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Abstract 

Methylene blue dye is hard to degrade and requires treatment using Ni-Al Layered double hydroxides (LDHs) 

modified with magnetite biochar (MBC) to form Ni-Al/magnetite biochar composite in overcoming environmental 

pollution. Material attainment was identified by characterization using X-Ray Diffraction (XRD), Fourier Trans-

form – Infra Red (FT-IR), Branuer Emmet Teller (BET), Scanning Electron Microscopy – Energy Dispersive X-Ray 

(SEM-EDX) and Vibration Sample Magnetometer (VSM). XRD characterization displays angle 2θ at 11°, 60° is a 

typical angle of LDH, and angles 22° and 35° of magnetite biochar. FT-IR characterization analysis at wavelength 

1381 cm-1 for NO3
- group and M-O group at wave number 700 cm-1. C-H group on biochar at 1404 cm-1 and wave 

number 586 cm-1 for Fe-O group. BET characterization analysis of Ni-Al/MBC has a large surface area and pore 

volume of 127.310 m²/g and 0.1950 cm³/g. SEM characterization analysis of Ni-Al/MBC has large, coarse pores and 

non-uniform shape, EDX data shows that there are forming elements such as Ni, Al from LDH and, Fe, C ele-

ments from magnetite biochar. pH, kinetics, isotherms, and thermodynamics become influential in adsorption pro-

cesses. The adsorption capacity of the composite reaches 68.493 mg/g by following the Langmuir equation and ad-

sorption kinetics refers to the Pseudo Second Order (PSO) equation. Adsorption continuity is spontaneous and en-

dothermic. Ni-Al/MBC has stability in the process of adsorbent regeneration up to five adsorption cycles and, 

therefore can be used as a potential adsorbent in the treatment of methylene blue dye in aqueous environmental 

pollution.  
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1. Introduction 

The consumption of dyes has grown rapidly 

along with the development of various products, 

especially textiles. The environmental impact of 

* Corresponding Author. 

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

Received: 1st October 2023; Revised: 15th November 2023; Accepted: 16th November 2023 

Available online: 17th November 2023; Published regularly: December 2023 

industrial development is untreated waste, re-

sulting in water pollution. Retrieved from [1] 

dyeing and finishing products from the textile 

industry generate 20,000 tonnes of dyestuffs to 

discharge into water bodies. Non-biodegradable 

textile dyes such as cationic dye methylene blue 

are contributing to excess Biochemical Oxygen 
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Demand (BOD) and Chemical Oxygen Demand 

(COD) concentrations in water bodies [2]. 

Methylene blue has an aromatic heterocyclic 

structure (C16H18ClN3S) with a molecular 

weight of 319.85 g/mol [3]. The blue color of 

methylene blue comes from the interaction of 

the chromophore group conjugated to the N-S 

group located within the central aromatic het-

erocyclic [4]. Conversely, the auxochrome group 

is an N-containing component with an unbound 

electron pair located in the benzene ring [5]. 

Disposal of untreated methylene blue can have 

adverse health effects on humans, such as kid-

ney, tissue necrosis, cyanosis, difficulty in 

breathing, yellow jaundice, and vomiting [6,7]. 

Numerous chemical, physical, and biological 

methods have been employed in dye treatment, 

including ion exchange [8], membrane filtration 

[9], coagulation-flocculation [10,11], chemical 

oxidation [12], photo-degradation [13], and 

sludge ponds [14]. However, they are not cost-

effective and provide waste products after pro-

cessing [15]. The adsorption method was cho-

sen considering its advantages, such as easy 

and cheap equipment, efficiency and effective-

ness in dye treatment, fast reaction kinetics, 

and re-generating adsorbent [16]. Adsorbents 

that have been developed in adsorption meth-

ods include silica gel [17], zeolite [18], clay [19], 

fly ash [20], activated carbon [21], magnetic 

[22], and layered double hydroxy [23]. 

Layered double hydroxide (LDH) becomes a 

prestigious adsorbent because it has a unique 

structure in which anion interlayer can be ex-

changed with other ions such as polyoxomet-

alate, and has a large surface area [24]. LDH 

has a general formula [M1-x2+Mx3+(OH)2]x+[Ax/n]n-

mH2O, where M2+ and M3+ are divalent and tri-

valent metal ions, respectively, and An
− is the 

interlayer anion [25]. The commonly used ratio 

in LDH formation is 2-3:1, this allows the for-

mation of trivalent metal hydroxide (M(OH)3) 

[26], and preparation methods such as co-

precipitation, hydrothermal, sol-gel, and elec-

trodeposition [27]. Repeated use of LDH can 

cause the coating to undergo exfoliation, reduc-

ing the adsorption capacity and thus requiring 

modification with materials in the form of com-

posites [28]. Tang et al. [29] research found 

that magnetite could be used as one of the com-

posite materials. Zn-Al/magnetite can adsorb 

malachite green dye with a maximum capacity 

of 850.93 mg/g and can be regenerated up to 4 

cycles. Cu-Al adsorbent modified with biochar 

by Wijaya et al. [30] can adsorb procion red up 

to 93.458 mg/g at high temperatures with the 

Langmuir isotherm model, and the composite 

has a stable structure for up to 5 adsorption cy-

cles.  

In the study reviewed by Pelalak et al. [31], 

it was found that when Fe-Al LDH is enhanced 

with biochar, it can effectively eliminate phenol 

organic pollutants, achieving an impressive 

85.28% removal rate. This efficient removal 

process occurs within an optimal timeframe of 

120 minutes. The mechanism behind this deg-

radation involves the utilization of H2O2, which 

accepts electrons from Fe(II), initiating a redox 

reaction that results in the generation of 

Fe(III) on the LDH surface. This Fe(III) pres-

ence on the LDH surface facilitates the oxida-

tion of phenol groups, particularly the hydrox-

ide ions (OH-). The findings from Karim et al. 

[32] study, as mentioned in Shou et al. [33] re-

search, suggest that MgAl-Fe3O4 holds promise 

as a water pollution adsorbent for Co(II) at a 

concentration of 0.5 g/L. Moreover, the incorpo-

ration of LDH with semiconductors like Fe3O4 

can enhance photocatalytic efficiency by effec-

tively segregating light-induced electrons (e-) 

and holes (h+). Modification LDH with magnet-

ite to improve  possesses high chemical stabil-

ity that allows it to be used repeatedly in the 

treatment of dye wastewaters with less cost, 

and low toxicity to the environment [34]. Bio-

char has the advantage of being modified with 

LDH is renewable and widely found every-

where, and has a large pore surface so that it 

can increase the surface area [35].  

This paper researches the modification of 

LDH M2+ metal cation of Ni and M3+ metal cat-

ion of Al with magnetite (Fe3O4
−) biochar mate-

rial which is applied for methylene blue dye 

treatment in an aqueous solution. Synthesis of 

LDH using coprecipitation method while prep-

aration of composite combining by hydrother-

mal method. X-Ray Diffraction (XRD), Fourier 

Transform – Infra Red (FT-IR), Branuer Em-

met Teller (BET), Scanning Electron Microsco-

py – Energy Dispersive X-Ray (SEM-EDX) and 

Vibration Sample Magnetometer (VSM) char-

acterized adsorbents and also examined the 

materials regarding structural stability for re-

peated adsorbent applications in terms of the 

regeneration process. The adsorption process is 

affected by pH pzc, kinetics, isotherms, and 

thermodynamics.  
 

2. Materials and Methods 

2.1 Chemicals 

The chemicals used included distilled water, 

aluminum nitrate nonahydrate Al(NO3)3.9H2O 

(Sigma-Aldrich, 375.13 g/mol), hydrochloric ac-

id HCl 37% (MallinckrodtAR®, 37%), iron (III) 
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chloride FeCl3 (Merck kGaA 162.20 g/mol), 

iron(II) sulfate FeSO4 (Smart-Lab 278.01 

g/mol), biochar, methylene blue (C16H18ClN3S), 

sodium hydroxide NaOH (EMSURE® ACS, 40 

g/mol), sodium carbonate Na2CO3 (EMSURE® 

ACS, 105.99 g/mol), nickel nitrate hexahydrate 

Ni(NO3)2.6H2O (EMSURE® ACS, 290.81 

g/mol).  

 

2.2 Methods 

2.2.1  Synthesis of Ni-Al LDH  

Ni-Al LDH was produced through the co-

precipitation method. Initially, 50 mL of a 2 M 

NaOH solution was combined with 100 mL of a 

0.3 M Na2CO3 solution. Subsequently, 100 mL 

of a 0.25 M Al(NO3)3.9H2O solution and 100 mL 

of a 0.75 M Ni(NO3)2.6H2O solution were added 

drop by drop to achieve a pH level of 10, 2 M 

NaOH solution was used for pH adjustment. 

The resulting mixture was stirred for 17 hours 

at a temperature of 80 ℃. Afterward, the resi-

due obtained underwent filtration, followed by 

washing with distilled water, and finally, it 

was dried in an oven at 100 °C for 24 hours. 

 

2.2.2  Synthesis of magnetite biochar 

A quantity of 1 gram of FeCl3 was dissolved 

in 3 mL of distilled water, and simultaneously, 

0.6 gram of FeSO4.7H2O was dissolved in 3 mL 

of distilled water. The resulting solutions were 

combined and then introduced to 1 gram of bio-

char, and the mixture was gently stirred at 

room temperature for 3 hours. Subsequently, 

3.5 mL of NH3 solution was slowly added drop 

by drop to the mixture, and it was stirred at 75 

°C for 30 minutes. The resulting solution was 

transferred into a 100 mL hydrothermal stain-

less steel autoclave. The mixture was heated to 

150 °C and maintained at this temperature for 

3 hours. The solid product of magnetite biochar 

was separated through filtration and subse-

quently dried at 100 °C. 

 

2.2.3  Preparation of Ni-Al/magnetite biochar 

A mixture was prepared by combining 30 

mL of a 2 M Na2CO3 solution with 15 mL of 2 

M NaOH and stirring it. Subsequently, 30 mL 

of 0.25 M Ni(NO3)2.6H2O (containing M2+ ions) 

and 30 mL of 0.75 M Al(NO3)3.9H2O solution 

were added, to achieve a pH level of 10, 2 M 

NaOH was slowly added. The resulting mixture 

was stirred for 17 hours at a temperature of 70 

°C. After that, 3 gram of biochar were intro-

duced into the mixture and stirred for 30 

minutes at 70 °C, resulting in the formation of 

a Ni-Al/biochar LDH solution. In a separate 

process, 2 gram of FeCl3 were dissolved in 3 

mL of distilled water, and simultaneously, 1.6 

gram of FeSO4.7H2O were dissolved in 3 mL of 

distilled water. This solution was stirred for 3 

hours at room temperature. The resulting mix-

ture was slowly dripped with 7 mL of NH3 solu-

tion and stirred at 75 °C for 30 minutes to cre-

ate a magnetite solution. Added magnetite so-

lution to the Ni-Al LDH solution and stirred for 

30 minutes. The resulting solution was trans-

ferred into a 100 mL hydrothermal stainless 

steel autoclave and heated at 150 °C for 3 

hours. The solid product obtained was filtered, 

washed with distilled water, and dried in an 

oven at 100 °C for 24 hours. 

 

2.2.4  Characterizatios 

Ni-Al LDH, magnetite biochar, and Ni-

Al/magnetite biochar composite were charac-

terized by XRD for angle 2θ with Rigaku Mini-

flex-6000. Groups on the materials were using 

a Shimadzu Prestige-21 FT-IR spectrophotom-

eter. Surface area using BET characterization 

with N2 adsorption-desorption equipment 

Quantachrome instruments. Morphology and 

elements using SEM-EDX SU 8000 series. 

Measurement of the magnetic value of the ma-

terial using VSM type OXFORD VSM 1.2H 250 

- P2F. Absorbance value measurements using a 

Biobase BK-UV 1800 PC UV-Vis spectropho-

tometer with a maximum absorbance wave-

length of 665 nm. 

 

2.2.5  Desorption and regeneration materials 

The desorption and regeneration process is 

done by adding 15 mL of methylene blue to 

0.15 gram of adsorbent material and stirring 

for 2 hours. The filtrate obtained after stirring 

is measured using a UV-Vis spectrophotome-

ter, and the adsorbent is dried for desorption. 

The desorption process was carried out by add-

ing 15 mL of equates to the dried adsorbent 

and putting it into the ultrasonic device for 20 

minutes. The obtained filtrate measured its ab-

sorbance value, and the adsorbent was dried 

again for subsequent regeneration. The desorp-

tion and regeneration process is repeated for 

five cycles. 

 

2.2.6  Adsorption treatment of methylene blue 

pH pzc determination was carried out by 

adding 15 mg of adsorbent into 15 mL of 0.1 M 

NaCl, which had previously been adjusted with 

variations of pH of 2, 3, 4, 5, 6, 7, 8, 9, 10, and 

11. The solution was then stirred with a mag-

netic stir bar for 24 hours, then the pH was 
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measured again after stirring, and a graph was 

made of the relationship between initial pH 

and pH after stirring with a pH meter. Kinetic, 

isotherm, and thermodynamic adsorption pro-

cesses using 15 mL of methylene blue concen-

tration of 30 ppm were added to 0.015 gram of 

adsorbent material, the kinetic adsorption pro-

cesses stirring using time variations of 0, 5, 10, 

20, 30, 50, 70, 90, 120, and 180 minutes, the 

absorption values obtained on the slope of the 

function graph and the corresponding value of 

the adsorption. The isotherm and thermody-

namic adsorption processes use concentration 

variations of 5, 15, 30, 45, and 60 mg/L with 

temperature variations of 30, 40, 50, and 60 °C, 

stirring processes using a stirrer at the opti-

mum time; the filtrate is measured using a UV-

vis spectrophotometer at 665 nm wavelength. 

Furthermore, record the absorbance values for 

calculation in MS Excel and create a graphical 

representation depicting the relationship be-

tween concentration and temperature.   
 

3. Results and Discussion 

3.1  Regeneration Process 

The regeneration process is intended to de-

termine the adsorbent’s ability in repeated use, 

therefore saving costs and being friendly to the 

environment. Ultrasonic devices are used in 

the desorption process due to the working prin-

ciple of high-frequency wave propagation in liq-

uid media. Liquid is propagated as a sound me-

dium with high-frequency ultrasonic waves 

that produce microscopic vibrations so that im-

purities that are firmly attached can be re-

leased more easily [36]. The vibration affecting 

liquid in the container has a strong shock force, 

resulting in all impurities attached to the ad-

sorbent material being removed. Regeneration 

and desorption procedures were applied five 

times, resulting in the percent adsorbed graph 

shown in Figure 1. Percentage adsorption abil-

ity for five cycles decreased drastically as re-

generation cycles increased for the following 

adsorbents: Ni-Al from 72.111; 68.674; 39.683; 

28.660; and 14.395 %; magnetite biochar from 

87.573; 79.762; 66.145; 56.808; and 31.384%; 

Ni-Al/magnetite biochar tends to be stable in 

decreasing the adsorption percent start from 

96.587; 95.330; 93.293; 80.311; 58.494 %. The 

lower % adsorption is due to the solvent's ina-

bility to completely remove dye molecules 

bound to materials into the solution, resulting 

in a diminishing number of adsorption sites on 

the material as the number of cycles increases. 

 

3.2  XRD Characterization Analysis 

XRD analysis can serve as a valuable ana-

lytical tool for understanding changes in the 

structure and crystal properties of adsorbent 

materials during the regeneration process. This 

can aid in improving the efficiency of the regen-

eration process, as well as in gaining insight in-

to the regeneration mechanisms, as observed 

through significant alterations in the crystal 

structure or material phases displayed at the 

2θ angle. XRD analysis of Ni-Al LDH, magnet-

ite biochar, and Ni-Al/magnetite biochar is 

shown in Figure 2. Diffraction peaks of Ni-Al at 

2θ angles were observed at 11.57° (003), 22.91° 

(006), 35.04° (012), 39.73° (015), and 61.9° 

(110). These diffraction peaks align with the 

expected characteristic angles of the layered 

Figure 1. Regeneration cycle of adsorbents Ni-

Al LDH, magnetite biochar, Ni-Al/magnetite 

biochar against methylene blue  

Figure 2. Characterization of adsorbents Ni-Al 

LDH (a) Magnetite biochar (b) and Ni-

Al/magnetite biochar (c) using X-Ray Diffraction  
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double hydroxide: angles between 9° to 11° in-

dicate a layered structure, 35° corresponds to 

metal oxides, and 60° signifies the presence of 

anion interlayers. This finding is consistent 

with the research conducted by Hu et al. [37], 

which reported diffraction angles for the Ni-Al 

LDH at 11.7° (003), 23.5° (006), 35.1° (012), 

39.7° (015), 47.3° (018), 61.2° (110), and 62.5° 

(113), by the JCPDS No. 15-0087 data. pada 

23,8°(002); 35,79°(311); 61,1°(110); dan 

72,8°(533).  The diffractogram of the magnetite 

biochar material showed an amorphous crystal-

linity; 2θ angles of the magnetite biochar mate-

rial were observed at 23.8° (002), 35.79° (311), 

61.1° (440), and 72.8° (533). The expected 2θ 

angle for magnetite biochar typically appears 

around 22°, indicating the presence of carbona-

ceous material, while magnetite is indicated at 

2θ angles of 30-35° and 62-63°. The diffracto-

gram of magnetite biochar obtained by Din et 

al. [38] displayed 2θ angles at 30°, 35.5°, 44°, 

56.3°, and 62.5°, each corresponding to indices 

in sequence (220), (311), (400), (422), and (440), 

confirming that the magnetite biochar material 

aligns with JCPDS No.19-0619 data. The re-

sults of the analysis of the composite material 

of Ni-Al/magnetite biochar represent a combi-

nation of diffraction angles from the Ni-Al LDH 

and magnetite biochar, 2θ angles observed 

were 12.07° (003), 23° (006), 35.3° (311), 60.30° 

(440) and 71.3° (533). Diffractogram of Ni-Al, 

magnetite biochar, and Ni-Al/magnetite bio-

char presented indicates successful synthesis 

and preparation of these materials.  

 3.3  FT-IR Characterization Analysis 

FT-IR analysis to determine chemical 

bonds, such as functional groups on a sample 

from liquid to solid to gas, using an FT-IR spec-

trophotometer. Results of FT-IR analysis in-

clude wave numbers and the presence of vibra-

tional peaks. Accordingly, a connection be-

tween FTIR and regeneration processes is that 

FTIR can determine changes in functional 

groups on the adsorbent during regeneration, 

both before and after, aiding in optimizing the 

process and ensuring efficiency in recovering 

adsorbent capacity. FT-IR spectra of Ni-Al, 

magnetite biochar, and Ni-Al/magnetite bio-

char materials are shown in Figure 3. Ni-Al 

LDH has a peak vibration at wave number 

3503 cm-1 indicating the stretching of the O-H 

group on water molecules with strong intensity 

and broad vibrations. The wave number 1635 

cm-1 indicates the bending vibration of O-H 

with sharp intensity. A typical FT-IR spectrum 

of LDH is present at wave number 1381 cm-1, 

which indicates the presence of the NO3- group 

with solid and sharp intensity. M-O (Ni-O and 

Al-O) is present at wave 740-347 cm-1. The re-

sults of Siregar et al. [39] reveal that the LDH 

vibrational peaks at wave numbers 3464 cm-1, 

1635 cm-1, 1381 cm-1 , and 748 cm-1. 

FT-IR spectrum of magnetite biochar dis-

plays a widened wave number of 3425 cm-1, sig-

nifying the presence of O-H groups from water 

molecules. The C≡C stretch is present at 2376 

cm-1 and the C=O carbonyl group is at 1620  

cm-1. Biochar has a C-H carbon group at wave 

number 1404 cm-1 with strong and sharp inten-

sity and C-O vibration at 1095 cm-1. Wave 

number indicating the presence of Fe-O mag-

netite is found at wave number 586 cm-1. The 

FTIR spectrum of Din et al. [40] showed a 

broad band at 3499 cm-1, 1725 cm-1, and 1433 

cm-1 in magnetite biochar in aliphatic groups 

(C-H), 1364 cm-1 is caused by strain (C-O). 

Peaks of vibration at 779 cm-1, 1085 cm-1, and 

529-552 cm-1 can be attributed to stretching vi-

bration (Fe-O) suggesting that it is a magnetic 

material. Ni-Al/magnetite biochar composite 

exhibits a combined spectrum of the FT-IR 

spectra of Ni-Al and magnetite biochar. The oc-

currence of the O-H group from water mole-

cules shifted wave number to 3449 cm-1. Hence, 

the presence of Fe3O4 groups in the  composite 

can weaken hydrogen bonds in the structure 

[41].  
 

3.4  VSM Characterization Analysis  

VSM can be utilized to comprehend the 

magnetic properties of materials and their cor-

Figure 3. Characterization of adsorbents Ni-Al 

LDH (a) Magnetite biochar (b) and Ni-

Al/magnetite biochar (c) using Fourier Trans-

form – Infra Red  
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relation with the regeneration process by moni-

toring changes in the physical and chemical 

characteristics that impact the magnetic prop-

erties of the adsorbent material after regenera-

tion. Furthermore, VSM can be employed for 

investigating the modification of LDH with 

magnetite in understanding the kinetics, iso-

therms, and thermodynamics that influence 

the adsorption capacity. Figure 4 depicts mag-

netization curve M with magnetic field 

strength H. The Magnetic field generated by 

magnetite biochar is 20.201 kOe with a mag-

netization saturation value of 13.04 emu/g. The 

obtained results are similar to the results of 

[42]. VSM analysis results from the Ni-

Al/magnetite biochar LDH composite with a 

magnetic field value of 20.216 kOe, followed by 

a magnetization saturation result of 8.35 

emu/g. The saturation value of magnetite bio-

char magnetization is greater than composite 

influenced by Fe3O4 content, grain size, and 

density, so an increase in magnetization value 

can lead to an increase in crystallinity struc-

ture [43]. Magnetite biochar and Ni-

Al/magnetite biochar composite have superpar-

amagnetic properties S-shaped and pass 

through the zero point, bringing wide applica-

tions in treating the environment, especially re-

moving chemical contaminants, and dyes. 

 

3.5  Adsorption Experiment 

3.5.1  Effect of pH pzc  

The pH pzc method was used to assess the 

materials state of Ni-Al, magnetite biochar, 

and Ni-Al/magnetite biochar as zero charged or 

uncharged. Figure 5 presents a graph of pH pzc 

from Ni-Al LDH, magnetite biochar, and Ni-

Al/magnetite biochar LDH composite. It is seen 

from the intersection of the line between the fi-

nal pH of the material and the initial pH. The 

line intersection that occurs at pH pzc of Ni-Al 

LDH is at pH 7.6, magnetite biochar is at pH 

6.4, while Ni-Al/magnetite biochar LDH compo-

site results in pH pzc at pH 8. Therefore, pH > 

pH pzc indicates that the adsorbent surface is 

negatively charged, so anionic dye adsorption 

is difficult to absorb. However, at pH < pH pzc, 

the adsorbent surface becomes positively 

charged, thus increasing the adsorption capaci-

ty due to the attractive force between the posi-

tive charge of the adsorbent and the negative 

charge of the dye [44].  
 

3.5.2  Effect of kinetic studies 

Time variation serves a purpose in deter-

mining the optimum time to perform adsorp-

tion process and analyzing the reaction kinet-

ics as time progresses. The optimum time 

graph for adsorbents Ni-Al, magnetite biochar, 

Ni-Al/magnetite biochar are shown in Figure 6. 

The increase and stability of the adsorption ca-

pacity of methylene blue dye with Ni-Al LDH 

occurred at 90 min. The optimum time ob-

tained by magnetite biochar and Ni-

Al/magnetite biochar LDH composite was 70 

min and 50 min, respectively. The determina-

tion of adsorption kinetics aims to uncover the 

Figure 4. VSM magnetization curve and (a) 

Magnetite Biochar (b) Ni-Al/magnetite biochar 

separation performance  Figure 5. Effect of pH pzc  
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adsorption mechanism by analyzing and under-

standing processes of interaction that occur be-

tween adsorbent and adsorbate, as well as eval-

uating how the adsorbate transfers from the so-

lution to the surface or within the structure of 

adsorbent at the molecular level.  
The determination of pseudo-first-order and 

pseudo-second-order kinetics is based on the 

slope and intercept of the linear plot, while ex-

hibiting regression values approaching 1. Sub-

sequently, the smallest values of k1 and k2, also 

calculated Qe value closely approximates the 

experimental qe value, are considered [44]. Da-

ta presented in Table 1 indicates that all three 

adsorbents, namely Ni-Al, magnetite biochar, 

and Ni-Al/magnetite biochar, follow the pseudo-

second-order kinetic equation with R-squared 

(R2) values of 0.9937, 0.888, and 0.9993, respec-

tively. Furthermore, the calculated k2 values 

are smaller than k1, namely 0.0020, 0.0006, 

and 0.0097, respectively. It is also evident that 

experimental qe values closely resemble calcu-

lated qe values in the Pseudo Second Order 

(PSO) model compared to the Pseudo First Or-

der (PFO) model.  

 

3.5.3  Effect of isotherm and thermodynamic 

studies 

The study of isotherms and thermodynamics 

in the context of adsorption has several main 

objectives, which are to identify the types of in-

teractions occurring during the adsorption pro-

cess, determine the maximum adsorption ca-

pacity of the adsorbent for the dye, ascertain 

whether the adsorption mechanism is physical 

or chemical in nature, and to determine ther-

modynamic constants such as enthalpy, degree 

of disorder, and Gibbs free energy. Figure 7, 

Figure 6. Curves of Pseudo First Order (PFO) 

and Pseudo Second Order (PSO)  

Table 1. Adsorption kinetic of methylene blue  

Kinetic  

model 
Parameter 

Adsorbents 

Ni-Al 

LDH 
MBC 

Ni-

Al/MBC 

Pseudo - 

first order 

Qe,exp (mg/g) 18.839 21.555 29.401 

Qe,calc (mg/g) 31.776 54.150 11.516 

k1 (min-1) 0.0493 0.0569 0.0491 

R2 0.874 0.751 0.8466 

Pseudo - 

second 

order 

Qe,exp (mg/g) 18.839 21.555 29.401 

Qe,calc (mg/g) 21.834 30.303 30.120 

k2  (min-1) 0.0020 0.0006 0,0097 

R2 0.9937 0.888 0.9993 

Figure 7. Effect of concentration and temperature 

curves for adsorption methylene blue using (a) Ni-

Al LDH (b) Magnetite Biochar and (c) Ni-

Al/magnetite biochar  
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adsorption of methylene blue with Ni-Al 7 (a), 

magnetite biochar 7 (b), and Ni-Al/magnetite 

biochar 7 (c) adsorbents, show that the concen-

tration of dye solution increases and is directly 

proportional to adsorption capacity. The reason 

for this is that at high temperatures, adsorbent 

and adsorbate molecules collide and become re-

active, making it easier for interactions to occur 

in the treatment of methylene blue. Equilibri-

um is reached when the adsorbent's ability to 

adsorb dye has reached a saturation phase, as 

evidenced by a plateau in the graph or a lack of 

significant further increase.  
Table 2 represents data from temperature 

and concentration calculations in determining 

Langmuir and Freundlich equations. The re-

sults show that Ni-Al, magnetite biochar, and 

Ni-Al/magnetite biochar in the adsorption of 

methylene blue dye follow Langmuir equation. 

The values of R2 are closer to 1 compared to R2 

of the Freundlich equation. Qmax of Ni-

Al/magnetite biochar composite has a greater 

capacity of 68.493 mg/g than the forming pre-

cursors, namely Ni-Al LDH of 33.003 mg/g and 

magnetite biochar of 37.736 mg/g, and also sup-

ported by the value of the Langmuir equilibri-

um constant less than one which means that 

monolayer adsorption is more optimal. The es-

tablishment of Langmuir and Freundlich equa-

tions is seen from linear plots with R2 values 

close to 1 or > 0.9. Adsorption with the Lang-

muir equation is monolayer adsorption (only 

one adsorbate molecule can be adsorbed on 

each adsorbent site), which means a large sur-

face area will result in a high adsorption capac-

ity, and the adsorbent sites are homogeneous. 

Adsorption modeled by the Freundlich equation 

occurs in multilayers on heterogeneous sites 

[45]. Qmax enhances with increasing tempera-

ture because the mobility of dye molecules in-

creases resulting in an elevated diffusion rate 

into the adsorption site [46]. Temkin isotherm 

model describes the adsorption of molecules on 

the surface of solids with changes in molecular 

concentration over time marked by a linear de-

crease in the curve. The results calculated for 

the Temkin isotherm show that the KT value 

with increasing temperature is getting bigger. 

This means that the stronger adsorption on the 

adsorbent layer [47]. The Dubinin-

Radushkevich (D-R) isotherm links the adsorp-

tion mechanism to the free energy of adsorption 

[48]. The free energy results shown in Table 2 

that the methylene blue adsorption process 

with the three materials is assumed to occur by 

chemisorption with the largest energy value in 

the Ni-Al/MBC composite 1674.616 kJ/mol. The 

lack of the D-R model is the inability to fit low-

concentration adsorbates thus the Qm value is 

smaller than qe of methylene blue dye. Table 3 

presents different maximum adsorption capaci-

ties of several adsorbents in terms of the ad-

sorption of methylene blue dye.  
Thermodynamic results of methylene blue 

dye with the three adsorbents are presented in 

Table 4. Thermodynamic data indicate that as 

the concentration increases, the enthalpy value 

decreases. Adsorption processes for Ni-Al LDH, 

magnetite biochar, and Ni-Al/magnetite bio-

char LDH composites are endothermic and oc-

cur spontaneously. Based on the literature by 

Sahmoune et al. [49], a decrease in the ΔG° val-

ue with increasing temperature indicates the 

spontaneity of the process at higher tempera-

tures. Endothermic behavior is also evident 

from the positive value of the enthalpy change 

(+ΔH°), and it is directly proportional to the 

change in entropy (ΔS°). Physisorption process-

es are reversible and involve weak Van der 

Waals attractions between adsorbate (dye) and 

adsorbent surface. On the other hand, chemi-

sorption occurs due to chemical bonding be-

tween the adsorbent and adsorbate, and it is ir-

reversible. 

Enthalpy values lower than 40 kJ/mol for 

Ni-Al, magnetite biochar, and Ni-Al/magnetite 

biochar, respectively, at 15.575, 16.262, and 

24.213 kJ/mol indicate the presence of weak 

Van der Waals interactions, hydrogen bonding, 

electrostatic forces, and ion exchange [60]. The 

fluctuation in enthalpy value may result from 

external factors affecting the system during 

the adsorption process. From the table, at a 

high concentration of 60 mg/L for Ni-Al and 

Table 3. Maximum adsorption capacity of meth-

ylene blue and comparison with other research  

Adsorbent 
Qmax 

(mg/g) 
Reference 

Mn3O4-Bi2O3 3.12 [50] 

Carbonized peanut shell 

Maghemite 

Zeolite 

5.34 

26.5 

21.189 

[51] 

[52] 

[53] 

Coconut shell 

Chitosan 

2.97 

15.337 

[54] 

[55] 

Hydroxyapatite 

Kraft softwood lignins 

from LignoBoost 

Cellulose Microcrystal-

line  

Magnetite Humic Acid 

11.21 

30.67 

 

27.78 

 

156.250 

[56] 

[57] 

  

[58] 

 

[59] 

NiAl LDH 33.003 This work 

Magnetite Biochar 37.736 This work 

Ni-Al/magnetite biochar 68.493 This work 
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magnetite biochar, the reactions become non-

spontaneous. This may be explained by exter-

nal influences on the system at both low and 

high temperatures. This phenomenon may be 

attributed to the solid temperature-dependent 

effect on the Gibbs free energy value, with the 

observed decrease possibly being caused by the 

system's work on the surroundings and the 

work of pressure forces.  
 

3.6  BET Characterization Analysis 

Relationships of BET with kinetics and iso-

therms include pore structure and pore diame-

ter, affect the movement and diffusion of ad-

sorbates in materials, determining the rate of 

velocity in determining the time to reach ad-

sorption equilibrium, the surface area of which 

material is obtained can affect the maximum 

adsorption capacity, and the rate of adsorption, 

and provide information about surface sites 

available for adsorption. The results obtained 

for Ni-Al, magnetite biochar, and Ni-

Al/magnetite biochar, as shown in Figure 8, fol-

low the BET type IV isotherm model based on 

the IUPAC classification. Determination of the 

type IV isotherm is made by observing charac-

teristics of type IV isotherm, which involves 

the formation of multilayer adsorption [61]. 

Data in Table 5 indicate that Ni-Al/magnetite 

biochar composite has the largest surface area 

and pore volume, which are 127.310 m²/g and 

0.1950 cm³/g, respectively, compared to precur-

sor materials surface area, namely Ni-Al 5.845 

m²/g and magnetite biochar 61.843 m²/g. The 

smaller pore diameter of Ni-Al/magnetite bio-

char compared to Ni-Al and magnetite biochar 

is attributed to the presence of small-sized 

Fe3O4, which can increase the spacing between 

layers and block some micropores of LDH, re-

sulting in the formation of larger mesopores. 

This is similar to previous research studies 

Ren et al. [62].  

Table 4. Thermodynamic parameters for adsorption of methylene blue  

Co 
(mg/L) 

T 
(K) 

∆H 
(kJ/mol) 

∆S 
(J/mol.K) 

∆G 
(kJ/mol) 

Adsorbents 

Ni-Al 

LDH 
  

MBC 
Ni-

Al/MBC 

Ni-Al 

LDH 
  

MBC 
Ni-

Al/MBC 

Ni-Al 

LDH 
  

MBC 
Ni-

Al/MBC 

5 
303 

15.575 16.262 24.213 0.052 0.057 0.088 

0.133 -1.060 -2.367 
313 0.651 -1.631 -3.244 
323 -1.170 -2.203 -4.121 

 333 -1.688 -2.775 -4.998 

15 
303 

5.749 22.952 24.757 0.027 0.087 0.101 

-2.516 -3.415 -5.896 
313 -2.788 -4.286 -6.908 
323 -3.061 -5.156 -7.920 

30 
333 -3.334 -6.026 -8.931 

303 

7.351 20.481 41.388 0.027 0.072 0.159 

-0.882 -1.394 -6.655 
313 -1.154 -2.116 -8.240 
323 -1.425 -2.838 -9.826 

 333 -1.697 -3.560 -11.411 

45 
303 

7.878 11.405 41.531 0.024 0.038 0.155 

0.607 -0.098 -5.438 
313 0.367 -0.478 -6.989 
323 0.127 -0.857 -8.539 

 333 -0.113 -1.237 -10.089 

60 
303 

7.411 12.249 21.009 0.019 0.037 0.076 

1.545 1.056 -2.138 
313 1.362 0.687 -2.902 
323 1.158 0.318 -3.666 

 333 0.964 -0.052 -4.430 

Table 5. BET texture measurement results of materials  

Adsorbents Surface Area (m2/g) Pore Volume (cm3/g) Pore Diameter (nm) 

Ni/Al LDH 5.845 0.004 4.546 

MBC 61.843 0.1279 4.1368 

Ni-Al/MBC 127.310 0.1950 3.0638 
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3.7  SEM-EDX Characterization Analysis 

SEM analysis was used to determine the 

surface morphology, particle size and shape, 

purity, and homogeneity of the material to sup-

port adsorption ability in kinetic, isotherm, 

thermodynamic adsorption process, while EDX 

was used to determine the elemental content of 

the Ni-Al LDH adsorbent material, magnetite 

biochar, and Ni-Al/magnetite biochar LDH 

composite. The results of the SEM-EDX analy-

sis are shown in Figure 9. Figure 9 (a) shows 

the morphological shape of Ni-Al as a large 

plate, has a rough surface, and has a typical 

structure of LDH, namely the presence of lay-

ered layers.  The SEM results obtained are sup-

ported by the literature of Lesbani et al. [24]. 

Observation of the results of SEM magnetite 

biochar with a magnification of 500x in Figure 

9 (b) shows that the material has a rough sur-

face and an uneven, irregular shape that is in 

line with Fito et al. [63]. Ni-Al/magnetite bio-

char adsorbent contained in Figure 9 (c) dis-

plays the morphology of Ni-Al/magnetite bio-

char materials that stack on top of each other, 

thus forming large lumps. The stacking in the 

Ni-Al morphology indicates that there is space 

between layers that can exchange anions and is 

a typical structure of LDH. The large pores and 

non-uniform shape of the Ni-Al/magnetite bio-

char composite affect the adsorption capacity.  
Table 6 shows the elements contained in the 

adsorbent material. Major compositions in 

LDH include carbon, oxygen, aluminum, sili-

con, and Ni. A high percentage of nickel ion 

weight is present on the surface interlayer of 

LDH. The magnetite biochar, there are ele-

ments of carbon and iron that have the highest 

percentage of weight, elements of Fe obtained 

from Fe3O4 materials. The composite material 

has all elements of the forming material, the 

presence of elements Cl and Na due to the ad-

dition of acids and bases in the coprecipitation 

process, and the percentage of oxygen weight is 

high due to agglomeration with carbon materi-

als.  
 

3.6  Adsorption Mechanism of Methylene Blue 

Mechanisms for the interaction between 

methylene blue and composite in Figure 10 ac-

Figure 8. Nitrogen adsorption/desorption iso-

therm  

0.0     0.1     0.2      0.3     0.4     0.5     0.6      0.7     0.8     0.9     1.0 

Figure 9. SEM images of (a) Ni-Al (b) Magnet-

ite Biochar and (c) Ni-Al/magnetite biochar  

(c) 

(b) 

(a) 
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cording to Kheradmand et al. [64]. Firstly, it in-

volves hydrogen bonding interactions, i.e. inter-

actions between hydrogen atoms and atoms 

with high electronegativity, such as oxygen, ni-

trogen, and fluorine. Secondly, there is an elec-

trostatic interaction between the positively 

charged composite on Ni and Al metals and the 

chlorine groups on methylene blue, which are 

negatively charged, causing electrostatic at-

traction. In the Fe3O4 group, there is a hydrox-

yl group that allows protonated or deprotona-

tion at specific pH pzc values, resulting in ei-

ther a positive or negative charge. This phe-

nomenon leads to the formation of electrostatic 

bonds with methylene blue, ultimately causing 

the removal of the dye. Third, phi-phi bonds ex-

ist, a bond between two carbon atoms in a tri-

ple bond in aromatic rings of biochar and meth-

ylene blue. Ni-Al/magnetite biochar has a po-

rous structure, looking at the value found in 

SEM characterization for composite. It can re-

sult in methylene blue molecules entering, al-

lowing the adsorption capacity to increase.  

4. Conclusions 

This study has conducted a successful syn-

thesis of Ni-Al LDH and preparation of Ni-

Al/magnetite biochar composite using the co-

precipitation method in adsorbing methylene 

blue dye. Characterizations of XRD, FT-IR, 

BET, SEM-EDX, and VSM support the success 

of synthesis and preparation. Enhancement of 

adsorption capacity of adsorbents concerning 

physicochemical with the effectiveness of Ni-

Al/magnetite biochar composite in repeated use 

for adsorption process has percent adsorption 

of 5 cycles, which are 96.587; 95.330; 93.293; 

80.311; and 58.494 %. It proves that LDH ad-

sorbent modified with magnetite biochar is po-

tential and efficient in the treatment of meth-

ylene blue dye in solving aqueous environmen-

tal pollution. The enhancement of adsorption 

capacity and repeated use of adsorbents are re-

lated to physicochemical properties during the 

adsorption process at pH pzc 6 for composite. 

This was observed from the increase in compo-

site surface area reaching 127.310 m2/g and 

magnetic saturation value of 8.35 emu/g. Due 

to the increase in surface area, the adsorption 

capacity of the composite was increased, with 

Qmax reaching 68.493 mg/g compared to Qmax 

of LDH 33.003 mg/g and magnetite biochar 

37.736 mg/g by following the Langmuir iso-

therm equation. The pseudo second order ad-

sorption kinetics process took place with an R2 

value of 0.9993. Thermodynamics during the 

adsorption process is endothermic and sponta-

neous, which follows the physical adsorption 

process because of ΔH < 40 kJ/mol.  
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Table 6. EDX elemental composition analysis of materials  

Weight % Atomic % 
Materials   

C O Na Al Si Cl Fe Ni  C O Na Al Si Cl Fe Ni 

Ni-Al LDH 6.65 43.53 - 4.69 0.69 - - 44.44  13.09 64.33 - 4.11 0.58 - - 17.90 

MBC 16.26 29.78 - 0.85 2.88 - 50.21 -  31.87 43.81 - 0.74 2.42 - 21.16 - 

Ni-Al/MBC 23.20 34.93 1.97 1.82 7.04 0.71 10.88 19.44  38.14 43.11 1.69 1.33 4.95 0.39 3.85 6.54 

Figure 10. Adsorption mechanism of methylene 

blue  
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