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Abstract 

This study modified layered double hydroxide (LDH) with organic compounds in hydrochar made from rambutan peels 

(prepared by hydrothermal method) and polyoxometalate compounds (tipe Keggin K4[α-SiW12O40].nH2O compound and 

prepared by sol-gel method). The synthesis of modified material was conducted through the coprecipitation method. 

The material was then applied as an adsorbent for Fe²⁺ ions. The material's properties were analyzed using XRD (X-

ray diffraction), FT-IR (Fourier-transform infrared spectroscopy), and BET surface area analysis. The physicochemical 

characteristics of the modified material, a combination of the pure LDH and hydrochar/polyoxometalate compounds, 

will influence the adsorption results of Fe²⁺ metal ions. Furthermore, its application as an adsorbent was analyzed 

through kinetic and isotherm parameters, which were found to follow the pseudo-first-order (PFO) and Freundlich 

models. The adsorption capacities for NiAl-LDH, NiAl-LDH/Hc (modified with Hc), and NiAl-LDH/POM (modified with 

POM) materials were 32.789 mg/g, 47.393 mg/g, and 90.091 mg/g, respectively. It can be concluded that the adsorption 

process occurs via physisorption, forming multilayer adsorbates at the adsorbents active sites. 
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1. Introduction 

LDH, or Layered Double Hydroxide, is a type 

of 2D layered material similar to hydrotalcite, 

which exhibits prominent properties with unique 

and promising characteristics. Generally, LDH 

has a structure resembling brucite, with metal 

cations as the central atoms in octahedral layers, 

with their edges consisting of hydroxides as 

ligands [1–3]. LDH consists of positively charged 

metal hydroxides (trivalent and divalent metals) 

arranged repeatedly with anions as charge 

balancers between layers (such as nitrate, 

carbonate, sulfate, chloride, etc.) [4–7]. 

* Corresponding Author. 

   Email: aldeslesbani@pps.unsri.ac.id (A. Lesbani) 

LDH possesses unique characteristics, 

including simplicity in synthesis processes, non-

toxicity, and low production costs [8,9]. LDH, as a 

representative of 2D layered materials, has been 

a subject of extensive exploration in various 

application fields. Research and literature have 

detailed various LDH applications, including in 

medical fields (drug carriers, tissue engineering, 

pharmacy, cosmetics, biosensing, bioimaging, and 

gene delivery), energy storage (batteries and 

supercapacitors), and water remediation [10–15]. 

LDH has proven beneficial in addressing 

wastewater issues and environmental 

conservation efforts. Its usage encompasses 

various techniques, such as pollutant adsorption, 

catalysis, ion exchange, and photocatalysis, to 

eliminate pollutants from water [16–21]. Because 
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of its unique structure, LDH has become a very 

suitable choice as a material for improving water 

quality. Current water quality is vulnerable to 

contaminants caused by human activities such as 

industrial operations and household waste. Iron 

(Fe) is one of the many contaminants that can be 

harmful to health if consumed over a long period. 

Fe²⁺ (ferrous iron) is a contaminant of concern 

due to its solubility, mobility, and redox 

behaviour. Its redox properties and low solubility 

of Fe2+ allow for the formation of precipitates [22]. 

Iron precipitates will clog water systems, inhibit 

fish respiration, and endanger aquatic life. The 

solubility of Fe²⁺ is pH dependent, remaining 

soluble in acidic conditions (pH = 6.7) but 

precipitating at higher pH levels, posing a risk in 

environments with fluctuating pH [23,24]. 

Excessive levels of Fe²⁺ can be toxic, disrupting 

biological processes in plants and damaging the 

ecological environment. High levels of Fe²⁺ also 

degrade water quality, causing discolouration and 

a metallic taste that are significant problems for 

domestic water users [25,26]. 

According to Zubair et al. [27], LDH 

modification with doping methods, particularly 

SA/MgFe-LDH, successfully achieved an 

absorption capacity of 2.42 mmol/g for As(III) and 

1.60 mmol/g for As(V). For comparison, pure MgFe 

LDH only achieved an absorption capacity of 1.56 

for As(III) and 1.31 mmol/g for As(V). This is due 

to the increased pore characteristics and active 

site numbers on LDH layers after the modification 

process. Based on research by Brahma and Saika 

[28], the ZrO2/MgAl-LDH mixture successfully 

removed congo red dye with an efficiency of 

97.19% and a maximum capacity of 169.42 mg. 

Furthermore, this adsorbent material can be 

reused for up to five usage cycles. Therefore, this 

research confirms that the potential of modified 

LDH development is highly effective in water 

remediation efforts. 

The distinctive features of LDH structure 

include the ability to control surface chemical 

properties, excellent crystallinity, high specific 

surface area, optimal performance, ion exchange 

capability, memory effect, and customizable 

composition and structure according to needs [29–

31]. Various research studies are underway 

regarding developing LDH modification methods 

to enhance its structure and performance. From 

these studies, it can be concluded that LDH 

modification methods generally involve several 

approaches, including intercalation researched by 

Huang et al. [32], composite material formation 

developed by Quang et al. [33], cation doping, and 

exploitation in representing LDH modification 

development strategies. The diversity of 

modification methods leads to the development of 

varied LDH compositions and structures, making 

it essential to understand the interaction between 

LDH layers and inserted guest species, whether 

inorganic or organic molecules, more deeply [34–

36]. 

This research encompasses intriguing 

supporting materials for LDH modification 

development. Modification of LDH with organic 

compounds was reported in the study by Jiang et 

al. [20] researched LDH/loofah composite applied 

as a nitrate remediation solution, achieving a 

nitrate adsorption capacity of about 69%. In other 

research, Ahmad et al. [37] reported using Ni/Al 

functionalized with humic acid and magnetite for 

malachite green adsorption, reaching an 

adsorption capacity of 178.571 mg/g. 

Furthermore, Mohadi et al. [20] reported that 

Zn/Al LDH composited with hydrochar from duku 

(Lansium Domesticum) peel had a specific surface 

area of 22.63 m2/g and a capacity of 80.64 mg/g 

when applied as an adsorbent for Cr(VI) metal 

ions. The study proved that LDH modified with 

hydrochar performance than before modification, 

with an increase of 42.19 mg/g for the material 

before adsorption. In comparison, Zn/Al-Hc 

increased to 80.64 mg/g. This is what makes the 

combination of LDH very important to study. 

Silaen et al. [21] reported that the intercalation of 

Zn/Al LDH with polyoxometalate compounds 

applied as Pb2+ metal adsorption had a specific 

surface area of 14.042 m2/g and produced an 

adsorption capacity of 74.13 mg/g. In other 

research, Padalkar et al. [14] reported using Ni-

Cr-LDH intercalated with polyoxotungstate as a 

hybrid supercapacitor, with a capacitance 

retention rate of 86%. The results of this 

application demonstrate that the Ni-Cr-LDH-

POW nanohybrid offers excellent electrochemical 

functionality. In a study by Zhao et al. [38-39], Zn-

Cr LDH intercalated with SiW12O404− anion 

(polyoxometalate) showed good enhancement in 

photocatalytic performance in carbon dioxide and 

water reduction-oxidation reactions. Several 

studies show that LDH modification with 

inorganic compounds has better structural 

morphology advantages than LDH modification 

with organic compounds. However, for its 

performance in various applications, LDH-organic 

modification is better. 

Therefore, this study will compare the 

characteristics of NiAl-LDH modified using 

organic compounds, namely hydrocarbons (Hc) 

from rambutan peel, and inorganic compounds, 

namely polyoxometalates (POM). Modification of 

NiAl-LDH with hydrochar produced through 

hydrothermal carbonization of rambutan peel and 

its utilization as an iron adsorbent represents a 

novel approach using biomass waste. Although 

the modification of Keggin anion into LDH 

structure has been studied previously, its impact 

on adsorption capacity can be considered new due 

to significantly enhanced performance. This 

modification results in superior adsorption 

capacity and unique structural characteristics 
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compared to traditional materials. Highlighting 

these unique properties and improved 

performance metrics in the context of adsorption 

mechanisms can further strengthen the novelty of 

this modification. The characteristics of the 

material were evaluated through XRD analysis, 

FT-IR characterization, and N2 adsorption-

desorption isotherms (Surface area by BET). 

Then, to determine the performance of the 

modified material, it was applied in the 

remediation/process of Fe2+ heavy metal pollution. 

 

2. Materials and Methods 

2.1 Materials 

Nickel(II) nitrate trihydrate (Ni(NO3).3H2O, 

99.97%), Aluminum(III) nitrate nonahydrate 

(Al(NO3)3.9H2O, 99.99%) were purchased from 

Sigma Aldrich. Hydrochloric acid (HCl) (purity = 

37%) and sodium hydroxide (NaOH, 99%) sodium 

tungstate (Na2WO4, 99.99%), sodium phosphate 

(NaH2PO4, 99%), and potassium chloride (KCl, 

99%) were obtained from Merck. Iron (II) 

tetrachloride (FeCl2.4H2O, 99.5%) and o-

phenanthroline monohydrate (C12H8N2, 99%) for 

adsorption process from LOBA Chemie. All 

chemicals were used without further purification. 

Synthesis and adsorption experiments were 

carried out using distilled water. 

 

2.2 Instrumentation of Analysis 

NiAl-LDH/Hc and NiAl-LDH/POM modified 

samples were characterized using several 

spectroscopic techniques to obtain information 

about the material's physicochemical properties. 

X-ray diffraction patterns were recorded with 

Rigaku Miniflex-6000 XRD using Cu-K𝛼 radiation 

with a scan speed 10.000 deg/min. The FT-IR 

spectrum was analyzed with a Shimadzu 

Prestige-21 FT-IR spectrometer. BET analysis 

was carried out using Quantachrome 

Micromeritics ASAP version 3.01 to determine the 

materials surface area, pore volume, and pore 

diameter. 

 

2.3. Experimentals Methods  

2.3.1  Preparation of the polyoxometalate (POM) 

powder 

Polyoxometalate compound powder is 

prepared by dissolving 2 grams of sodium 

phosphate in 100 mL of distilled water [40]. Then, 

12 grams of tungstate solution, which has been 

dissolved in 300 mL of boiling water and 

concentrated HCl, is added. This mixture is then 

stirred for 24 hours at a temperature of 50 °C. 

After that, 50 grams of KCl.nH2O is added to the 

mixture, and it is dried at 50 °C for 5 hours. 

 

 

 

2.3.2   Synthesis of the NiAl-LDH/POM  

The NiAl-LDH/POM is a modification of LDH 

material with inorganic compounds in 

polyoxometalate type Keggin K4[α-

SiW12O40]•nH2O. Keggin-type polyoxometalate 

powder K4[α-SiW12O40]•nH2O was synthesized 

according to the method in previous literature 

[41]. The synthesis of NiAl-LDH/POM was carried 

out using the coprecipitation method. Initially, the 

Nickel(II) nitrate and Aluminum(III) solutions 

were mixed with a molar ratio 3:1, followed by 

adding 2 M NaOH solution until it reached pH = 

10. After precipitation occurred, polyoxometalate 

was previously dissolved in distilled water (50 

mL) and added. The mixture was left for 24 hours 

and supplied with N2 gas [42]. The resulting 

precipitate was filtered and dried at 60 °C for 12 

hours. Finally, the green product is ground using 

a mortar until it forms a powder. 

 

2.3.3   Preparation of the Hydrochar (Hc) Powder 

Hydrochar powder is produced using the 

hydrothermal carbonization method from dried 

and ground rambutan peel [43]. A total of 2.5 g of 

rambutan peel powder is placed into an autoclave, 

and then 50 mL of distilled water is added. The 

autoclave containing the sample is heated for 10 

hours at a temperature of 200 °C. After the 

process is complete, filtration is performed to 

separate the filtrate and residue. The resulting 

residue is dried at a temperature of 100 °C for 12 

hours, yielding hydrochar powder. 

 

2.3.4  Synthesis of the NiAl-LDH/Hc 

The NiAl-LDH/Hc is a modification of LDH 

material with organic compounds in hydrochar 

rambutan peel. The synthesis of the NiAl-

LDH/HC was carried out using the coprecipitation 

method. First, the Nickel(II) nitrate and 

aluminum(III) solutions are mixed in a 3:1 ratio. 

Once homogeneous, 2 M NaOH solution was 

dripped slowly until the pH reached 10. The 

mixture was stirred for 1 hour at 80 °C. The 

resulting green suspension was mixed with 1 g of 

hydrochar powder and stirred for three days at 80 

°C. The precipitate formed was then filtered and 

dried at 60 °C for 12 hours. Finally, the black 

product is ground using a mortar until it forms a 

powder.  

 

2.3.5  Adsorption experiment 

The experiment of iron metal adsorption was 

conducted using a standard solution 

concentration of 30 mg/L. The Adsorption 

Experiment was carried out to investigate the pH, 

temperature, contact time between the adsorbent 

and adsorbate, and concentration. Each 

experiment was performed with 30 mg of 

adsorbent in a 250 mL beaker, added with 30 mL 



 

 

 

Bulletin of Chemical Reaction Engineering & Catalysis, 19 (2), 2024, 330 

Copyright © 2024, ISSN 1978-2993 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

of 30 mg/L adsorbate solution, with the solution 

pH ranging from 2 to 10. The effect of contact time 

was observed at intervals of 10 minutes. The final 

concentration of Fe2+ adsorbate was calculated 

using UV-Vis spectrophotometry at the maximum 

wavelength of Fe2+ (510 nm). The concentration 

effect was explored with variations in 

temperature (30, 40, 50, and  60 °C) and adsorbate 

concentration (0-50 mg/L) mixed with 30 mg of 

adsorbent in separate 250 mL chemical glassware. 

Equation (1) calculates the maximum adsorbed 

amount (mg/g). 

 

𝑞𝑡 =
(𝐶0−𝐶𝑡)𝑉

𝑚
     (1) 

 

Equations (2) and (3) are employed to investigate 

the adsorption kinetics using pseudo first-order 

and pseudo second-order models: 

 

ln(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛 𝑞𝑒 − 𝑘1𝑡    (2) 

 
𝑡

𝑞𝑡
=  

1

𝑘2𝑞𝑒2 +
𝑡

𝑞𝑒
                 (3) 

 

Equations (4) and (5) are utilized to study the 

Langmuir and Freundlich adsorption isotherms: 

 
𝐶𝑒

𝑞𝑒
=  

𝐶𝑒

𝑞𝑚𝑎𝑥
+

1

𝑞𝑚𝑎𝑥𝐾𝐿
    (4)

  

𝐾𝐹 =  
𝑞𝑚

𝐶𝑜 1/𝑛     (5) 

 

where, qt (mg/g) represents the amount of 

adsorbate adsorbed at time t (min), C0 (mg/L) 

denotes the initial concentration, Ct (mg/L) 

denotes the concentration at time t, V (L) is the 

volume of the solution, m (g) is the mass of the 

adsorbent, k1 (min-1) represents the pseudo first-

order rate constant, k2 (g/mg.min) represents the 

pseudo second-order rate constant, qe (mg/g) 

denotes the amount of adsorbate adsorbed at 

equilibrium, Ce (mg/L) is the equilibrium 

concentration, qmax (mg/g) represents the 

maximum adsorption capacity, KL is the 

Langmuir constant, KF is the Freundlich constant, 

and 1/n is the heterogeneity factor [37,44]. 

 

2.3.6  Regeneration and desorption experiment 

The initial process in regeneration and 

desorption uses the suspension resulting from 

adsorption, which is then dried at 60 °C for 24 

hours. Once dried, the powder undergoes the 

desorption process using distilled water and is 

stirred for 2 hours. This process is repeated 

through two adsorption cycles. 

 

3. Results and Discussion  

3.1  Material Characterizations 

The crystalline phase of pure NiAl-LDH 

exhibits characteristic features of LDH structure, 

as depicted in Figure 1. Diffraction peaks on the 

crystal planes (003), (006), (012), (015), (018), 

(110), and (113) were identified at 2-theta values 

of 11.63°, 23.22°, 35.03°, 39.23°, and 61.85°, 

respectively. These diffraction peaks indicate the 

hydrotalcite-like plane nature of NiAl-LDH, as in 

previous research [4] and according to JCPDS No. 

15-0087. A prominent diffraction peak at 10° is 

associated with the interlayer spacing (002) of 

7.408 Å. For NiAl-LDH modified with inorganic 

compounds in polyoxometalates, as presented in 

Figure 1, The XRD pattern of NiAl-LDH/POM 

displays characteristic peaks of the 

polyoxometalate compound on the crystal planes. 

Newly emerged peaks at 8.15°, 11.5°, 18.70°, and 

30.40° are confirmed as typical diffraction of 

polyoxometalate compounds as metal oxides [45].  

Successful modification is also evidenced by 

the diffraction peak at 8.15°, corresponding to the 

interlayer spacing (002) of 10.84 

Å, demonstrating an increased interlayer 

distance. Previous research also reported that the 

success of modifying LDH with POM can be 

observed from the shift in the 2-theta angle 

[11,46]. In the study by Hanifah et al. [41], Zn/Al-

LDH had a diffraction peak of 10.39°. After 

intercalation with the anion [PW12O40], the 2-

theta angle shifted to 8.61°, indicating the 

formation of the ZnAl-[ PW12O40] composite. 

Figure 1 depicts the XRD spectrum of NiAl-

LDH/Hc, revealing broad diffraction peaks in 

the 2-theta 22.90° and 35.2°, indicative of an 

amorphous structure. The broad diffraction 

pattern reflects the characteristics of hydrochar 

[47,48], while peaks at 11.38° and 61.60° indicate 

LDH characteristics. The interlayer spacing in 

pure NiAl-LDH is 7.408 Å. After modification, the 

interlayer spacing increases significantly, with 

NiAl-LDH/POM reaching 10.84 Å and NiAl-

LDH/Hc reaching 7.77 Å. These modifications 

indicate that addition polyoxometalate and 

hydrochar influences the structural properties of 

the NiAl-LDH material, resulting in an expansion 

Figure 1. XRD patterns of the NiAl-LDH, NiAl-

LDH/POM, and NiAl-LDH/Hc 
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of the distance between the layers. This change in 

interlayer spacing is crucial as it can affect the 

materials adsorption capacity and overall 

performance in various applications. The 

modification of NiAl-LDH/POM has a crystalline 

structure, whereas the modification of NiAl-

LDH/Hc shows an amorphous structure. Broad 

peaks and low intensity characterize the 

amorphous structure due to the combined 

characteristics of the hydrochar compound. The 

amorphous structure of the material still has 

peaks with low intensity. These peaks are 

characteristic of LDH.  

Figure 2 shows the FT-IR spectrum of the 

prepared material. The vibration band at 3483  

cm-1 indicates the stretching mode of water 

molecules in the O–H group and LDH interlayers. 

In contrast, the weak absorption band at 1630 

cm−1 is attributed to the bending mode of H-O-H 

in water molecules. The absorption band at 1370 

cm−1 indicates the coexistence of carbonate (CO3) 

and nitrate (NO3) molecules in the LDH material 

gallery [49]. The FT-IR spectra of the NiAl-

LDH/POM and NiAl-LDH/Hc composites show 

vibration patterns similar to the pristine NiAl-

LDH, as seen in Figure 2. However, there are 

additional distinctive vibration patterns for each 

composite. These additions may indicate 

interactions between LDH and additional 

materials such as POM or Hc in these composites. 

Another low-frequency band, 617 cm−1, represents 

the stretching of M−O, M−OH, and O-M-O bonds 

(where M = Ni2+ and Al3+) [50]. Previous research 

also reported Hassania et al. [51], the 

characteristic peaks of the Keggin type structure 

at 802, 889, 964, and 1056 cm−1, which correspond 

to the vibrations of W single bonds O single bonds 

W, single bonds W single bonds Ob W, double 

bonds W O and bonds P single O vibrations, while 

in this research polyoxometalate compounds 

exhibit characteristic absorption bands at 980   

cm-1, and 1059 cm-1. Additionally, hydrochar 

shows characteristic absorption bands at 1059  

cm-1 and 1044 cm-1 due to the C-O bond vibrations 

in hemicellulose [38,43].  

The specific surface area and pattern of pore 

size distribution of the material play a significant 

role in the effectiveness of the adsorption process. 

Figure 3a illustrates the results of measurements 

of nitrogen adsorption and desorption parameters 

and an analysis of pore size distribution. The 

results obtained from the BET isotherm are 

presented in Figure 3a, with the hysteresis loop 

pattern classifying the material as type IV, 

resembling mesoporous characteristics (20-500 A) 

and exhibiting bottle-shaped pores. 

According to Zhang et al. [52] and Thommes 

et al. [53], It can be observed that modified LDHs 

exhibit increased surface area, have more active 

sites, and expect to improve the adsorption 

performance of the adsorbate. According to the 

Brunauer-Emmet-Teller (BET) isotherm 

parameter, the specific surface area of the 

materials is presented in Figure 3b and Table 1. 

The specific surface areas of NiAl-LDH, NiAl-

LDH/POM, and NiAl-LDH/Hc are 5.84 m2/g, 98.73 

m2/g, and 46.03 m2/g, respectively. These results 

show a clear trend that the increase in surface 

area in NiAl-LDH composites with POM or Hc is 

in line with the results of XRD analysis, which 

Figure 2. FT-IR spectra (b) of the NiAl-LDH, 

NiAl-LDH/POM, and NiAl-LDH/Hc 

Figure 3. Isotherm of nitrogen adsorption-

desorption (a) and BET surface and pore 

volume (b) of NiAl-LDH, NiAl-LDH/POM, and 

NiAl-LDH/Hc 
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Adsorbent SBET (m2/g) Vp (cm3/g) 

NiAl-LDH 5.84 0.4 

NiAl-LDH/POM 98.73 2.2 

NiAl-LDH/Hc 46.03 8.46 

Adsorbent 
Qe 

(mg/g) 

PFO PSO 

K1 R2 K2 R2 

NiAl-LDH 8.025 0.02 0.995 19.258 0.975 

NiAl-LDH/POM 20.408 0.036 0.995 0.002 0.997 

NiAl-LDH/Hc 9.909 0.0304 0.997 0.39 0.986 

shows that incorporating these materials 

increases the interlayer distance. 

From the structural and morphological 

characterization results, it can be concluded that 

modification of NiAl-LDH with POM results in a 

crystalline structure. This composite mechanism 

increases the interlayer distance through ion 

exchange between POM and LDH anions. Due to 

its strong negative charge, POM replaces LDH 

anions, forming electrostatic bonds between POM 

and LDH groups and hydrogen bonds between 

hydroxyl groups on LDH and hydroxyl oxygen 

groups on POM [54]. Conversely, modification of 

NiAl-LDH with hydrochar (Hc) involves physical 

interactions through surface interactions. 

Hydroxyl groups on LDH can form hydrogen 

bonds with functional oxygen groups on 

hydrochar. Additionally, hydrochar can be 

intercalated between LDH layers through anion 

exchange, affecting the regularity of the LDH 

layer spacing and the specific surface area of the 

modified material. 

 

3.2  Adsorption Experimental 

3.2.1  Kinetic parameters 

The graph depicted in Figure 4 illustrates the 

outcomes of the kinetics parameter concerning 

adsorption contact time, suggesting that as the 

duration of adsorption contact increases, the 

quantity of adsorption also rises. NiAl-LDH/POM 

exhibits an adsorbed Fe2+  amount reaching 

20.408 mg/g, while NiAl-LDH/Hc reaches 9.909 

mg/g, and NiAl-LDH achieves 8.025 mg/g at a 

contact time of 3 hours. This finding is consistent 

with the features observed in the analysis of the 

BET surface area.  

An intriguing observations from Figure 4 

show that NiAl-LDH/POM adsorbs Fe2+ ions with 

the highest adsorption capacity, reaching 20.408 

mg/g, followed by NiAl-LDH/Hc with 9.909 mg/g, 

while NiAl-LDH pure 8.025 mg/g. The increase in 

adsorption capacity with prolonged contact 

duration underscores the enhancement. The 

improved adsorption capacity of the NiAl-

LDH/POM composite material correlates with the 

increased surface area quality, as mentioned 

earlier (see Figure 3b and Table 1), notably due to 

the presence of POM anions. This specific 

combination of LDH leads to enhanced 

performance in Fe2+ ion adsorption compared to 

NiAl-LDH pure. Specifically, the adsorption 

capacity of NiAl-LDH/POM demonstrates a 

significant increase of approximately 2.5 fold, 

whereas NiAl-LDH/Hc shows an increase of about 

1.2 fold. 

To learn more about the adsorption process, 

the kinetics of adsorption analysis using pseudo 

first-order (PFO) and pseudo second-order (PSO) 

models have been elucidated by Revellame et al. 

[55], where a correlation coefficient (R2) 

approaching 1 indicates that the pseudo first-

order model fits the observed data (Figure 5 and 

Table 2). The data shows that the adsorption 

process for all three adsorbents fits the PFO 

model, as evidenced by the coefficients of 

determination (R2) approaching 1. The R2 values 

are 0.975 for NiAl-LDH, 0.998 for NiAl-LDH/Hc, 

and 0.997 for NiAl-LDH/POM. These results 

indicate that the adsorption of Fe2+ ions is 

predominantly governed by physisorption. The 

PFO model suggests that the adsorption process 

occurs through physical or physisorption [56]. The 

primary mechanism of Fe2+ ion adsorption 

involves interactions between the adsorbate and 

adsorbent, including electrostatic interactions, 

hydrophobic interactions, and active pore/site 

filling mechanisms [57]. 

 

3.2.2  Isotherm parameters 

Isotherm parameters are analyzed using 

Langmuir and Freundlich models to indicate the 

Figure 4. Fe2+ ion adsorption contact time 

variation curve 

Table 1. The characteristics adsorbent of NiAl-

LDH, NiAl-LDH/POM, and NiAl-LDH/Hc 

Tabel 2. Kinetic parameter on NiAl-LDH, NiAl-

LDH/POM, and NiAl- LDH/Hc 
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Adsorbent Qmax (mg/g) Ref. 

The Acid Modified Aloe vera 

adsorbent 

45.120 [58] 

Bamboo root 3.56 [59] 

Burkholderia pseudomallei 49.04 [60] 

Silica/lignin composite 1.1825 [61] 

Pteris vittata Plant Leaves 24.367 [62] 

Zn-Cr 19.426 [39] 

Zn-Cr-[𝛼-SiW12O40] 20.590 [39] 

Manganese Sand 0.395 [63] 

NiAl-LDH 32.784 In study 

NiAl-LDH/Hc 47.393 In study 

NiAl-LDH/POM 90.091 In study 

Adsorbent 
Langmuir Freundlich 

Qmax (mg/g) KL R2 n KF R2 

NiAl-LDH 32.784 0.069 0.922 1.647 3.121 0.997 

NiAl-LDH/POM 90.091 0.002 0.834 1.197 1.744 0.994 

NiAl-LDH/Hc 47.393 0.176 0.718 1.233 2.604 0.998 

characteristics of the layers formed by the 

adsorbate on the active sites of the adsorbent. The 

data in Table 3 shows that the adsorption process 

conforms to the Freundlich model, with a 

correlation constant (R2) approaching 1. The 

Freundlich model explains that during 

adsorption, the adsorbate forms a bilayer or 

multilayer on the active sites of the adsorbent 

[57]. 

The isotherm data presented in Table 3 

indicate that the adsorption process of Fe2+ occurs 

via a pseudo first-order (PFO) multilayer. The 

adsorbent's Langmuir constant (KL) range from 0 

to 1, suggesting that the adsorption process is 

spontaneous. A value of 1/n > 1 indicates 

heterogeneous adsorbent surfaces with adsorption 

processes occurring through physisorption [9]. 

The Freundlich constant (KF) values indicate 

adsorption affinity, where higher KF values 

correspond to stronger affinity of the adsorbent for 

the adsorbate. The maximum adsorption 

capacities using the Langmuir isotherm model for 

each NiAl-LDH, NiAl LDH/Hc, and NiAl-

LDH/POM reach 32.784 mg/g, 47.393 mg/g, and 

90.091 mg/g. Table 4 compares the adsorption 

capacity of Fe2+ metal ions for NiAl-LDH 

adsorbent, NiAl-LDH/POM, and NiAl-LDH/Hc 

with several other adsorbents.  

There is a direct relationship between 

adsorption capacity data and specific surface area, 

which means that specific surface area 

significantly influences the adsorption capacity of 

the material. NiAl-LDH/POM has the largest 

surface area, at 98.73 m²/g, and adsorption 

capacity of 90.091 mg/g with a 2.74-fold increase. 

However, for the NiAl-LDH/Hc material, there 

was an increase of 1.44-fold. This occurs because 

a larger surface area provides more active sites for 

the adsorption process, allowing for significant 

interaction between Fe2+ ions and the material 

surface. Additionally, the orderly structure and 

presence of polyoxometalate (POM) in NiAl-

LDH/POM also enhance adsorption efficiency 

through specific chemical interactions, such as 

complexation, ion exchange, and the formation of 

strong bonds with Fe2+ ions. 

 

3.3  Regeneration of Adsorption and Desorption 

Process 

The effectiveness of NiAl-LDH/POM in 

adsorbing Fe2+ ions is evident from the data 

presented in Figure 8, where the adsorbent 

maintains its efficiency over two cycles of use. In 

the second cycle, significant percentages of Fe2+ 

ions, namely 64.41%, 30.15%, and 10.87%, were 

adsorbed onto the material. This adsorption 

process primarily involves physisorption and 

multilayer adsorption mechanisms. Physisorption 

occurs as Fe2+ ions directly adhere to the surface 

of NiAl-LDH/POM via van der Waals forces, 

facilitated by the material's negatively charged 

surface, which is particularly effective at pH 

levels above its pHpzc. As adsorption progresses, 

Fe2+ ions form additional adsorbate layers 

through multilayer adsorption, interacting with 

functional groups such as hydroxyl (-OH) and 

hydrogen bonds on the NiAl-LDH/POM surface. 

This enhances the total adsorption capacity by 

increasing the available surface area for 

interaction with Fe2+ ions. Subsequent desorption 

processes in the second cycle show significant 

release percentages of Fe2+ ions, namely 40.88%, 

19.22%, and 8.71%, highlighting the adsorbent's 

ability to recover ions from its surface. This 

comprehensive mechanism underscores NiAl-

LDH/POM's capability in effectively adsorbing 

and subsequently desorbing Fe2+ ions, which is 

crucial for wastewater treatment and 

environmental remediation applications. 

 

3.4  pHpzc and Adsorption Mechanism 

The zero charge point (pHpzc) of the material 

presented in Figure 6 shows that the synthesized 

material is at a pH of around 8, where the surface 

charge of the material is neutral. At this pH 

condition, the material operates optimally. If the 

Table 3.  Isotherm parameters of NiAl-LDH, NiAl-LDH/POM, and NiAl- LDH/Hc 

Table 4. Comparison of Fe2+ metal ions onto 

several adsorbents 
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pH is above the pHpzc, the surface charge becomes 

negative, significantly influencing heavy metals 

adsorption mechanisms. The hypothetical 

adsorption mechanisms for heavy metal 

adsorption in materials modified LDH by organic 

or inorganic compounds can be very diverse and 

complex. These mechanisms include ion exchange, 

surface complexation, electrostatic attraction, 

precipitation, intercalation, chelation, and 

interactions with hydroxyl groups. Due to the 

layered structure of LDH materials, heavy metal 

cations can replace anions between the layers 

through ion exchange. Functional groups such as 

-OH, -COOH, and -NH2 interact with heavy metal 

ions, forming complexes and increasing 

adsorption capacity. At a pH above the pHpzc, the 

negatively charged surface of LDH materials 

enhances electrostatic attraction between the 

surface and positively charged heavy metal 

cations. This increased negative charge improves 

adsorption efficiency by attracting more cations to 

the surface.  

This study investigates the mechanisms used 

by the Ni/Al-LDH adsorbent to adsorb Fe2+ ions. 

As shown in Figure 7, the adsorption process of 

Fe2+ ions with Ni/Al-LDH, NiAl-LDH/POM, and 

NiAl-LDH/Hc involves physisorption, surface 

complexation reactions, and ion exchange. From 

the adsorption data, it can be concluded that the 

adsorption mechanism of Fe2+ ions on NiAl-

LDH/POM occurs through physisorption with the 

formation of multilayers. The interactions in the 

adsorption process between Ni-Al-LDH/POM and 

Fe2+ ions are complex and encompass several 

critical aspects.  

NiAl-LDH/POM exhibits a highly negative 

surface charge, especially at pH values higher 

than the pHpzc, allowing positively charged Fe2+ 

ions to interact electrostatically. Functional 

groups such as hydroxyl (-OH) on the LDH surface 

Figure 5. Kinetics curve model of Fe2+ adsorption process pseudo first-order (a), and pseudo second-

order (b) 
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form complexes with Fe2+ ions, enhancing the 

materials ability to capture metal ions. Fe2+ ions 

also replace anions between LDH layers, while 

oxygen groups on POM form hydrogen bonds with 

hydroxyl groups on the LDH surface, stabilizing 

the adsorbed Fe2+ ions. The intercalation 

mechanism allows Fe2+ ions to enter the interlayer 

spaces of LDH. Due to the chemical properties of 

POM that support strong interactions with Fe2+ 

ions, these combined mechanisms result in NiAl-

LDH/POM demonstrating higher adsorption 

capacity than NiAl-LDH/Hc. 

This study has identified the adsorption 

mechanisms of NiAl-LDH, NiAl-LDH/POM, and 

NiAl-LDH/Hc using various types of data such as 

adsorption kinetics, adsorption isotherms, 

desorption, and regeneration. Additional analysis 

using the FT-IR method after adsorption on the 

utilized adsorbent is necessary to gain specific 

insights into these adsorption processes. FT-IR 

studies are required to confirm the chemical 

interactions between the adsorbent and Fe2+ ions, 

thereby understanding the adsorption 

mechanisms. 

4. Conclusions  

In conclusion, the modification of NiAl-LDH 

with polyoxometalate compounds and hydrochar 

(rambutan peel) resulted in NiAl-LDH/POM and 

NiAl-LDH/Hc, which were successfully 

synthesized through the coprecipitation method. 

Characterization using BET and XRD confirmed 

that modification into a composite improved the 

structural characteristics of LDH. Specifically, 

NiAl-LDH/POM showed a more significant 

surface area and interlayer distance than NiAl-

LDH/Hc. These changes affected the increase in 

Fe²⁺ ion adsorption capacity. The NiAl-LDH/POM 

composite demonstrated an adsorption capacity of 

90.091 mg/g, with a 2.74-fold increase, and 47.393 

mg/g for NiAl-LDH/Hc, with a 1.44-fold increase. 

This underscores that modification is necessary to 

enhance the performance of adsorbents in 

adsorbing waste, and the adsorbents can be 

reused up to two adsorption processes. Future 

research should focus on developing LDH 

modification to improve the performance and 

structure of the material, as well as maintaining 

the regeneration stability of the adsorbent. 
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Figure 6. pHpzc of NiAl-LDH, NiAl-LDH/POM, 

and NiAl-LDH/Hc  

Figure 7. Ilustrasion of the Fe2+ ion adsorbate 

remediation mechanism 
Figure 8. Adsorption regeneration adsorpsi and 

desorption 
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