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Abstract

The adsorption capability of Ni/Al LDH modified with gambier leaf extract was evaluated for the removal of Rhodamine B
(RhB), Malachite Green (MG), and Methylene Blue (MB) dyes from aqueous solutions. UV-Vis spectroscopy analysis revealed
that Ni/Al-Gambier Leaf Extract exhibited a higher efficiency in cationic dye removal compared to unmodified Ni/Al LDH. The
removal percentages of RhB, MG, and MB using unmodified Ni/Al LDH were 6.00%, 40.05%, and 14.73%, respectively. However,
after modification with Gambier Leaf Extract, these values significantly improved to 25.62%, 39.48%, and 31.06%, respectively.
This enhancement was attributed to the polyphenolic functional groups present in the gambier leaf extract, which strengthened
electrostatic interactions and promoted dye adsorption. These findings indicate that incorporating gambier leaf extract into
Ni/Al LDH enhances its adsorption performance, making it a promising material for improving dye removal in wastewater

treatment.
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1. INTRODUCTION

Environmental pollution due to textile industry effluents con-
taining synthetic dyes is a serious concern because they are toxic
and difficult to degrade naturally (Azanaw et al., 2022; Kumari,
2024; Slama et al., 2021). Cationic dyes, such as rhodamine B
(RhB), malachite green (MG), and methylene blue (MB), are of-
ten found in industrial effluents and can have negative impacts
on aquatic ecosystems (Oladoye et al., 2022; Priya et al., 2024;
Sharma et al., 2023). The presence of these dyes in water can
inhibit the penetration of sunlight, thereby disrupting the pho-
tosynthesis process of marine organisms, reducing dissolved
oxygen levels, and impacting the balance of the ecosystem (Al-
sukaibi, 2022; Al-Tohamy et al., 2022). In addition, some dyes are
known to be carcinogenic and mutagenic, which may pose health
risks to humans through bioaccumulation in the food chain (You
et al.,, 2021). Therefore, effective methods are needed to remove
these dyes from the environment. One promising technique is
adsorption, as it is easy to implement. The adsorption process
requires porous materials such as carbon-based (Jagadeesh and
Sundaram, 2023; Mohadi et al., 2022), zeolite (Abbas and Trari,
2023; Bezerra et al,, 2019), bentonite (Bessaha et al., 2023; Pot-
gieter et al., 2019), and layered double hydroxides (LDH) (Jefri
et al., 2024; Lee et al., 2024; Lesbani et al., 2021).

LDH is a layered inorganic material composed of divalent
and trivalent metal cations forming positively charged sheets,
with exchangeable anions between the layers (Abd El-Monaem
et al,, 2023; Ahmad et al., 2024a; Milos et al., 2024; Wibiyan et al.,
2024b). It is widely used in various applications, including catal-
ysis, energy storage, and adsorption, due to their large surface
area, good chemical stability, and high ion exchangeability (Hu
et al,, 2023; Wang et al., 2023). However, despite its many advan-
tages, LDH also has some limitations. Its stability in aqueous
environments still needs to be improved due to its tendency
to undergo structural degradation or anion dissolution under
certain conditions (Lu et al., 2024; Zehra et al., 2025). In addition,
LDH also tends to agglomerate, which can reduce its effective
surface area in the adsorption process. Therefore, there is a need
to modify LDH with another material, such as organic materials,
to improve its structural stability, expand its active surface, and
enhance its selectivity and adsorption efficiency toward certain
pollutants (Ahmad et al., 2024b; Wibiyan et al., 2024a; Yang et al.,
2022).

Several previous studies have shown the effectiveness of
combining LDH with organic materials in improving adsorption
performance. For example, Lesbani et al. (2024) reported that
the modification of Ni/Al LDH and Zn/Al LDH with Spirulina
platensis significantly enhanced the adsorption capacity of MG
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Figure 1. Cationic Dyes Structure, a) MB, b) MG, and c) RhB

through increased surface area, electrostatic interactions, as well
as additional contributions from hydrogen bonding and 7-7 in-
teractions, thereby improving the stability and reuse efficiency
of the materials. Wijaya et al. (2024) developed Ni/Al LDH mod-
ified with cellulose, which showed an increase in surface area
from 3.29 to 5.09 m?/g, thus increasing the adsorption capacity
of MG to 107.527 mg/g with a removal efficiency of 71%. The
material also demonstrated good stability, maintaining 54% of
its adsorption capacity after six reuse cycles. Ahmad et al. (2025)
investigated the selective adsorption of MG, MB, and RhB using
Ni/Al-Lignin, emphasizing the crucial role of functional group
interactions in determining dye selectivity. Ni/Al-Lignin exhib-
ited a high adsorption capacity for MG, with a maximum uptake
of 175.44 mg/g. Abdel-Hady et al. (2024) reported the results
of modifying Zn/Co/Fe LDH with chitosan increased removal
efficiency to more than 90%. Another study involved synthesiz-
ing Zn/Al LDH modified with phenyl pyruvate (PPA) via the
co-precipitation method, enhancing its functionality in organic
dye adsorption (Zahid et al., 2024).

Although various modifications have been shown to increase
the adsorption capacity, further understanding of the material’s
selectivity to specific dyes is still needed (Wibiyan et al., 2024a).

© 2025 The Authors.

Not all adsorbents can specifically remove one type of dye from
a complex mixture, making selectivity an important factor in
effluent treatment efficiency. In this study, we explored the se-
lectivity of Ni/Al LDH-gambier leaf extract to cationic dyes by
comparing the removal efficiency of MB, MG, and RhB (Figure 1)
in the adsorption method. The results of this study are expected
to provide new insights into the potential of Ni/Al LDH- gambier
leaf extract as a more environmentally friendly and selective ad-
sorbent for certain pollutants, as well as contribute to developing
more efficient and sustainable waste treatment methods.

2. EXPERIMENTAL SECTION

2.1 Materials and Instrumentation
The materials employed in this study consist of commercial MB,
MG, and RhB from RofaLab, gambier leaf extract (Jefri et al., 2024).
Additionally, nickel nitrate hexahydrate (Ni(NO3),.6H,0), alu-
minum nitrate nonahydrate (AI(NOs);.9H,0), sodium hydroxide
(NaOH), hydrochloric acid (HCI), and sodium carbonate (Na,COs)
were used, all of which were procured from MERCK. Distilled
water was supplied by Bratachem.

For characterization, the instruments utilized included a
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Figure 2. a) FTIR Spectra, b) Difractogram, and c) BET Isotherm of Ni/Al and Ni/Al-Gambier Leaf Extract

Rigaku MiniFlex 600 X-Ray Diffractometer (XRD), a Shimadzu
Prestige-21 FT-IR Spectrophotometer, a BELSORP-miniX Brun-
auer-Emmett-Teller analyzer, and an EMC 18 series UV-Vis Spec-
trophotometer.

2.2 Synthesis of Ni/Al LDH

The synthesis of Ni/Al LDH was carried out by the co-preci-
pitation method adapted from the procedure of Rahayu Palapa
et al. (2021), in which 50 mL of nickel nitrate hexahydrate was
reacted with 50 mL of aluminum nitrate nonahydrate in a 3:1
molar ratio. This mixture was stirred for 30 minutes before grad-
ually adding NaOH and Na,COs until it reached pH 10. Next, the
suspension was stirred for 15 hours at 80°C, then filtered, washed
with distilled water, and dried. The LDH materials obtained were
characterized using XRD, FTIR, and BET surface area analysis.

2.3 Synthesis of Ni/Al-Gambier Leaf Extract

A total of 3 g of Ni/Al LDH was dispersed in 50 mL of distilled
water and then subjected to ultrasonication for 20 minutes to
increase viscosity. Subsequently, 3 g of gambier leaf extract was
incorporated, followed by stirring the mixture using a magnetic
stirrer at 75°C and 250 rpm for 24 hours. The resulting solid
(Ni/Al-Gambier Leaf Extract) underwent rinsing with distilled

© 2025 The Authors.

water, drying at 60°C, and pulverization.

2.4 Selectivity of Cationic Dyes

MB, MG, and RhB were each prepared at a 20 mg/L concen-
tration and thoroughly mixed. The mixture of cationic dyes
was analyzed using a UV-Vis spectrophotometer. Afterward, 20
mg of Ni/Al-Gambier Leaf Extract was added and left to react
for 2 hours before separation. The mixture was subsequently
re-scanned, and a comparison was made using Ni/Al LDH alone.

3. RESULTS AND DISCUSSION

3.1 Characterization of Materials

FTIR spectra of Ni/Al LDH and Ni/Al LDH modified with gambier
leaf extract exhibited distinct features indicative of successful
modification (Figure 2a). The absorption band at 3474 cm™ cor-
responds to stretching vibrations of hydroxyl (—OH) groups,
originating from both the LDH structure and adsorbed water
(Abdelrahman et al., 2023). The band at 2928 cm™ is linked to
(—CHy,) stretching vibrations from organic compounds in gam-
bier leaf extract, highlighting the interaction between LDH and
organic species (Jefri et al., 2024). Additionally, the absorption
band at 1633 cm™ is associated with trapped water molecules.
The characteristic band at 1513 cm™ is a C=C vibration of aro-
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matic compound (Wongsa et al., 2022), derived from phenolic
compounds in gambier leaf extract, suggesting the possibility of
interaction through surface adsorption processes. Meanwhile,
the band at 1367 cm™ is associated with nitrate (NO3") stretching
vibrations, indicating the presence of anions in the LDH inter-
layer (Singha Roy et al., 2023). Meanwhile, the band at 1056 cm’!
is assigned to C—O stretching vibrations, indicative of organic
compounds interacting with LDH. Moreover, absorption bands
at 738 cm™ and 561 cm™ are linked to M—O stretching vibra-
tions, affirming the structural integrity of LDH after modification
(Hanifah et al., 2022; Intachai et al., 2019).

Gambier Cumpoun(\

9
e

Decreased Surface
Area

Ni/Al LDH

Figure 3. Decreasing Surface Area of Ni/Al LDH Illustration

The XRD patterns in Figure 2b show the comparison between
Ni/Al LDH before and after modification with gambier leaf ex-
tract. The Ni/Al LDH diffractogram (red line) shows typical
LDH diffraction peaks at 20 around 11.37°, 22.99°, 35.03°, 39.80°,
46.44°, and 61.48°, which correspond to the (003), (006), (012),
(015), (018), and (110) crystal planes, confirming the hydrotalcite
structure under JCPDS standard No. 15-0087 (Foruzin et al., 2025;
Luo et al,, 2022). After modification with gambier leaf extract
(blue line), there was a change in the intensity and width of the
diffraction peaks, indicating an interaction between the organic
molecules of the extract and the LDH layer (Jefri et al., 2024).
The broadening of the peaks in the diffraction pattern indicates a
possible decrease in crystallinity due to the presence of extracted
molecules that disrupt the order of the layer. In addition, the ab-
sence of new crystalline phases indicates that the main structure
of LDH is maintained after the modification process. These XRD
results support the findings from the FTIR spectra, where the
interaction of organic molecules with LDH is confirmed through
the shift and appearance of characteristic absorption bands.

Figure 2c shows the adsorption-desorption isotherms for
Ni/Al and Ni/Al-Gambier Leaf Extract (GLE). Based on BET anal-
ysis, the specific surface area of pure Ni/Al is 31.73 m?/g, while
after modification with gambier leaf extract, the surface area
decreases dramatically to 4.13 m?/g. This decrease indicates

© 2025 The Authors.
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that the organic compounds from the gambier leaf extract likely
covered most of the active surface of the material, as illustrated
in Figure 3. In addition, the total pore volume also decreased
significantly, from 0.08 cc/g in pure Ni/Al to only 0.0018 cc/g in
the composite, indicating pore filling by the extracted molecules
(Jefri et al., 2024). The average pore size also changed from 4.91
nm (mesopore category) to 0.89 nm (micropore category) (Fuku-
mori et al., 2018), indicating that the modification caused pore
narrowing. Overall, these changes may reduce the physical ad-
sorption capacity but increase the selectivity of interaction with
the target substance through chemical or electrostatic effects.

3.2 Selectivity of Cationic Dyes

Figure 4a shows the UV-Vis spectra of the dye solution before and
after the adsorption process by Ni/Al LDH and Ni/Al-Gambier
Leaf Extract materials. In the initial spectrum (yellow curve),
there are three main absorbance peaks, namely RhB (1 = 554
nm), MG (A = 618 nm), and M (A = 664 nm). After adsorption
by Ni/Al LDH (red curve), the intensity of the three peaks de-
creased, indicating the absorption of dye by the material. A more
significant decrease was seen in the spectrum after adsorption
by Ni/Al-GLE (blue curve), indicating that modification with
gambier leaf extract increased the adsorption capacity of this
material (Jefri et al., 2024).

Table 1. Comparison with Another Study of Cationic Dye Ad-
sorption

Adsorbent Dyes Re(r;)o val Reference
Ni/Al RhB 6.00 This Study
MG 40.05
MB 14.73
Ni/Al-Gambier .
Leaf Extract RhB 25.62 This Study
MG 39.48
MB 31.06
Rape Straw
Activated Carbon RhB 12.57 (Du et al., 2024)
Acid-Base- (Wahyuningsih
Activated Silica RhB 12.11 et al,, 2018)
Oyster Shell MG 657  (Lin et al, 2022)
Powder
i (Mohammadi
MOF-5 MG 30.00 et al, 2022)
Anona squmosa (Santhi et al.,
Seed MB 24.33 2016)
Powder Activated (Nizam et al.,
Carbon (0.1) MB 2100 2021)

Further adsorption effectiveness is shown in Figure 4b, which
shows the percentage removal of each dye. Ni/Al LDH showed
the highest efficiency in adsorbing MG (40.05%), while RhB and
MB only reached 6.00% and 14.73%, respectively. After modifi-
cation with gambier leaf extract, the adsorption effectiveness
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Figure 4. UV-Vis Spectra of RhB, MG, and MB Before and After Adsorption (t = 2 hours) and (b) RhB, MG, and MB Removal

Efficiency (%) of Ni/Al and Ni/Al-Gambier Leaf Extract

increased significantly, especially for RhB and MB, which in-
creased to 25.62% and 31.06%, respectively. MG still showed a
high removal rate (39.48%), although it was slightly lower than
before modification. This increase suggests that the gambier leaf
extract contributed to enhancing the interaction between the
adsorbent and the dye, which is most likely due to the presence
of additional active groups from the polyphenolic compounds
in the extract (Sadegh et al., 2022; Septiningrum et al., 2024).
MG showed the highest adsorption rate compared to RhB and
MB on these two adsorbent materials. This can be explained
by the stronger electrostatic interactions between MG and the
adsorbent material compared to RhB and MB (Lesbani et al.,
2024). In addition, the smaller molecular size of MG allows for
easier diffusion into the pores of the adsorbent material. Overall,
modification with gambier leaf extract was shown to improve
the performance of the material in dye adsorption, especially
for RhB and MB. To further emphasize the impact of gambier
leaf extract modification, a comparison with previous studies is
provided in Table 1.

4. CONCLUSIONS

This study showed that the modification of Ni/Al LDH with Gam-
bier Leaf Extract significantly improved its adsorption capacity
towards RhB, MG, and MB dyes. UV-Vis spectroscopy results
showed a decrease in dye concentration after the adsorption pro-
cess, confirming the improved performance of Ni/Al-Gambier
Leaf Extract compared to unmodified Ni/Al LDH. The increase in
removal efficiency, especially for RhB and MB, indicated that the
polyphenolic compounds in the extract contributed to enhancing
the interaction between the adsorbent and the dye molecules.
Therefore, Ni/Al-Gambier Leaf Extract is a promising material
for wastewater treatment applications, offering an environmen-

© 2025 The Authors.

tally friendly and effective solution for dye removal.
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