (Hamad
ctal., 2024). A larger Sggr and a suitable pore structure can
provide more active sites and space to bind to metal ions. In
addition, the improvement of the two parameters can promote
an effective interface reaction between metal ions and Zn-Al
LDH@NL-HC surfaces.

The SEM-EDX instrument was applied to study the sur-
face morphology and composition of its constituent elements
microly. Figure 2a-c shows the surface morphology of Zn-Al
LDH, NL-HC, and Zn-Al LDH@NL-HC. ZnAl LDH has a
morphology with a rough surface in the form of interconnected
plates. The findings can be attributed to the results of XRD data
that the material has good crystallinity with layered structural
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Figure 1. (a) XRD Patterns, (b) FT-IR Spectra, and (c-e) Ng Adsorption-Desorption Isotherms of Zn-Al LDH, NL-HC, and
Zn-Al LDH@NL-HC Composites

characteristics. Once the hydrochar is integrated with the Zn-  dominance of 0.004 um in Zn-Al LDH@NL-HC due to the
Al LDH, the spherical hydrochar adheres to the Zn-Al LDH interaction between Zn-Al and hydrochar from rambutan peel.
surface. In addition, there is a reduction in plate accumulation  In addition, hydrothermal carbonization treatment causes par-
on the surface of Zn-Al LDH. The particle size varies with a  ticle deaggregation resulting in varying particle sizes in Zn-Al
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LDH@NL-HC (Fitri and Ardiansyah, 2023; Lin et al., 2023).
Data on the percentage composition of Zn-Al LDH@NL-HC
materials is shown in Table 1. The increase in the composi-
tion of O in Zn-Al LDH@NL-HC due to the oxygen function
group in hydrochar successfully enriched the active site of Zn-
Al LDH. The phenomenon verifies the formation of Zn-Al
LDH@NL-HC adsorbent material.

Table 1. Composition of the Material Based on EDX Results

Element (%wt) Material
7ZnAl LDH Zn-Al LDH@NL-HC

7n 48.3 32.9

Al 4.9 6.8

O 38.2 46.5

Na 6.4 10

Si 2.2 -

N - 3.8

TGA-DTA analysis aims to evaluate thermal stability, mass
change, and thermal events in materials. The initial stage of Zn-
Al LDH decomposition occurs at 100°C as shown in Figure 3.
The endothermic peak indicates the loss of water molecules that
are absorbed by fissorption and intercalation in Zn-Al LDH
(Harb et al., 2025). The same phenomenon also occurs in
7n-Al LDH@NL-HC which can confirm the layered structure
of LDH. The second stage of decomposition is characterized
by the loss of volatile compounds at a temperature of 400°C.
The dehydration of the brucite layer and the decomposition of
nitrate ions that occupy the space between the layers are the
beginning of the start of the second stage. Exothermic peaks in
NL-HC appear between 320°C and 420°C associated with low-
stability functional group decomposition. In Zn-Al LDH and
Zn-Al LDH@NL-HC, LDH decomposition occurs into oxides
and collapse of the layered structure. The third stages occur
at temperatures of 450-800°C. The decomposition of carbon
compounds in Zn-Al LDH@NL-HC composite materials also
occurs in these two stages which is caused by the breakdown
of cellulose, hemicellulose, lignin, and labile organic structures
(Zhang et al., 2026). These findings highlight the stability
of the LDH structure and the rearrangement of the carbon
matrix in regulating the stability of high temperatures in the
hydrothermal carbonization process.

3.2 Adsorption Performance and Fe(II) Removal Mecha-
nism Analysis

3.2.1 Impact of pH

The dissociation equilibrium and chemical behavior of Fe(II)
ions in the solution are affected by the acidity or alkaline con-
ditions of the reaction medium. pH variation is a crucial pa-
rameter that controls the chemical specification of Fe(Il) in
the solution as well as the surface charge of the adsorbent, thus
directly affecting the adsorption capacity. Based on Figure 4a,
the Adsorption capacity of Fe(Il) by Zn-Al LDH@NL-HC

© 2026 The Authors.

Science and Technology Indonesia, 11 (2026) 524-537

increases sharply from the very acidic condition to the maxi-
mum at pH 6. Meanwhile, the adsorption capacity of NL-HC
is the lowest compared to the other two materials in Fe(II) ad-
sorption. The adsorption capacity of Zn-Al LDH@NL-HC is
higher than that of Zn-Al LDH because NL.-HC can enrich the
active sites of the composite through oxygen function groups.
The findings suggest that the interaction between Fe?* ions and
the active site of the adsorbent becomes most effective under
near-neutral conditions.

The high concentration of H' ions at low pH leads to strong
competition with Fe?* to occupy the negatively charged active
group and causes the protonation of the adsorbent surface
which decreases the adsorption activity of Zn-Al LDH@NL-
HC (Elsherefl et al., 2024). However, as the pH increases to-
wards 6, there is deprotonation of the hydroxyl function group
and surface oxygen. The phenomenon generates a greater neg-
ative charge and increases affinity to Fe?* through electrostatic
interactions and surface complexation. In addition, at this pH
Fe(II) is still dominant as a stable Fe?* dissolved species, so
that the adsorption process takes place optimally without pre-
cipitation disturbances. When pH exceeds 6, the adsorption
capacity decreases gradually as hydroxy species such as Fe(OH)
+and Fe(OH) 4 begin to form which tend to settle as Fe(OH)q
solids (Khandamov et al., 2025; Mangayarkarasi et al., 2023).
The formation of such precipitates reduces the number of free
Fe?* ions available for adsorption and can mask or block pores
and adsorbent active sites. Therefore, pH 6 is selected as the
pH of the solution for other parameter tests.

3.2.2 Evaluation of Kinetics, Isotherm Models, and Ther-
modynamic Properties
The adsorption kinetics model can evaluate the adsorbent rate
of Fe?* ions adsorbent and understand the mechanisms that
control the adsorption process over time. The adsorption kinet-
ics of Fe(Il) in Zn-Al LDH, NL-HC, Zn-Al LDH@NL-HC
show a rapid increase in adsorption capacity in the early stages,
then slow down to reach equilibrium at 120 min (Figure 4b).
This indicates the gradual saturation of the active site of the
adsorbent that has been fully filled with Fe(II) ions (Iletta et al.,
2023). In the initial phase, the high adsorption rate is due to
the abundance of available active sites and the large concentra-
tion gradient between the solution and the adsorbent surface.
Zn-Al LDH@NL-HC composite (51.501 mg.g™!) exhibits a
much higher adsorption capacity than Zn-Al LDH (15.692
mg.g~!) and NL-HC (8.594 mg.g!). The phenomenon in-
dicates a synergistic effect between the LDH layered structure
and the hydrochar porous carbon matrix (Ahmad et al., 2022).
The presence of NL-HC increases the specific surface area,
pore volume, and number of functional groups of oxygen, thus
providing more binding sites for Fe?* ions. This has been
verified by BET and FTIR. Table 2 shows that the modeling
of adsorption kinetics in Zn-Al LDH@NL-HC, NL-HC, and
7Zn-Al LDH composites is more in line with the PSO model in
terms of R? values. In PSO, there is involvement of stronger
chemical interactions such as ion exchange or surface com-
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Figure 2. SEM Images of (a) Zn-Al LDH, (b) NL-HC, and (¢) Zn-Al LDH@NL-HC Composites
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Figure 3. TGA-DTA Curves of Zn-Al LDH, NL-HC, and Zn-Al LDH@NL-HC Composites

plexation on the Fe(Il) adsorption mechanism (Amri et al.,  that Zn-Al LDH@NL-HC composites are not only more effi-
2024; Ramadhan et al., 2025). Overall, these results show  cient at adsorbing Fe(II) but also have faster and more practical
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adsorption dynamics for water treatment applications.

The analysis of Fe(Il) adsorption isotherms aims to un-
derstand the relationship between the number of Fe?* ions
adsorbed on the adsorbent surface and the concentration of
Fe(Il) remaining in the solution under equilibrium conditions.
7Zn-Al LDH and Zn-Al LDH@NL-HC have an increased ad-
sorption capacity as the temperature rises from 30 to 60 °C as
shown in Table 3. Based on the Langmuir model, the Q..
value of Zn-Al LDH@NL-HC (76.836 mg.g™!) was consis-
tently higher than NL-HC (41.494 mg.g™!) and Zn-Al LDH
(25.126 mg.g™!) at 60°C, the value of the Langmuir constant
(K1) that increases with temperature indicates that the affin-
ity of the adsorbent to Fe(Il) is also getting stronger under
higher thermal conditions (Ahmad et al., 2024; Wijaya et al.,
2025). Meanwhile, the Freundlich parameter shows a value
of n > 1 for all conditions, which indicates adsorption takes
place favorably on heterogeneous surfaces through multilayer
interactions (Mandale et al., 2024). A comparison of the co-
efficient of determination (R?) indicates that the Langmuir
model generally provides a better match for both materials.
The Langmuir model also indicates a strong aflinity between
the Fe2* and the active site which is often associated with spe-
cific chemical interactions or surface bonds. The findings imply
that Fe(II) adsorption tends to be dominated by the formation
of monolayer layers at homogeneous sites.

All samples had a positive enthalpy change value (AH) at
various initial concentrations as shown in Table 4. The find-
ings confirm that the adsorption process is endothermic and
more advantageous at higher temperatures. The AH value of
the Zn-Al LDH@NL-HC composite is generally greater than
that of Zn-Al LDH and NL-HC which implies a higher en-
ergy requirement to activate the adsorption site (Badaruddin
et al., 2026). Positive entropy changes (AS) for both materials
showed increased irregularities at the solid-solution interface
of Fe?* jons during the adsorption process. This occurs due to

© 2026 The Authors.
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the release of hydrated water molecules from the surface of the
adsorbent and Fe?* ions. A negative Gibbs free energy value
(AG) under most temperature conditions indicates that adsorp-
tion takes place spontaneously (Ll Jery et al., 2024). Zn-Al
LDH@NL-HC composites consistently exhibit more negative
AG values than Zn-Al LDH, thus creating a higher spontaneity
of Fe(Il) adsorption. Therefore, these results confirm that Zn-
Al LDH@NL-HC has superior adsorption performance over
pure ZnAl LDH in terms of interaction strength and process
spontaneity.

3.2.3 Desorption and Reusability Studies
The desorption experiment aims to evaluate the ability of Fe?*
ions to be re-released from the adsorbent surface after the
adsorption process has taken place. Figure 5a shows that des-
orption using the HNOjg reagent is best suited for the Fe(II)
metal ion desorption process. The desorption ability can reach
70.82%, 52.95%, and 31.54% for Zn-Al LDH, NL-HC, Zn-Al
LDH@NL-HC respectively. This phenomenon is related to
the property of HNOy as a strong acid that is perfectly dissoci-
ated in the solution producing H" and NOjg ions thus increasing
the concentration of protons around the adsorbent surface (Tesi
et al., 2025). This will encourage ion exchange and the active
site on the adsorbent will be protonated so that it can weaken
the interaction of metal ions. In addition, the H' ions will
replace the Fe?* jons that are bound to the adsorbent surface.
This process shows that Fe(II) desorption does not only involve
physical release but is dominated by chemical interactions in
the form of ion exchange and surface bond breaking (Alhattab
et al.,, 2023). Therefore, HNOj eluents achieve the highest
percentage of desorption so they are best suited for desorption
processes.

The regeneration test is carried out to determine the adsor-
bent ability after repeated use so that the structural stability of
the material can be evaluated. Zn-Al LDH@NL-HC exhibits
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Table 2. Kinetic Parameters for Fe(II) Adsorption onto Zn-Al LDH, NL-HC, and Zn-Al LDH@NL-HC

Adsorbent Qery (m/g) Pseudo First Order Pseudo Second Order
Qcal (mg/g) R2 kl Qcal (mg/g) R2 k2
Zn-Al LDH 15.692 19.094 0.994 0.052 16.611 0.998 0.007
NL-HC 8.594 8.390 0.992 0.024 12.115 0.998 0.001
Zn/Al LDH@NL-HC 51.501 492.997 0.966 0.042 58.824 0.986 0.0008

Table 3. Isotherm Parameters for Fe(II) Adsorption onto Zn-Al LDH, NL-HC, and Zn-Al LDH@NL-HC

Adsorption Isotherm Model

Adsorbent Temp (°C) Langmuir Freundlich
On Ky R? n Kr R?
30 20.040 0.161 0.898 1.745 2.616 0.822
40 24.510 0.115 0.969 2.053 3.963 0.866
Zn-AlLDH 50 25.063 0.171 0.978 2.293 5.349 0.846
60 25.126 0.319 0.996 2.918 8.082 0.867
30 34.247 0.126 0.892 1.914 5482 0.712
NL-HC 40 37.175 0.140 0.921 1.982 6.307 0.750
50 37.313 0.224 0.969 2.189 8.698 0.786
60 41.494 0.192 0.881 2.262 9.605 0.613
30 54.348 0.107 0.739 1.527 6.350 0.701
40 56.180 0.151 0.754 1.649 8.794 0.708
Zn/AILDH@NL-HC 50 58.480 0.209 0.934 1.663 10.889 0.876
60 76.8336 0.289 0.575 1.607 17.968 0.619
| CJzn-A1LDH (a) (b) 773 zn-A1 LDH
80 i e
%;‘:-:II(LDH@NL-HC — 100 A %:;;ﬁ.nu@'m,-uc
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Figure 5. (a) Desorption Efficiency and (b) Regeneration Performance of Zn-Al LDH, NL-HC, and Zn-Al LDH@NL-HC

a more stable structure than Zn-Al LDH (Figure 5b). The  the adsorption performance of ZnAl LDH and NL-HC were
adsorption activity of the composite material only decreased by  only at 5.21% and 2.58% after cycle five. When cycle five is
5.85% from 93.73% to 87.88% until the third cycle. Meanwhile,  reached, Zn-Al LDH@NL-HC can still maintain structural
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Table 4. Thermodynamic Parameters for Fe(I) Adsorption onto Zn-Al LDH, NL-HC, and Zn-Al LDH@NL-HC

Co T AH (k]/mol)

AS (J/mol.K) AG (kJ/mol)
mg/L. (°C) Zn-Al NL-HC Composite Zn-Al NL-HC Composite Zn-Al NL-HC Composite

10 30 16.807 87.281 31.158 0.062
40
50
60

20 30  28.749  26.321 41.227 0.103
40
50
60

30 30 18.041 20.052 28.766 0.068
40
50
60

40 30  14.751 15478 48.037 0.0562
40
50
60

50 30 15.895 13.114 39.417 0.052
40
50
60

0.123 0.111 -2.010  0.063 -2.586
-2.632 -1.165 -3.699
-3.2563 -2.394 -4.813
-3.874  -3.622 -5.927
0.087 0.147 -2.837  -0.120 -8.455
-3.363  -0.992 -4.929
-4.389 -1.865 -6.404
-5415 -2.738 -7.879
0.066 0.108 -2.596  -0.008 -8.925
-8.277  -0.670 -5.004
-3.958 -1.332 -6.083
-4.639  -1.994 -7.162
0.048 0.167 -0.985  0.939 -2.656
-1.504  0.460 -4.329
-2.028  -0.020 -6.002
-2.548  -0.500 -7.675

0.037 0.134 0.069 1.824 -1.300
-0.454 1452 -2.644
-0.976  1.079 -3.988
-1.498  0.706 -5.332

Table 5. Several Studies Reported in the Literature have Investigated Fe(I) Adsorption

Adsorption Parameters

Adsorbent H Equilibrium  Dosage Temperature Quar (mg.g™") Ref
PP time (min) (gL (K)
Prunus armeniaca stone 7 120 - 298 42.0 (Elsheref et al., 2024)
Modified bentonite 5.2 40 1 308 10.84 (Khandamov et al., 2025)
Lagenaria siceraria Stem 6.5 30 0.5 333 78.09  (Mangayarkarasi et al., 2023)
Theobroma cacao/activated carbon - 120 4 303 37.45 (Eletta et al., 2023)
Sodium
alginate-Poly(acrylonitrile-co- 3 80 1.6 - 85 (Mohamed et al., 2024)
styrene)/CNTs
Chitosan/activated carbon 6 80 30 45 0.347 (Whulan et al., 2022)
Activated Carbon from Balanites . ono,
Aegyptiaca Seed Shells 5 0.2 298 126.35 (Kada et al., 2024)
NiAl LDH/Biochar - - - 303 104.167 (Palapa et al., 2023b)
NL-HC 6 120 1 333 41.494
Zn-Al LDH 6 120 1 333 25.126 This study
Zn-Al LDH@NL-HC 6 120 1 333 76.336

stability by having an adsorption activity of 79.48%. This high
stability can be explained by the role of NL-HC as a porous car-
bon matrix that functions as a structural buffer on LDH sheets.
In addition, organic components of hydrochars such as the
—OH group of cellulose can form additional bonds with LDH
thereby strengthening the integrity of the composite (Palapa

© 2026 The Authors.

et al., 2023a). Therefore, the incorporation of hydrochar not
only increases the adsorption capacity, but also significantly
increases the structural resistance of the material making it eco-
nomically advantageous. This is confirmed by Table 5 which
shows a comparison of the adsorption capacity and parameters
in this study with previous studies on degrading Fe(II).
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Figure 6. The Possible Mechanism of Fe(Il) Adsorption Enhancement

3.2.4 Proposed Mechanism for NOR Adsorption

The adsorption mechanism of Fe(IT) by Zn-Al LDH@NL-HC
composite illustrated in Figure 6 involves several synergistic
interactions between the layered structure of LDH and the
hydrocarbon matrix rich in oxygen groups. Fe?* ions can be
adsorbed through the pores of Zn-Al LDH@NL-HC by a dif-
fusion approach from the solution to the adsorbent surface. In
addition, the negative surface charge that increases at pH close
to neutral due to the deprotonation of hydroxyl groups and oxy-
gen allows for the occurrence of strong electrostatic attraction
to the Fe?* cation (Fitri and Ardiansyah, 2023). Furthermore,
Fe2* can bind through a surface complexation mechanism with
oxygen-rich groups such as, —-OH in hydrochar. In addition,
the exchange of Fe?* ions with interlayer anions or metal sites
on LDH structures can also occur. The dominant Langmuir
isothermal model shows that adsorption mainly takes place
as the formation of a monolayer at a relatively homogeneous
active site with a high affinity to Fe?*. PSO model in Zn-Al
LDH@NL-HC indicates the involvement of chemical attrac-
tions such as ion exchange or surface complexation. Therefore,
the increased performance of Zn-Al LDH@NL-HC compared
to Zn-Al LDH is associated with synergistic effects in the form
of the addition of oxygen-based active sites and higher poros-
ity. In addition, the combination of electrostatic, complexation,
and ion exchange mechanisms can effectively bind Fe(II).

4. CONCLUSIONS

In this study, a Zn-Al LDH modified with rambutan-peel hy-
drochar was successfully synthesized (Zn-Al LDH@NL-HC)
and demonstrated markedly enhanced performance for Fe(IT)
removal from aqueous solutions compared with the individual

© 2026 The Authors.

components. Comprehensive physicochemical characteriza-
tion confirmed that hydrochar incorporation improved surface
area, pore structure, oxygen-containing functional groups, and
structural stability, thereby creating abundant active sites for
metal adsorption. Adsorption behavior was strongly influenced
by solution pH, with near-neutral conditions promoting elec-
trostatic attraction and surface complexation while minimizing
competition {rom protons and metal precipitation. Kinetic,
isotherm, and thermodynamic analyses collectively indicated
that the adsorption process was rapid, favorable, spontaneous,
and endothermic, proceeding predominantly through mono-
layer formation on energetically favorable sites. The superior
performance of the composite was attributed to synergistic
mechanisms involving diffusion into mesopores, electrostatic
interactions, surface complexation with oxygen-rich groups,
and ion exchange within LDH. Furthermore, regeneration
studies revealed that the composite maintained high structural
integrity and adsorption efliciency over repeated cycles, high-
lighting its strong potential as a sustainable and eflicient adsor-
bent for heavy metal remediation in water treatment applica-
tions.
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