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Abstract: This study investigated the potential of Ni/Cr layered double hydroxide (LDH) and its 

composite with gambier leaf extract (GLE) as an adsorbent for anionic dye removal from the solution. 

Ni/Cr LDH material was synthesized via the co-precipitation method and combined with GLE to form 

Ni/Cr-GLE composite using aquatic solvent under nitrogen conditions. Characterization revealed 

significant structural changes in Ni/Cr-GLE, as seen in XRD, FT-IR, and BET analysis, which showed 

the integration of GLE and an increase in surface area. FT-IR analysis confirmed the presence of 

catechin compounds on the GLE, while BET showed a surface area of 0.65 m²/g on Ni/Cr-GLE, higher 

than 0.42 m²/g on Ni/Cr LDH. Selectivity studies on anionic dyes showed a high affinity of Ni/Cr-GLE 

towards methyl orange (MO), with a maximum adsorption capacity (Qmax) of 214.285 mg/g, much 

higher than that of 36.363 mg/g on Ni/Cr LDH. The isotherms of Ni/Cr-GLE conformed to the 

Freundlich model, while the adsorption kinetics followed the PSO model. In addition, the adsorption 

process occurs spontaneously, absorbing heat (endothermic). Regeneration results showed the ability 

of Ni/Cr-GLE to maintain its adsorption capacity after several reuse cycles, indicating its structural 

stability.  
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1. Introduction 

Synthetic dyes are widely used in the industrial world in both the textile and food 

industries [1–3]. Dyes often contain components that are difficult to decompose naturally, both 

cationic and anionic so that they can pollute water sources [4,5]. In addition, anionic dyes such 

as direct yellow, methyl orange, congo red, remazol red, and direct green are toxic and 

carcinogenic, which endanger ecosystems and humans [6–8]. Hence, there is a need for 

treatment with appropriate methods to remove these contaminants from water sources. 

Among various wastewater treatment methods, adsorption is considered one of the most 

effective and environmentally friendly techniques for removing organic pollutants [9,10]. This 

method has the advantage of being relatively low-cost and easy to apply [11]. Several previous 

studies have proven the effectiveness of adsorption methods in the removal of anionic dye 
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contaminants with various types of materials such as biochar [12], bentonite [13], activated 

carbon [14], Layered Double hydroxide (LDH) [15]. 

LDH has attracted attention as an adsorbent because it has a layered structure and anions 

between the layers [16–18]. However, the lack of structural stability in LDH makes it difficult 

to reuse and less economical [19,20]. This can be overcome by modifying, such as adding 

support materials to LDH [21]. Support materials can be sourced from inorganic and organic 

materials. 

Previous studies have reported improved function in LDH after modification with 

organic materials. Vazquez et al. [22] reported that the synthesis of Mg/Al LDH with tomato 

extract applied as an antioxidant has increased the stability of the structure so that it is not 

oxidized and extends its effective period. Wibiyan et al. [23] also reported an increased 

adsorption capacity of Zn/Al LDH composited with Eucheuma cottonii organic material, which 

was 384.61 mg/g and has been regenerated for 5 cycles on methyl orange adsorption. The 

synthesis of Zn/Al with thyme extract increased the adsorption of methylene blue to 80%, 

which was originally only 16% [24]. 

Using organic materials as support materials is an effective solution for reducing 

chemical waste, as it offers a more environmentally friendly alternative [25–27]. Tong et al. 

[28] reported that the adsorption of copper on gambier leaf bio-adsorbent has an adsorption 

capacity of 9.950 mg/g. In addition, Achmad et al. [29] also reported that gambier leaf bio-

adsorbent was able to remove direct red 23 with a maximum capacity of 26.670 mg/g. In 

previous research, we have modified Ni/Fe LDH with gambier leaf extract for the adsorption 

of malachite green cationic dye [30]. The results showed that the structural stability of Ni/Fe 

gambier leaf extract was higher than that of Ni/Fe LDH, which was enhanced by the percentage 

of malachite green adsorption regeneration. This indicates that gambier leaves are suitable for 

use as LDH support material. 

Gambier leaves (Uncaria gambir) are commonly found in Sumatera, Indonesia. 

Gambier leaves are widely used in herbal medicine due to their high catechin content, 

exceeding 90 mg of flavonoids [31,32]. Catechins have many carbonyl groups that can interact 

with the LDH layer [24,33], increasing the stability of the LDH structure. In addition, 

modifying LDH with gambier leaves can increase its surface area and adsorption capacity for 

absorbing contaminants such as anionic dyes. 

In dye effluent treatment applications, the ability of the adsorbent material to exhibit 

selectivity to specific dye types is critical [34]. This selectivity ensures that the material can 

effectively target key pollutants in complex mixtures, such as anionic dyes often found in 

textile wastewater [35]. In addition, good selectivity enables higher efficiency in the adsorption 

process, reducing material requirements and operational costs [36]. Selectivity studies also 

provide deep insights into the interaction mechanisms between adsorbents and pollutants, such 

as electrostatic interactions, hydrogen bonding, or π-π interactions, which can be optimized for 

industrial-scale applications [37]. Therefore, evaluating adsorbent selectivity is crucial to 

ensure effectiveness under complex environmental conditions. 

This study modified LDH (Ni/Cr) with gambier leaf extract (GLE) obtained by 

maceration technique. The composites were characterized by XRD, FT-IR, and BET surface 

analysis. The adsorption capacity of the composite material was tested by selectivity on 5 

anionic dyes, namely direct yellow (DY), methyl orange (MO), Congo red (CR), remazol red 

(RR), and direct green (DG) (Figure 1). The highest adsorption percentage of the dyes was 
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further tested with the parameters of pH, contact time, concentration, and temperature. In 

addition, the stability of the structure was studied through repeated use. 

 
Figure 1. Structure of (a) DY; (b) MO; (c) CR; (d) RR; (e) DG [38–42] 

2. Materials and Methods 

2.1. Materials and instrumentals. 

The materials used in this study are materials purchased without passing the purification 

process, including gambier (Uncaria gambir) leaves obtained from the South Sumatra region, 

anionic dyes (DY (C42H26N6O6S), MO (C14H14N3NaO3S), CR (C32H22N6Na2O6S2), RR 

(C27H18ClN7Na4O16S5), and DG (C34H23N7Na2O8S2)), nickel (II) nitrate (Ni(NO3)2 x 6H2O), 

chromium (III) nitrate (Cr(NO3)3 x 9H2O), sodium carbonate, sodium chloride, sodium 

hydroxide, ethyl acetate, hydrochloric acid (HCl) obtained from Merck, and aquadest from PT 

Dira Sonita Indonesia. 
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Furthermore, the synthesized materials were characterized with several instruments, 

namely Rigaku Miniflex X-Ray Diffractometer (XRD), BELSORP-miniX Brunauer-Emmett-

Teller (BET) surface area analyzer, Shimadzu Prestige-21 Fourier Transform Infrared (FT-IR) 

spectrophotometer. The selectivity and adsorption of the materials were tested with anionic 

dyes measured with EMC 18 PC UV-Vis. 

2.2. LDH synthesis. 

Nickel (II) nitrate and chromium (III) nitrate solutions were mixed with a concentration 

ratio of 3:1. pH 10 was adjusted by adding 20 mL of 2 M sodium carbonate and 2 M sodium 

hydroxide. The mixture was precipitated by stirring (240 rpm) and heating (80°C) for 10 hours. 

The clay formed was filtered and baked at 105℃. The synthesized Ni/Cr LDH was crushed 

and characterized. 

2.3. Extraction of Gambier leaves. 

Gambier leaves were extracted using the maceration method. 150 mg of dried gambier 

leaves were soaked with 750 mL of ethyl acetate solvent for 1x24 hours. The mixture was 

filtered, then the extract was separated from the filtrate using a rotary evaporator at a 

temperature of 55°C. The gambier leaf extract (GLE) was refined and characterized by XRD 

and FT-IR.  

2.4. Composite synthesis. 

Ni/Cr LDH-GLE composite was synthesized using an aqueous solvent. LDH and GLE 

were mixed in 100 mL of aquadest and ultrasonicated for 45 min. Then, the mixture was reacted 

at 80°C for 24 hours in a nitrogen atmosphere. The formed composite was filtered and dried 

for further characterization. 

2.5. Determination of pH point of zero charge (pHpzc). 

20 mL of NaCl with a concentration of 0.1 M was varied in pH (2-11) by adding HCl 

and NaOH. Then, 20 mg of Ni/Cr LDH and Ni/Cr-GLE were added and shaken for 12 hours, 

and the final pH was measured. The initial and final pH were plotted to get the pHpzc. 

2.6. Selectivity study. 

Selectivity of LDH and LDH-GLE materials was carried out on several anionic dyes, 

namely DY, MO, RR, and DG. Each dye was made at a concentration of 20 ppm and mixed. 

Then, the dye mixture was scanned with UV-Vis. Furthermore, it was adsorbed with time 

variations of 5, 15, 30, 60, and 120 minutes with LDH and LDH-GLE materials. The remaining 

dye concentration was rescanned using UV-VIS, and the adsorption percentage was calculated 

using Equation 1 [43]. The highest capacity of anionic dyes was studied more comprehensively. 

% Adsorption =
(𝐶0− 𝐶𝑡)

𝐶0
× 100%                                (1) 

Where 𝐶0 the initial concentration of dyes (mg/L) and 𝐶𝑡 is the final concentration of 

dyes (mg/L). 
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2.7. Adsorption study. 

2.7.1. Impact of pH. 

20 mL of anionic dye obtained from the selectivity study was prepared at a 

concentration of 30 mg/L. Furthermore, the pH was varied to 5-10 by adding HCl and NaOH. 

Then 20 mg Ni/Cr-GLE was added and adsorbed for 2 hours. The final concentration was 

measured using UV-Vis, and the adsorption capacity was calculated using Equation 2. The 

resulting optimum pH was compared with the pHpzc value. A similar experiment was 

conducted with Ni/Cr LDH as a control variable. 

𝑄𝑒 =
(𝐶0− 𝐶𝑡)

𝑚
𝑉                                (2) 

Where 𝑄𝑒 is adsorption capacity (mg/g), 𝑚 is the mass of adsorbent (g), and 𝑉 is the 

volume of the solutions (L). 

2.7.2. Impact of contact time. 

Variations in contact time were studied to determine the adsorption kinetics of both 

materials. 20 mL of dye with a concentration of 30 mg/L and optimum pH was adsorbed with 

Ni/Cr LDH and Ni/Cr-GLE. Adsorption was conducted with a contact time variation of 10-120 

minutes. The final concentration (𝐶𝑒) was measured by UV-Vis and then used to calculate the 

adsorption capacity (𝑄𝑒) (Equation 2). The reaction kinetics were then determined based on 

the Equation of pseudo-first-order (PFO) (3) and pseudo-second-order (PSO) (4) [43]. 

𝐿𝑜𝑔 (𝑄𝑒 − 𝑄𝑡) = 𝐿𝑜𝑔𝑄𝑒 −
𝑘1

2.303
𝑡        (3) 

𝑡

𝑄𝑡
=

1

𝑘2𝑄𝑒
2

+
1

𝑄𝑒
                                     (4) 

Where 𝑄𝑡 is the amount adsorbed at the time 𝑡 (mg/g), 𝑘1 is the PFO adsorption rate 

constant (1/min), and 𝑡 is time (min). The rate constant 𝑘1 can be determined from the slope of 

a linear plot of 𝐿𝑜𝑔 (𝑄𝑒 − 𝑄𝑡) versus 𝑡. 𝑘2 is the PSO rate constant (g/mg.min), and the rate 

constant 𝑘2 can be determined from a plot of 
𝑡

𝑄𝑡
 versus 𝑡. 

2.7.3. Impacts of concentration and temperature. 

The impacts of concentration and temperature were investigated to understand the 

isotherms and thermodynamics involved in the adsorption process of the anionic dye. Dye 

concentrations were varied to 20, 30, 40, and 50 mg/L in a fixed solution volume of 20 mL. 

The pH of each solution was adjusted to the optimal level for adsorption. A total of 20 mg of 

adsorbent (Ni/Cr and Ni/Cr-GLE) was then added to each solution, and the adsorption process 

was conducted at optimal contact times with temperature variations set at 30, 40, 50, and 60°C. 

The remaining dye concentration was measured using UV-Vis spectrophotometry. The 

adsorption isotherms were modeled according to Langmuir and Freundlich equations 

(Equations 5 and 6) [44]. 

𝑡

𝑄𝑡
=

1

𝑘2𝑄𝑒
2

+
1

𝑄𝑒
                                     (5) 
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𝐿𝑜𝑔 𝑄𝑒 = 𝐿𝑜𝑔 𝐾𝐹 +  
1

𝑛
 𝐿𝑜𝑔 𝐶𝑒            (6) 

In the Langmuir isotherm model, 𝑄𝑚𝑎𝑥 represents the maximum adsorption capacity 

while 𝐾𝐿 is the Langmuir constant, indicating the adsorption affinity for MG. In contrast, the 

Freundlich isotherm describes adsorption on heterogeneous surfaces, where 𝐾𝐹  is the 

Freundlich constant, reflecting adsorption strength, and 𝑛 denotes the adsorption intensity. 

To better understand the adsorption process, thermodynamic parameters are evaluated 

through experiments carried out at different temperatures. These parameters - Gibbs free 

energy change (Δ𝐺°), enthalpy change (Δ𝐻°), and entropy change (Δ𝑆°) - help to reveal 

important aspects of the process, such as spontaneity, heat exchange, and changes in 

irregularity at the solid-liquid interface [45]. 

The value of Δ𝐺°, ΔH°, and Δ𝑆° was calculated using Equations 7 and 8. 

ΔG° =  −RT ln 𝐾𝑑                           (7) 

ln 𝐾𝑑 =
ΔS°

𝑅
− 

ΔH°

𝑅𝑇
                              (8) 

Where 𝐾𝑑 is the distribution coefficient, 𝑅 is the gas constant, and T is the temperature 

in Kelvin. 

2.7. Regeneration study. 

Regeneration was performed to assess the structural stability of the adsorbent. A total 

of 20 mg of Ni/Cr and Ni/Cr-GLE adsorbents were added to 20 mL of dye solution at a 

concentration of 20 mg/L. The mixture was allowed to react for 2 hours, after which the final 

concentration was measured using UV-Vis spectrophotometry, and the adsorption capacity was 

calculated according to Equation 2. Following this, the adsorbent was separated from the 

adsorbate. The adsorbent was then immersed in 50 mL of water and desorbed through 

ultrasonic treatment for 30 minutes. After this treatment, the water was separated from the 

adsorbent, which was then dried for reuse in subsequent cycles. This regeneration process was 

repeated for 5 to 7 cycles.  

3. Results and Discussion 

3.1. Characterization of adsorbent. 

The structural and functional identification of Ni/Cr LDH and Ni/Cr-GLE composite 

materials was conducted using XRD, FT-IR, and surface area analysis. As shown in Figure 2-

a, the XRD results reveal diffraction patterns for Ni/Cr at 2θ = 12.08°, 22.22°, 34.48°, and 

61.16°, corresponding to the Miller indices (003), (006), (012), and (110), respectively (JCPDS 

74-1057). These results align with previous findings reported by Chen et al. [46] and Gamil et 

al. [47] on Ni/Cr characterization by XRD. In the diffractogram of the Ni/Cr-GLE composite 

material, a shift in the (006) peak angle from 22.22° to 20.46° is observed, along with the 

appearance of a new peak at 2θ = 26.12°, suggesting the incorporation of GLE. Consistent with 

earlier studies, a shift in the angle from 22.96° to 23.02° is also noted in the diffractogram of 

Ni/Fe modified with gambier leaf [48]. 
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Figure 2. (a) XRD pattern; (b) FT-IR spectra; (c) N2 adsorption-desorption of Ni/Cr LDH; (d) N2 adsorption-

desorption of Ni/Cr-GLE. 

The FT-IR spectra in Figure 2-b confirm the successful incorporation of GLE, which is 

rich in catechins, into the Ni/Cr LDH structure. The peaks at 1280 cm-¹, which are associated 

with C-O groups, and at 1520 cm-¹, which indicate aromatic C=C bonds [49], support the 

presence of catechin compounds in the Ni/Cr-GLE composite. In addition, the peak at 1387 

cm-¹, which indicates the presence of NO₃- anion in the interlayer [50], indicates that the LDH 

structure retains its interlayer interaction despite the modification. 

The peak at 2916 cm-¹ is related to -CH₂ vibrations, indicating the presence of aliphatic 

groups of organic compounds in gambier extract. On the other hand, the peak at 646 cm-¹ is 

derived from M-O vibrations [51], indicating the metal-oxygen bonds in the LDH structure are 

preserved. The peak at 1620 cm-¹ is related to the deformation of water molecules [52], 

indicating the presence of absorbed water in the LDH layer structure. The presence of these 

organic groups strengthens the adsorption ability of the composite material, which is also 

supported by the changes in crystal structure observed in the XRD results. 

BET images 2-c and 2-d show the nitrogen adsorption/desorption isotherms for Ni/Cr 

LDH and Ni/Cr-GLE, which belong to type IV with hysteresis type H3. Type IV isotherms are 

characteristic of mesoporous materials, which is corroborated by the average pore size of 8.42 

nm for Ni/Cr LDH and 15.78 nm for Ni/Cr-GLE. Type H3 hysteresis is usually associated with 

layered particles or slit-like pores [53], indicating that the pore structure in these two materials 

supports the adsorption capacity. 

On Ni/Cr LDH (Figure 2-c), the relatively small surface area of 0.42 m²/g indicates a 

limited active area for adsorbate molecule interaction. However, after adding GLE to Ni/Cr-

GLE (Figure 2-d), the surface area increased to 0.65 m²/g, and the pore size became larger. 

This increase indicates that the gambier extract provides structural modification, which 

expands the surface area and pores, thereby increasing the adsorption capacity. 
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3.2. Selectivity of anionic dyes. 

Selectivity tests were conducted to evaluate the adsorbent's ability to adsorb various 

types of anionic dyes, such as DY, MO, CR, RR, and DG. Using Ni/Cr LDH and Ni/Cr-GLE 

materials, this selectivity analysis aims to understand dyes' effectiveness and adsorption 

tendency with different chemical structures. This test is very important for practical 

applications, especially in wastewater treatment, where various dyes require the adsorbent 

material to have a good selective ability to adsorb various contaminants with high efficiency. 

The results in Figure 3-a,b show that Ni/Cr LDH and Ni/Cr-GLE can decrease the dye's 

absorbance over time, with Ni/Cr-GLE showing a more significant decrease. However, since 

the absorbance curves for each time tend to overlap, deconvolution is required to separate and 

identify the overlapping spectral components, as shown in Figure 3-c,d. This deconvolution 

helps interpret the adsorption results more clearly, enabling a more detailed analysis of each 

dye’s kinetics and adsorption mechanisms. 

  

  
Figure 3. Selectivity of anionic dyes' absorbance (0-120 minutes) by (a) Ni/Cr LDH; (b) Ni/Cr-GLE, and 

deconvolution of anionic dyes’ absorbance using Gaussian curve fit of (c) Ni/Cr LDH; (d) Ni/Cr-GLE.  

 

Based on the adsorption percentage data (Table 1), it can be seen that Ni/Cr LDH and 

Ni/Cr-GLE materials show different selectivity towards various anionic dyes, with both having 

the highest adsorption for MO. This suggests that Ni/Cr and Ni/Cr-GLE materials have a high 

affinity for MO compared to other anionic dyes such as DY, CR, RR, and DG. The interaction 

between the functional groups on MO and the material surface plays an important role in this 

selectivity. 

The high selectivity towards MO can be explained by the strong electrostatic interaction 

between MO anions and the surface of Ni/Cr LDH and Ni/Cr-GLE materials. These materials 

contain a hydroxide layer with a positive charge that can attract MO anions through 

electrostatic attraction [54]. In addition, the aromatic structure and specific functional groups 

on MO may more suitably interact with the active sites on the surface of these materials [30], 

thereby enhancing adsorption. This selectivity is important in sewage treatment applications as 
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it shows that Ni/Cr LDH and Ni/Cr-GLE are more effective in targeting and removing MO 

than other anionic dyes. 

Table 1. Percentages of anionic dye adsorption. 

Dyes 
% Adsorption 

Ni/Cr Ni/Cr-GLE 

DY 64.486 44.886 

MO 67.371 47.332 

CR 66.817 32.220 

RR 63.896 31.582 

DG 4.155 26.650 

3.3. Adsorption study. 

In this study, the analysis of pHpzc of materials, optimum pH, adsorption kinetics, 

adsorption isotherms, and thermodynamics provides an in-depth understanding of the 

effectiveness of Ni/Cr LDH and Ni/Cr-GLE in adsorbing MO. Based on Figure 4-a, the pHpzc 

values for Ni/Cr LDH and Ni/Cr-GLE are 7.00 and 7.23, respectively, indicating that the 

material surface will be positively charged at pH below this value and negatively charged at 

pH above it. This condition is important because MO is an anionic dye that will be more 

attracted to positively charged surfaces. Hence, pH values below pHpzc favor strong 

electrostatic interactions with MO anions [35]. 

Figure 4-b shows that the optimum pH for MO adsorption is 5, below pHpzc. At this 

pH, Ni/Cr LDH and Ni/Cr-GLE surfaces are sufficiently positively charged, thus supporting 

the electrostatic attraction towards MO anions and increasing the adsorption capacity [55]. This 

interaction maximizes the adsorption efficiency by directing MO to active sites on the 

adsorbent surface, accelerating the achievement of adsorption equilibrium. 

  

 
Figure 4. (a) pHpzc; (b) pH optimum; (c) Kinetics of Ni/Cr LDH and Ni/Cr-GLE. 

 

The adsorption study revealed that the optimal contact times for effective dye removal 

were 70 minutes for Ni/Cr LDH and 80 minutes for Ni/Cr-GLE. Furthermore, Figure 4-c 
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illustrates the adsorption kinetics, showing that Ni/Cr-GLE fits the Pseudo-Second Order 

(PSO) model better, while Ni/Cr LDH fits the Pseudo-First Order (PFO) model better. This can 

be seen from the higher R2 values of each model, 0.998 for PSO on Ni/Cr-GLE and 0.999 for 

PFO on Ni/Cr LDH, indicating a good fit between the model and the experimental data (see 

Table 2). 

Table 2. The kinetics parameter of PFO and PSO of Ni/Cr LDH and Ni/Cr-GLE. 

Materials 
 PFO   PSO   

Qeexp Qecalc K1 R2 Qecalc k2 R2 

NiCr 37.671 37.545 0.131 0.999 40.264 0.005 0.958 

NiCr-GLE 37.692 31.161 0.021 0.993 43.702 3.862 0.998 

On Ni/Cr-GLE, the PSO model produced a Qecalc value of 43.702 mg/g, close to Qexp 

of 37.692 mg/g. This indicates that the adsorption kinetics of Ni/Cr-GLE follow the PSO 

mechanism, indicating significant chemical interactions between MO and the active sites 

formed by the functional groups of GLE on the material surface [30]. 

In contrast, the adsorption on Ni/Cr LDH is more in line with the PFO model, with 

37.545 mg/g, which is close to Qecalc's 37.671 mg/g. This suggests that the adsorption process 

on Ni/Cr LDH is controlled by a more dominant physical mechanism, with the adsorption rate 

being more dependent on the initial interaction between the MO and the material surface. 

This difference in adsorption mechanism highlights the effect of surface modification 

by GLE on Ni/Cr-GLE, strengthening the chemical interactions and thus better fits the PSO 

model. This indicates that Ni/Cr-GLE has more potential for applications that require strong 

chemical adsorption, while Ni/Cr LDH is more suitable for applications influenced by physical 

interactions. 

Based on the data from Table 3, the adsorption isotherms of MO on Ni/Cr LDH and 

Ni/Cr-GLE showed different results at various temperatures, indicating the great influence of 

material modification with GLE on the maximum adsorption capacity (Qmax). Ni/Cr-GLE had 

a higher Qmax at 60°C, which amounted to 214.29 mg/g, compared to Ni/Cr LDH, which only 

reached 36.36 mg/g at the same temperature. This significant increase is thought to be due to 

the presence of active functional groups on GLE, such as hydroxyl (-OH) and carbonyl (C=O) 

groups, which can interact strongly with MO molecules through hydrogen bonding and 

electrostatic interactions [56], thus increasing the number of active sites on the adsorbent 

surface. In addition, BET characteristics show that Ni/Cr-GLE has a better mesoporous 

structure, enabling more efficient diffusion of MO molecules into the pores and favoring an 

increased adsorption capacity.  

Table 3. The adsorption isotherm Langmuir and Freundlich Ni/Cr LDH and Ni/Cr-GLE. 

Material T (°C) 
Langmuir Freundlich 

Qmax kL R2 n kF R2 

Ni/Cr LDH 

30 14.556 0.014 0.126 0.671 0.954 0.492 

40 76.923 0.007 0.009 0.821 2.011 0.840 

50 28.653 0.018 0.353 1.316 5.269 0.526 

60 36.363 0.223 0.526 2.532 1.002 0.888 

Ni/Cr-GLE 

30 39.840 0.006 0.042 0.870 1.488 0.653 

40 40.816 0.015 0.038 2.533 1.002 0.330 

50 80.000 0.012 0.101 1.316 5.269 0.760 

60 214.285 0.001 0.005 1.012 47.393 0.936 
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The Freundlich isotherm model better fits both materials at several temperatures, with 

higher R2 values than the Langmuir model. This indicates that adsorption occurs on a 

heterogeneous surface [57], where the parameter n greater than 1 indicates that the adsorption 

intensity increases as the MO concentration increases. Especially for Ni/Cr-GLE, the strong 

interaction between the functional groups of GLE and MO molecules further strengthens the 

adsorption capacity, making this material more effective in adsorbing MO than Ni/Cr LDH. A 

comparison of these Qmax values with those reported in previous studies on methyl orange 

adsorption is provided in Table 4, further demonstrating the enhancement achieved with GLE 

modification. 

Table 4. The comparison of Qmax of methyl orange adsorption. 

Materials Qmax (mg/g) References 

Chitosan bead-like 12.460 [58] 

Stipa tenacissima L 16.940 [59] 

Zn/Co/Fe LDH-chitosan 165.890 [60] 

Mg/Al LDH 197.620 [61] 

Corn cob biochar 86.380 [62] 

Chrysotile nanotubes 31.460 [63] 

Bentonite 308.000 [13] 

Activated carbon 42.600 [64] 

Ni/Cr LDH 36.363 This Study 

Ni/Cr-GLE 214.285 This Study 

The thermodynamic parameters obtained for the adsorption process with Ni/Cr and 

Ni/Cr-GLE showed some important characteristics. The positive enthalpy change (ΔH°) 

values, 35.176 kJ/mol for Ni/Cr and 27.824 kJ/mol for Ni/Cr-GLE (see Table 5) indicate that 

the adsorption process is endothermic [65]. The higher ΔH° value for Ni/Cr indicates that this 

material requires more energy to adsorb the dye compared to Ni/Cr-GLE. This difference may 

be due to the presence of catechin functional groups from GLE on Ni/Cr-GLE, which allows 

the adsorption process to occur more efficiently with lower energy requirements. 

Table 5. Thermodynamic parameters of Ni/Cr and Ni/Cr-GLE.  

Materials 
Conc. ΔH° ΔS° ΔG° (kj/mol) 

(mg/L) (kj/mol) (J/mol.K) 303 K 313 K 323 K 333 K 

Ni/Cr 50 35.176 0.108  1.567 0.152 -1.263 -2.678 

Ni/Cr-GLE 50 27.824 0.084  2.038 1.305 0.5718 -0.161 

In addition, the positive entropy change (ΔS°), 0.108 kJ/mol-K for Ni/Cr and 0.084 

kJ/mol-K for Ni/Cr-GLE indicates an increase in disorder at the solid-liquid interface during 

the adsorption process [66]. The higher ΔS° for Ni/Cr indicates that its adsorption produces 

more disorder in the system, possibly due to less organized interactions than Ni/Cr-GLE. The 

slight decrease in entropy values for Ni/Cr-GLE may be due to stronger and more structured 

interactions facilitated by the functional groups of the GLE [30]. 

The change in Gibbs free energy (ΔG°) values varied as the temperature increased, 

reflecting the spontaneity of the adsorption process [67]. At low temperatures (303 K and 313 

K), both materials show positive ΔG° values, indicating that the adsorption is not spontaneous 

[60]. However, as the temperature rises to 323 K and 333 K, ΔG becomes negative, indicating 

that the adsorption process becomes spontaneous at higher temperatures [68]. In the Ni/Cr 

material, the ΔG value transitions from positive to negative between 313 K and 323 K, which 

means that the adsorption becomes more favorable above the ambient temperature of 313 K. 

At 333 K, ΔG° is more negative (-2.6787 kJ/mol), indicating that the adsorption becomes more 

https://doi.org/10.33263/BRIAC153.042
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC153.042  

 https://biointerfaceresearch.com/ 12 of 19 

 

spontaneous as the temperature increases. Meanwhile, Ni/Cr-GLE also shows a transition 

towards negative ΔG° at 333 K, although the ΔG° value is close to zero, indicating that this 

material is less spontaneous than Ni/Cr at high temperatures. This may be due to the specific 

interactions of the Ni/Cr-GLE material that limit spontaneous adsorption. 

Thus, this analysis shows that Ni/Cr-GLE with gambier extract modification offers a 

slightly more energy-efficient adsorption process and has more structured interactions. 

However, its spontaneity is lower than that of Ni/Cr, indicating that Ni/Cr-GLE may be more 

suitable for controlled adsorption applications or in systems where temperature regulation is 

possible.3.4. Regeneration of materials. 

The regeneration results in Figure 5 show that although the initial adsorption capacity 

of Ni/Cr is higher, at 69.17%, compared to Ni/Cr-GLE, the stability of Ni/Cr-GLE is far 

superior at each regeneration cycle. Ni/Cr experienced a drastic decrease of more than 20% in 

the second cycle, dropping from 69.17% to 40%, and continued to decrease until it reached 

23.7% in the seventh cycle. In contrast, Ni/Cr-GLE maintained a more stable adsorption 

capacity, despite the decrease, but more moderate in each cycle, from 52.77% at the beginning 

of regeneration to 44.43% in the seventh cycle. The stability of Ni/Cr-GLE is thought to be due 

to the presence of additional functional groups from GLE on the adsorbent surface, which 

strengthens the material's adsorption capacity and structural resistance during the regeneration 

process. Thus, as seen in Figure 5, Ni/Cr-GLE has the advantage of stability for repeated use 

in sewage treatment applications, making it a more efficient choice than unmodified Ni/Cr. 

 
Figure 5. Regeneration of Ni/Cr LDH and Ni/Cr-GLE in seven cycles. 

3.5. Mechanism of adsorption. 

The FT-IR analysis in Figure 6-a provides evidence supporting the adsorption 

mechanism illustrated in Figure 6-b. The rise in the O–H stretching band at 3746 cm⁻¹ indicates 

enhanced hydrogen bonding interactions between hydroxyl groups on Ni/Cr-GLE and MO 

molecules [69]. The increased intensity of the -NO₃⁻ peak at 1380 cm⁻¹ suggests a stronger 

interaction or stabilization of nitrate ions due to electrostatic effects after MO adsorption [70]. 

Similarly, the heightened C–O peak at 1273 cm⁻¹ and M–O vibrations at 646 cm⁻¹ reflect 

stronger interactions between MO molecules and functional groups or metal sites on the 

composite. These consistent intensity increases validate the proposed adsorption mechanism, 
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where GLE modification introduces functional groups that amplify hydrogen bonding and 

electrostatic forces, enhancing the adsorption efficiency of Ni/Cr-GLE for MO. 

 
Figure 6. (a) Spectra FTIR after adsorption; (b) mechanism of adsorption MO by Ni/Cr-GLE.  

4. Conclusions 

The characterization of Ni/Cr LDH and Ni/Cr-GLE adsorbents showed significant 

structural and functional changes after adding GLE, which was confirmed through XRD, FT-

IR, and BET analysis results. XRD results showed a shift and appearance of new peaks, 

indicating the integration of GLE into the LDH structure. FT-IR spectra confirmed the presence 

of catechin compounds from GLE, such as C-O groups, aromatic C=C, and -CH₂ groups, which 

supported the increased adsorption capacity. BET analysis showed an increase in surface area 

from 0.42 m²/g in Ni/Cr LDH to 0.65 m²/g in Ni/Cr-GLE, as well as a mesoporous structure 

with H3-type hysteresis suitable for high adsorption capacity. Selectivity test results revealed 

that Ni/Cr LDH and Ni/Cr-GLE have a stronger affinity to the MO. The maximum adsorption 

capacity (Qmax) value drastically increased, from 36.363 mg/g in Ni/Cr LDH to 214.285 mg/g 

in Ni/Cr-GLE, reflecting the enhanced effectiveness after modification. This adsorption study 

followed the Freundlich isotherm model and the PSO kinetics model, indicating that chemical 

interactions were dominant on Ni/Cr-GLE compared to the physical mechanism that dominated 

on Ni/Cr LDH. 
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