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Abstract 

A NiFe layered double hydroxide (LDH) composite with Uncaria gambir (UG) leaf extract was successfully synthesized. 

The composite (NiFe-UG LDH) and the base material (NiFe LDH) were identified using X-ray Diffraction (XRD), 

Fourier Transform Infra Red (FTIR), and Brunauer-Emmett-Teller (BET) Surface Area techniques. The XRD and FTIR 

results revealed the incorporation of gambier leaf extract into the NiFe LDH structure, as indicated by the combined 

diffraction patterns and spectral features. The BET analysis indicated a decrease in the surface area of NiFe-UG LDH 

compared to that of NiFe LDH, suggesting that active compounds from the gambier leaf extract effectively coated the 

LDH surface and blocked its pores. During malachite green (MG) adsorption, NiFe-UG demonstrated faster adsorption 

kinetics and a higher adsorption efficiency, reaching 96.420% compared to 92.085% for NiFe LDH. While both materials 

followed pseudo-first-order kinetics, their isotherm behaviors differed: NiFe-UG adhered to the Langmuir model, 

indicating monolayer adsorption, whereas NiFe LDH followed the Freundlich model, signifying multilayer adsorption. 

Further analysis suggested that adsorption in NiFe LDH was primarily governed by physisorption, while in NiFe-UG, 

a combined physisorption-chemisorption mechanism occurred. These results underscore the enhanced adsorption 

capacity of the composite material, attributed to the introduction of additional functional groups from the gambier leaf 

extract. 
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1. Introduction  

Pollution of the aquatic environment has 

become an increasing concern. Various types of 

waste such as dye waste have been found in water 

bodies [1]. Malachite green (C23H25CIN2) is one of 

dyes that is often used by industry as a dye for 

clothing, distilleries, paper, and food [2–4]. In 

addition, malachite green (MG) is also often used 

* Corresponding Author. 

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

as a neutralizer of bacteria and fungi in the 

aquaculture industry because of its effectiveness 

and cheapness [5]. However, the persistent 

presence of MG in water bodies can cause serious 

health problems, so methods to deal with it are 

being addressed [6]. Adsorption is a commonly 

used method because it is easy to implement and 

relatively inexpensive [7]. Some materials that 

have been used in previous studies such as biochar 

[8], bentonite [9], zeolite [10], and layered double 

hydroxide (LDH) [11]. 

https://journal.bcrec.id/index.php/bcrec
https://creativecommons.org/licenses/by-sa/4.0
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LDH is clay-like materials that often function 

as adsorbents [12–14]. LDH comprises of divalent 

(M2+) and trivalent (M3+) metal ions, arranged in 

a layered structure [15,16]. The advantages of 

LDH include their extensive surface area, high 

capacity for anion exchange, and their ability to 

adsorb a wide range of pollutants, such as heavy 

metals and dyes [17]. LDH is also flexible to be 

modified with various other materials to improve 

its adsorption performance, making it a highly 

potential material for environmental applications 

[18]. However, LDH has some disadvantages, 

such as the tendency to peel off or decompose 

during adsorption, which can reduce its 

effectiveness [19]. In addition, regeneration of 

these materials is often not optimal without 

structural modifications. To solve these 

disadvantages, LDH is usually composited with 

other substances, like an organic materials.  

Using organic materials as precursors for 

LDH modification is considered more 

environmentally friendly and has been shown to 

enhance the performance of LDH as an adsorbent. 

For example, the addition of Eucheuma cottonii, a 

natural material, has successfully improved 

LDH’s structural stability, allowing it to be reused 

for anionic dye adsorption across 4-5 cycles [20]. 

Similarly, LDH modified with spirulina has 

demonstrated increased adsorption capacity for 

malachite green dye, with over 90% efficiency 

maintained across four cycles [21]. These findings 

highlight the potential of natural materials as 

effective LDH supports, with Uncaria gambir 

being a particularly promising candidate. 

Uncaria gambir is one of the organic 

materials that can be used to composite with LDH 

because bioactive compounds, especially 

catechins, account for more than 90% mg CE [22]. 

Catechins are polyphenolic compounds with 

abundant hydroxyl (-OH) groups, making them 

highly reactive towards various types of 

pollutants [23]. These -OH groups play an 

essential role in increasing adsorption capacity as 

they can interact with pollutant molecules 

through hydrogen bonding and electrostatic 

interactions [24]. In the context of compositing 

with materials such as LDH, the functional 

groups of catechins not only help increase the 

adsorption capacity but also stabilize the 

material’s structure, making it more durable and 

effective in the adsorption and regeneration 

process.  

In this study, the adsorption ability of NiFe 

LDH was enhanced by addition of the organic 

material such as gambier leaf using the co-

precipitation method. The resulting composites 

were identified using XRD, FTIR, and BET 

techniques. Adsorption experiments were 

performed on both NiFe LDH and NiFe-UG LDH 

using malachite green dye, with variables 

including pH value, contact period, dye 

concentration, and temperature. Additionally, the 

structural stability of the materials was evaluated 

through regeneration tests involving multiple 

cycles of use. 

 

2. Materials and Methods 

2.1  Chemical and Instrumentation 

The substances used in this research included 

Gambier leaf (Uncaria gambir) sourced from the 

village of Babat Toman, Indonesia, malachite 

green, ethyl acetate (CH3COOCH2CH3), sodium 

carbonate (Na2CO3), sodium hydroxide (NaOH), 

nickel(II) nitrate (Ni(NO3)2.6H2O), iron(III) 

nitrate (Fe(NO3)3.9H2O, and hydrochloride acid 

(HCl) which was purchased from Merck without 

purification.  

In addition, the equipment used included 

analytical balance, standard glassware, orbital 

shaker, oven, pH meter, BELSORP-miniX 

Brunauer–Emmett–Teller (BET) surface area 

analyzer, Rigaku Miniflex XRD, Shimadzu 

Prestige-21 Fourier Transform Infrared 

spectrophotometer and Biobase BK-UV 1800 PC 

series UV-Vis Spectrophotometer. 

 

2.2  Extraction of Gambier Leaves (Uncaria 

gambir) 

The extraction process of gambier leaves was 

conducted following the method outlined by 

Pramanik et al. [25]. Fresh gambier leaves were 

dried under sunlight to reduce moisture content 

and then pulverized into a fine powder to increase 

the surface area for optimal extraction. In total, 

300 mg of the powdered leaves was soaked in 500 

mL of ethyl acetate for 72 hours, with the solution 

refreshed every 24 hours to maximize the 

extraction of bioactive compounds. After 

filtration, the resulting liquid extract was 

concentrated using a rotary evaporator at 50 °C, 

followed by drying and grinding to achieve a fine 

consistency. To ensure reliability, this extraction 

procedure was repeated three times. The yield of 

the extracted gambier leaves was calculated using 

the Equation (1): 

 
%𝑌𝑖𝑒𝑙𝑑

=
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐸𝑥𝑡𝑟𝑎𝑐𝑡 𝑂𝑏𝑡𝑎𝑖𝑛𝑒𝑑

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐺𝑎𝑚𝑏𝑖𝑒𝑟 𝐿𝑒𝑎𝑣𝑒𝑠 𝑈𝑠𝑒𝑑
𝑥100% 

      (1) 

 

2.3  Synthesize of NiFe LDH 

Synthesis of NiFe LDH using the co-

precipitation technique. Nickel(II) nitrate and 

iron(III) nitrate were mixed in a concentration 

ratio of (0.75 M : 0.25 M). Then 2 M NaOH and 2 

M Na2CO3 were added to alkaline conditions (pH 

= 8). The mixture was continuously stirred and 



 

 

 

Bulletin of Chemical Reaction Engineering & Catalysis, 19 (4), 2024, 575 

Copyright © 2024, ISSN 1978-2993 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

heated to 80 °C for a duration of 17 hours. The 

settled sludge was filtered, dried, and pulverized 

to powder form. 

 

2.4. Synthesize of NiFe-UG LDH 

The composite of NiFe-UG LDH was 

conducted using an aqueous solution. 3 g of NiFe 

LDH was combined with 50 mL of aquadest and 

subjected to sonication for 30 minutes. 

Subsequently, 3 g of gambier extract was added 

and mixed for 24 hours at 80 °C. This procedure 

was carried out in a nitrogen-enriched 

environment. 

 

2.5. Adsorption Experiment 

2.5.1 Determinant of pHpzc and pH impact 

The determination of the pH point of zero 

charge (pHpzc) of adsorbent materials is used to 

understand the interaction between adsorbents 

and ions in solution. A total of 20 mL of 2 M NaCl 

solution was used as a neutral solution, which was 

then varied in pH from 3 to 11. The adsorbent 

material was then added up to 20 mg and stirred 

for 24 hours, after which the final pH was 

measured. Each pH measurement was conducted 

in triplicate to ensure repeatability and 

consistency of results. The pHpzc was obtained 

from a plot of the initial pH and the ΔpH as follows 

in Equation 2. 

 

∆𝑝𝐻 = 𝑝𝐻𝑓𝑖𝑛𝑎𝑙 − 𝑝𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙   (2) 

   

To determine the pH optimum for each 

adsorbent, adsorption experiments were 

conducted over the same pH ranges of 3-11.  The 

adsorption capacity was measured at each pH 

level to identify the pH at which the adsorbent 

exhibited maximum adsorption efficiency. The 

optimum pH was determined by comparing the 

dye adsorbed (Cinitial – Cfinal) at various pH values. 

This pH was then compared to the pHpzc to 

evaluate the influence of the surface charge of the 

adsorbent on the adsorption process.  

 

2.5.2 Contact time impact 

Contact time was studied to determine the 

optimum time and kinetics of adsorption. contact 

time variations were carried out with a time range 

of 0-120 minutes in the optimum pH atmosphere 

on each adsorbent. Each contact time 

measurement was conducted in triplicate to 

ensure repeatability and consistency of results. 

The optimum time was observed when the 

adsorption capacity was in a state of equilibrium. 

The adsorption kinetics were analyzed using 

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

(PSO). The PFO is shown in Equation (3).  

𝑙𝑜𝑔 (𝑄𝑒 − 𝑄𝑡) = 𝑙𝑜𝑔 𝑄𝑒 −
𝑘1

2.303𝑡
   (3) 

 

where Qe is the amount of dye adsorbed at 

equilibrium (mg/g), Qt is the amount adsorbed at 

time t (mg/g), k1 is the rate constant of the PFO 

adsorption (1/min), and t is time (min). The rate 

constant k1 can be determined from the slope of 

the linear plot of log (Qe-Qt ) versus t. Then, PSO 

is given in Equation (4). 

 
𝑡

𝑄𝑡
=

1

𝑘2𝑄𝑒
2 +

1

𝑄𝑒
     (4) 

 

where, k2 is the PSO rate constant (g/mg.min), and 

the rate constant k2 can be determined from the 

plot of t/Qt versus t. 

 

2.5.4 Concentration and temperature impact 

Concentration and temperature experiments 

are used to study isotherms and thermodynamics 

study. The MG concentration was varied at 60, 80, 

100, and 120 mg/L, while the temperature ranged 

from 40 °C to 60 °C. Each concentration and 

temperature measurement was conducted in 

triplicate to ensure repeatability and consistency 

of results. At pH and contact time optimum, 

equilibrium studies were carried out by fitting the 

experimental data to Langmuir and Freundlich 

isotherm. The Langmuir isotherm is represented 

by Equation (5). 

 
1

𝑄𝑒
=

1

𝑄𝑚𝑎𝑥
+

1

𝐾𝐿𝑄𝑚𝑎𝑥𝐶𝑒
    (5) 

 

It was used to calculate the maximum adsorption 

capacity (𝑄𝑚𝑎𝑥) and the Langmuir constant (𝐾𝐿), 

indicating the affinity of adsorption MG. The 

Freundlich isotherm is given in Equation (6). 

 

log 𝑄𝑒 = log 𝐾𝐹 +
1

𝑛
log 𝐶𝑒    (6) 

 

It was used to describe adsorption on 

heterogeneous surfaces, where 𝐾𝐹  and n were 

obtained to evaluate adsorption capacity and 

intensity, respectively. 

To investigate the nature of the adsorption 

process, thermodynamic parameters were 

calculated by conducting adsorption experiments 

at different temperatures.  The Gibbs free energy 

change (Δ𝐺° ) was determined using the Equation 

(7). 

 

∆𝐺𝑜 = −𝑅𝑇 ln 𝐾𝑑    (7) 

 

where, 𝐾𝑑  is the distribution coefficient, 𝑅 is the 

gas constant, and 𝑇 is the temperature in Kelvin. 

The enthalpy change (Δ𝐻°) and entropy change 

(Δ𝑆°) were calculated from Equation (8). 
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ln 𝐾𝑑 =
∆𝑆𝑜

𝑅
−

∆𝐻𝑜

𝑅𝑇
    (8) 

The plot ln 𝐾𝑑  versus 
1

𝑇
  was used to derive the 

values of Δ𝐻° and Δ𝑆°.  
 

2.5.5 Regeneration of adsorbent 

The stability of the adsorbent was 

investigated through MG adsorption over 5 cycles. 

NiFe and NiFe-UG LDH were used to adsorb MG 

under optimum pH and contact time conditions. 

After each adsorption process, the adsorbent was 

separated from the adsorbate, then ultrasonicated 

and dried before reuse. For reliability, each cycle 

was conducted in triplicate, and adsorption 

efficiency (%E) was measured for each cycle 

according to Equation (9). 

 

%𝐸 =
𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙−𝐶𝑓𝑖𝑛𝑎𝑙

𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑥100%   (9) 

 

3. Results and Discussion  

3.1  Characterization of Adsorbent 

The diffractogram of Gambier extract 

displays peaks at 16.83° and 21.81° (Figure 1(a)), 

indicating the presence of secondary metabolites 

such as catechins and anhydrous catechin 

(tannins) [26]. The NiFe LDH diffractogram 

shows characteristic peaks at 11.48° (003), 22.96° 

(006), 34.47° (012), 38.56° (015), 45.89° (018), and 

61.31° (110), which are consistent with the JCPDS 

standard (40-0215) [27,28]. These peaks confirm 

the successful synthesis of the LDH structure. 

Upon modification with Gambier extract, a new 

peak appears at 18.43°, pointing to the 

incorporation of Gambier’s bioactive compounds 

into the LDH matrix. The slight shift of the d006 

peak from 22.96° to 23.02° further suggests an 

interaction between the LDH surface and the 

Gambier metabolites, confirming the formation of 

the NiFe-Gambier composite and showing that 

structural changes have occurred due to the 

Gambier addition. 

Fourier-transform infrared (FT-IR) analysis 

provides further insight into the structural 

integration between NiFe LDH, Gambier extract, 

and the NiFe-UG composite (Figure 1(b)). The 

NiFe LDH spectrum shows bands at 3456 cm⁻¹ 

and 1643 cm⁻¹, which correspond to O–H 

stretching and H–O–H bending vibrations, 

respectively, indicating water molecules in the 

interlayer structure and on the surface of LDH 

[29]. The peak at 1367 cm⁻¹ is attributed to 

interlayer anions (–NO3⁻) [30], while bands at 760 

Figure 1. XRD difractogram (a), spectra of FTIR (b), and N2 adsorption-desorption (c and d) of NiFe LDH 

and NiFe-UG LDH 
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Material 

Surface 

Area 

(m2/g) 

Average 

Pore Size 

(nm) 

Total Pore 

Volume  

(cm3/g) 

NiFe LDH 47.087 8.450 0.198 

NiFe-UG LDH 1.554 26.373 0.020 

cm⁻¹ and 505 cm⁻¹ correspond to Ni–O or Fe–O 

bonds, characteristic of the LDH’s metal-oxygen 

framework [31]. In the NiFe-UG spectrum, new 

peaks appear at 1520 cm⁻¹ and 1280 cm⁻¹, 

associated with C=C and C–O bonds, confirming 

the interaction of Gambier extract with the LDH 

through the presence of secondary metabolites 

[32]. This FT-IR evidence supports the XRD 

results, showing that Gambier extract not only 

binds to the LDH surface but also causes 

structural changes. 

BET analysis and nitrogen adsorption-

desorption isotherms (Figures 1(c) and 1(d)) 

reveal nearly uniform isotherm characteristics for 

both NiFe LDH and NiFe-UG LDH. Both 

materials exhibit a type IV isotherm with a 

hysteresis loop, typical of mesoporous materials, 

signifying a uniform pore size distribution. 

Despite the similar isotherm shape, significant 

differences in surface area and pore size are 

observed, supporting the findings of XRD and FT-

IR, which indicate that structural changes due to 

Gambier extract affect the material’s porosity and 

surface area, ultimately impacting adsorption 

performance. 

According to the BET analysis data in Table 

1, NiFe LDH features a surface area of 47.087 

m²/g, an average pore size of 8.450 nm, and a total 

pore volume of 0.198 cm³/g. With these attributes, 

it can be classified as mesoporous (2-50 nm) [33], 

a structure that is well-suited to adsorb larger 

molecules like Malachite Green (MG), thanks to 

its numerous active sites and defined pathways 

for diffusion. Upon modification with Gambier 

extract, however, the surface area of NiFe-UG 

LDH drops significantly to 1.554 m²/g, with a total 

pore volume reduced to 0.020 cm³/g, despite an 

increased average pore size of 26.373 nm. This 

increase in pore size could support the diffusion of 

larger molecules, yet the substantial reduction in 

surface area limits the overall adsorption 

potential and reduces the number of accessible 

active sites [34]. 

The BET findings confirm structural 

interactions noted in both XRD and FT-IR 

analyses. Gambier extract appears to block 

smaller pores or aggregate particles within the 

LDH (illustrated in Figure 2), leading to a 

decrease in active surface sites [35]. Although the 

larger pores in NiFe-UG LDH may facilitate 

access for sizable molecules, the restricted surface 

area results in a lower adsorption efficiency than 

that of NiFe LDH. 

 

3.2. Adsorption Performance 

3.2.1 pH impact 

pH is essential for the adsorption process 

which can affect the charge on the adsorbent 

surface and the ionization state of the adsorbate 

[36,37]. To determine the stability of the charge on 

the material surface can be determined by 

measuring the pHpzc [38,39]. In the case of NiFe 

LDH and NiFe-UG LDH, the pHpzc values are 

6.913 and 7.105, respectively (Figure 3). This 

suggests that at pH levels greater than pHpzc, the 

surface becomes negatively charged, increasing 

its ability to absorb cationic dyes such as MG. In 

contrast, when the pH is below the pHpzc, the 

surface has a positive charge [40,41]. For 

malachite green adsorption, the optimal pH 

values are 9 for NiFe LDH and 8 for NiFe-UG 

LDH, which are both higher than their respective 

pHpzc values. This suggests that MG dye 

adsorption is mediated by electrostatic 

interactions between the adsorbent surface and 

ions in the solution. 

 

3.2.2 Contact time impact 

To determine the optimal time required for 

the adsorbent to adsorb Malachite Green (MG), 

Table 1. BET data of NiFe LDH and NiFe-UG LDH 

Figure 2. Illustration of reduced surface area 
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Adsorbent 

Qe   Exp PFO PSO 

 Qe Calc 
k1 R2 

Qe Calc 
k2 R2 

(mg/L) (mg/L) (mg/L) 

NiFe LDH 35.980 ± 0.003 35.609 ± 0.383 0.057 ± 0.003 0.993 41.136 ± 0.961 0.002 ± 2.388E-4 0.987 

NiFe-UG LDH 38.500 ± 0.012 38.520 ± 0.341 0.101 ± 0.006 0.992 41.472 ± 1.070 0.004 ± 0.001 0.972 

Material 
T  

(℃) 

Langmuir Freundlich 

Qmax KL R2 n KF R2 

NiFe LDH 60 58.487 ± 30.037 0.124 ± 0.075 0.6262 0.433 ± 0.127 2.642 ± 3.139 0.847 

NiFe-UG 60 41.927 ± 6.570 3.652 ± 1.617 0.9627 1.449 ± 0.23 0.5644 ± 0.0097 0.951 

the effect of contact time was studied. Figure 4 

illustrates that as time increases, the adsorption 

of MG by both NiFe LDH and NiFe-UG LDH also 

increases. Specifically, NiFe-UG LDH achieves its 

optimal adsorption capacity at a contact time of 70 

minutes, which is faster than NiFe LDH, which 

requires 100 minutes to reach the same state. This 

quicker adsorption rate in NiFe-UG may be 

influenced by additional functional groups 

introduced by gambier extract. These groups 

likely enhance MG diffusion into NiFe-UG's 

surface, thereby increasing adsorption efficiency 

within a shorter time frame. 

The adsorption kinetics for both NiFe LDH 

and NiFe-UG LDH are depicted in Figure 4, which 

reveals significant insights into the adsorption 

rate between the adsorbent and the adsorbate. 

Adsorption kinetics analysis provides crucial 

information on how quickly adsorption 

equilibrium can be achieved, a key factor in 

practical applications [42]. In this study, both 

adsorbents adhered to a pseudo-first-order (PFO) 

kinetic model. This is supported by the correlation 

coefficient values (R²) shown in Table 2, where R² 

for the PFO model is higher than for the pseudo-

second-order (PSO) model. 

Additionally, the adsorption capacities in the 

PFO model-experimental (Qe exp) and calculated 

(Qe calc) are closely matched, further confirming 

that the adsorption process of MG on NiFe-based 

adsorbents is driven by surface-active sites. These 

findings underscore the importance of active sites 

on the adsorbent surface in facilitating rapid and 

effective adsorption of MG. 

 

3.2.3 Concentration and temperature impact 

The concentration variation in MG adsorption 

by NiFe LDH and NiFe-UG LDH was analyzed to 

understand the underlying adsorption 

mechanisms. Adsorption isotherms, specifically 

the Langmuir and Freundlich models, were 

applied to assess these mechanisms. As indicated 

in Table 3, NiFe-UG LDH aligns with the 

Langmuir isotherm model, suggesting monolayer 

Figure 3. Optimum pH and pHpzc of NiFe LDH 

and NiFe-UG 

Figure 4. Contact time and adsorption kinetic of 

NiFe LDH and NiFe-UG LDH 

Table 2. Determination of PFO and PSO of NiFe LDH and NiFe-UG LDH 

Table 3. Isotherm adsorption of NiFe LDH and NiFe-UG LDH 
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Material C (mg/L) ΔH ° (kJ/mol) ΔS° (kJ/mol) 
ΔG° (kJ/mol 

303 K 313 K 323 K 333 K 

NiFe LDH 120 33.964 ± 2.168  0.125 ± 0.007 −3.911 ± 2.177 −5.161 ± 2.179 −6.411 ± 2.179 −7.661 ± 2.179 

NiFe-UG 120 40.507 ± 4.928 0.154 ± 0.016 −6.155 ± 6.906 −7.655 ± 7.034 −9.155 ± 7.141 −10.655 ± 7.249 

Materials Time (min) Qmax (mg/g) References 

Rice Husk 60 6.500 [51] 

ZnAl-[SiW12O40] 120 37.514 [46] 

PMMA/GO-Fe3O4 35 3.500 [52] 

Jack Fruit Ash 165 20.410 [53] 

Catha edulis 60 5.620 [54] 

Artemit 160 10.058 [55] 

Clay-Biochar 120 12.125 [56] 

MgCr LDH 70 33.784 [45] 

NiFe LDH 100 58.487 This study 

NiFe-UG 70 41.927 This study 

adsorption on a homogeneous surface with specific 

interactions between adsorbent and adsorbate 

[43]. This is notable because, despite its smaller 

surface area, NiFe-UG LDH effectively utilizes 

active sites due to the uniform surface properties 

and the presence of functional groups from the 

gambier extract. These functional groups, like -

OH and catechins, enhance bonding affinity with 

MG through hydrogen bonding or electrostatic 

interactions, making the adsorption process more 

efficient. 

In contrast, NiFe LDH follows the Freundlich 

isotherm model, typically associated with 

adsorption on heterogeneous surfaces with 

varying adsorption energies [44]. Despite NiFe 

LDH’s larger surface area, its adsorption capacity 

is lower, as seen in Table 5, where NiFe LDH’s 

maximum adsorption capacity (Qmax) of 58.487 ± 

30.037 mg/g is higher than NiFe-UG LDH’s 

41.927 ± 6.570 mg/g, yet both still fall within 

competitive ranges relative to other adsorbents, 

such as MgCr LDH and ZnAl-[SiW12O40] [45,46]. 

The less efficient contact in NiFe LDH results 

from its heterogeneous surface, reducing its 

effectiveness compared to the uniformly modified 

surface of NiFe-UG LDH. 

The thermodynamic parameters for MG 

adsorption on both NiFe LDH and NiFe-UG LDH, 

shown in Table 4, provide additional insights into 

the adsorption process. For NiFe LDH, the 

negative Gibbs free energy (ΔG°) values confirm 

the spontaneity of the adsorption process, while 

the positive enthalpy change (ΔH°) indicates that 

the adsorption is endothermic, suggesting weak 

interactions between MG and the adsorbent 

surface [47]. The positive entropy change (ΔS°) 

observed further implies an increase in 

randomness at the solid-liquid interface, a typical 

feature of physisorption [48]. 

NiFe-UG LDH, which also exhibited negative 

ΔG° values, confirms spontaneity in the 

adsorption process. However, the comparatively 

higher ΔH° values for NiFe-UG LDH suggest 

stronger and more complex interactions between 

MG and the adsorbent, likely due to the additional 

hydroxyl and catechin groups from the gambier 

extract that enhance binding affinity [49]. This 

increase in binding complexity corresponds to the 

greater energy requirement for NiFe-UG LDH 

adsorption. Additionally, the positive ΔS° value 

aligns with the increased randomness at the 

interface, similar to the trend seen in NiFe LDH, 

further reinforcing the stability and efficiency of 

NiFe-UG in capturing MG molecules. The 

thermodynamic and isotherm data, together with 

the adsorption efficiency comparisons in the table, 

demonstrate that NiFe-UG LDH's performance is 

favorable not only due to its structural properties 

but also because of the beneficial modifications 

from the gambier extract. 

 

3.2.4 Regeneration of adsorbent 

The regeneration process enhances the 

adsorbent’s cost-effectiveness and sustainability 

by enabling multiple reuses [50], reducing the 

overall operational costs associated with fresh 

adsorbent materialsdy evaluated the stability of 

NiFe LDH and NiFe-UG LDH adsorbents over 

five adsorption-desorption cycles, using ultrasonic 

assistance to improve the regeneration process. As 

illustrated in Figure 5, both adsorbents 

demonstrated commendable reusability, with 

NiFe-UG LDH showing a marginally higher 

adsorption efficiency compared to NiFe LDH. 

Table 4. Thermodynamics adsorption of NiFe LDH and NiFe-UG LDH 

Table 5. Comparison of adsorption capacity of various materials on MG 
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Specifically, the adsorption efficiency for 

NiFe-UG LDH decreased from 96.420% in the first 

cycle to 86.614% in the fifth, while NiFe LDH 

showed a slight drop from 92.085% to 86.305%. 

This consistent performance indicates that the 

structural integrity and active adsorption sites of 

both materials are largely preserved across 

multiple cycles. However, the slightly superior 

performance of NiFe-UG LDH can be attributed to 

the functional groups provided by the gambier 

extract, which may enhance stability and 

reinforce the binding affinity with MG. These 

results underscore the practicality of NiFe-UG 

LDH as a sustainable adsorbent choice, with 

enhanced regeneration capacity that supports 

prolonged usage and reduces waste, thereby 

adding value to wastewater treatment 

applications. 

 

3.2.5 Adsorption mechanism of MG 

The adsorption mechanism envisioned in this 

study is illustrated in Figure 6. The optimum pH 

of both adsorbents is above the pHpzc, indicating 

that the surface of the material is negatively 

charged. This may lead to electrostatic 

interactions in the MG adsorption process with 

both NiFe LDH and NiFe-UG. Based on the 

results of pH, contact time, concentration, and 

temperature tests, NiFe LDH adsorbs by 

physisorption mechanism. On the other hand, 

NiFe-UG adsorbs MG by a combination of 

physisorption-chemisorption mechanisms. This is 

indicated by the interaction of hydroxyl groups 

and catechins with adsorbate. This is also shown 

in the FT-IR Spectra before and after adsorption 

(Figure 7), where there was a change in intensity 

at wavenumbers 1643, 1367, and 760 cm-1. 

Figure 5. Regeneration of NiFe LDH and NiFe-

UG LDH 

Figure 6. Mechanism of adsorption of Malachite Green 
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4. Conclusions 

This study successfully synthesized NiFe 

LDH and NiFe-UG LDH for the treatment of 

Malachite Green (MG) dye, highlighting key 

factors such as pH, contact time, concentration, 

and temperature in the adsorption process. The 

optimal pH for MG adsorption was 9 for NiFe 

LDH and 8 for NiFe-UG LDH, enhancing 

electrostatic interactions due to the negatively 

charged surfaces. NiFe-UG LDH exhibited a 

faster adsorption capacity, reaching its peak in 70 

minutes, compared to 100 minutes for NiFe LDH, 

likely due to functional groups from gambier 

extract that facilitate MG diffusion. Experimental 

results showed NiFe-UG LDH had a higher 

adsorption efficiency of 96.420% versus 92.085% 

for NiFe LDH, with both following a pseudo-first-

order kinetic model. Adsorption isotherm analysis 

indicated that NiFe-UG LDH adheres to the 

Langmuir model, suggesting monolayer 

adsorption, while NiFe LDH follows the 

Freundlich model, indicating a heterogeneous 

surface. Thermodynamic studies confirmed that 

both reactions were spontaneous and 

endothermic, with NiFe-UG requiring more 

energy. High stability was observed in reusability 

tests for both materials, underscoring their 

practical applicability in wastewater treatment. 

The study concludes that the adsorption 

mechanism in NiFe primarily operates through 

physisorption, whereas NiFe-UG involves a 

combination of physisorption and chemisorption. 

Future research should focus on modifications to 

enhance adsorption efficiency and evaluate 

effectiveness against a wider range of pollutants. 
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