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ABSTRACT 

Recently, water pollution with dyes is one of the most serious problems and the most dangerous to human health 

and living organisms. This study involves the synthesis of magnetic nano form of Fe-Mn binary oxide modified biomass 

derived of agricultural waste commercial (wood shavings) as a raw material. Magnetic nanoparticles were prepared from 

activated carbon obtained from lignocellulose through chemical activation of wood shavings using NaOH incorporated 

with (FeCl3.6H2O), ferrous sulphate heptahydrate (FeSO4.7H2O) and potassium permanganate (KMnO4) for effective 

removal of MO dye from aqueous solutions in a batch processes. This material was characterized through several 

advanced techniques such as Fourier transform infrared Spectroscopy (FTIR), X-ray diffraction (XRD), Field Emission 

Scanning Electron Microscopy (FE-SEM), Thermo gravimetric analysis (TGA), Energy -dispersive X-ray spectroscopy 

(EDS), Transmission electron Microscopy (TEM) and Vibration sample magnetometer (VSM). These analysis techniques 

highlighted the successful synthesis of magnetic nanocomposite with a porous structure. Batch adsorption experiments 

were studied by including contact time, adsorbent dose, pH, and temperature to determine the optimal conditions for 

maximum dye removal efficiency. The developed LB-Fe/Mn nanocomposite demonstrated excellent removal efficiency 

(98.16%) for methyl orange, outperforming many current advanced materials. Thermodynamic study revealed the 

endothermic and spontaneous nature of studied process. Adsorption kinetics followed a pseudo-second-order model 

(R² = 0.9676), while Freundlich (R² = 0.9544) and Temkin (R² = 0.9545) isotherms best described the equilibrium data, 

indicating multilayer adsorption on heterogeneous surfaces with abundant binding sites. 
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TGA — Thermogravimetric Analysis 

TEM — Transmission Electron Microscopy 

VSM — Vibrating Sample Magnetometry 

XRD — X-ray Diffraction 

1. Introduction 

Water is the basis of life for all living organisms. With out water, life would cease to exist. In recent 

decades, cases of fresh water shortage have been observed, the accelerated growth in various parts such as 

industries including leathers, textile, food processing, paint, paper, plastics and pharmaceuticals is a major 

source of water pollution. Water pollution caused by industrial chemical releases is a major source of concern[1-

10]. Dyes pose a significant threat to aquatic life and contribute to water pollution. Their presence alters the 

natural pigmentation and properties of water, making it harmful to aquatic organisms. Furthermore, a large 

amount of hazardous chemicals used in dyes can be carcinogenic[11, 12]. Consequently, removing dyes from 

textile wastewater has become a major environmental challenge[13-16] Azo dyes are widely used  and are the 

largest and most important category of colors .The most characteristic feature of these dyes is having one or 

more azo groups (-N=N-) that act as a bridge between two stable organic parts of the dye and at a minimum 

one of these groups is aromatic that make them difficult to decompose[17-19]. The release of these substances in 

the environment is the biggest source of pollution for ecosystems[20-22]. In addition, these substances are also 

converted to aromatic amines through various processes as hydrolysis, oxidation, and other reactions, that are 

carcinogens[23-25].  

Methyl orange is a common anionic azo dye that is harmful to biology and the environment, therefore, it 

must be removed from water[26-29]. The main processes to remove pollutants from water include, 

biodegradation[30], sedimentation chemistry, coagulation, advanced oxidation[31], ion exchange, adsorption[32, 

33], filtration, and others but most of them find limited uses due to their high prices[34-38]. However, adsorption 

is an efficient process, user-friendly, cost effective and simple method[19, 39] which is widely used for removal 

of dyes from water[40]. Various adsorbents were used for the adsorption that include industrial or agricultural 

waste products as rice  husk, a straw, coir, sawdust and corn cobs, lignocellulose materials[41-48], activated 

carbon, walnut shells[49], kaolin[50] and others[51-53]. Activated carbon is the most widely used adsorbent in 

industry due to its high surface area, porous structure and adsorptive efficiency. It can be derived from biomass 

resources by different chemically activating agent as HCl, H3 PO4, H2SO4 , ZnCl2 , Na2CO3,  KOH, K2CO3 and 

NaOH[44]. Biomass  is a residue from plant or animal that can be converted into biochar, high value products 

by different thermochemical techniques as pyrolysis, combustion, gasification and liquefication[54, 55]. 

Lignocellulosic biomass (LB), readily available in materials like straw and wood, is a rich source of cellulose, 

hemicellulose, lignin, and various other organic compounds. This has led to increased interest in using 

lignocellulose-derived materials as adsorbents. Cellulose and hemicellulose are composed of hexose and 

pentose sugar monomers, respectively, while lignin consists of polyphenolic aromatic compounds. In recent 

decades, scientists have focused on modifying lignin and its composition to create improved lignin-derived 

adsorbents. These modified materials possess excellent properties, making them valuable for removing dyes 

and organic matter from wastewater[56, 57]. Biochar can be used as an adsorbent for removal of various 

contaminants from wastewater, due to low-cost, high-energy efficiency and environment friendly nature[58-60].  

In this study, a magnetic nanocomposite adsorbent was synthesized and modified by incorporating iron 

salts. Fe-Mn/AC magnetic nanoparticles were prepared using activated carbon derived from lignocellulose. 

The lignocellulose underwent hydrolysis, followed by physical and chemical activation. Subsequently, ferric, 

ferrous, and permanganate were added through a nanotechnology-based coprecipitation method to create the 

magnetic properties. The addition of ferric chloride was effective in increasing the magnetic properties and 
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enhancing the porosity of biomass[61]. Dried lignocellulose was chemically activated by impregnating it with 

NaOH. This method, as referenced in previous studies[62] is preferred due to NaOH's effectiveness as an 

activating agent, its low corrosivity, and its cost-effectiveness[63].  

While numerous studies have explored biomass-derived adsorbents, many demonstrate only moderate 

removal efficiencies, limited reusability, or an absence of magnetic separability. There is a notable gap in the 

literature regarding a comprehensive examination of how Fe/Mn doping synergistically impacts 

lignocellulosic-based activated carbon for methyl orange (MO) removal, particularly when coupled with 

detailed investigations into its kinetics, thermodynamics, and reusability within batch adsorption systems. The 

innovative aspect of this research stems from successfully integrating magnetic separability, mesoporosity, 

and eco-friendliness into a single nanocomposite developed from lignocellulose. This study significantly 

contributes to existing knowledge by demonstrating superior removal efficiency and enhanced adsorption 

behavior compared to similar advanced adsorbents, all while upholding principles of sustainability and 

reusability. Findings underscore the promise of nanocomposites derived from agricultural waste as highly 

selective and effective materials for practical dye removal.  

2. Experimental  

2.1. Chemicals and materials 

Waste wood shavings (Figure 1a), serving as the lignocellulose precursor, were collected from a local 

market. Sodium hydroxide (NaOH), potassium permanganate (KMnO4), ferrous sulfate heptahydrate 

(FeSO4.7H2O), ferric chloride hexahydrate (FeCl3.6H2O), and methyl orange (MO) (Figure 1b) were 

purchased from Scharlau, along with hydrochloric acid (HCl, 37 %). All materials used were of high purity 

and quality of nearly above 90%.  

 
Figure 1. Image of (a) wood shavings and (b) chemical structural of MO dye 

2.2. Preparation of adsorbent  

Lignocellulosic raw material (wood shavings) was collected from a local market. The shavings were 

thoroughly washed with tap water, followed by deionized water, to remove impurities and achieve a constant 

pH. The cleaned material was then oven-dried at 105 °C for 4 hours until completely dry. The dried product 

was ground and sieved to a particle size of less than 0.25 mm[64]. Subsequently, 3g of the prepared 

lignocellulosic sample was impregnated with 50 ml of 10 % (wt) sodium hydroxide (NaOH) solution. This 

mixture was stirred magnetically at 400 rpm for 30 minutes at room temperature in a flask. A binary iron salt 

solution was prepared by dissolving 5 g of hydrated ferric chloride and 3 g of hydrated ferrous sulfate in 100 

ml of deionized water. This solution was heated to 40 °C and stirred at 400 rpm in a flask on a heater with a 

magnetic stirrer for 30 minutes[65]. Next, a 1.5 % aqueous potassium permanganate (KMnO4) solution was 

slowly added to the mixture of the 50 ml of 10 % NaOH solution and the lignocellulosic sample. This combined 

mixture was then slowly added to the binary iron salt solution while stirring for 3 hours at room temperature. 

Finally, the resulting Lignocellulose-Fe/Mn mixture was filtered, washed with deionized water until a pH of 7 

was reached, and dried at 50 °C[66].                                                                                        

(a) (b) 
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2.3. Characterization  

The prepared adsorbent was characterized for its surface morphologies, crystalline structures, phase purity, 

functional groups, specific surface area, micropore volume, pore size distribution, elemental composition, 

chemical analysis, thermal properties, and magnetic properties. Surface morphologies were analyzed using 

field emission-scanning electron microscopy (SEM, Zeiss Libra 200 FE, Germany). Crystalline structures and 

phase purity were studied by X-ray diffractometry (XRD-6000, Shimadzu-Japan), using monochromatic 

nickel-filtered CuK (λ=1.5405 Å) radiation. Transmission electron microscopy (TEM) images, recorded with 

a Philips model FEL Quanta 400, were used to examine the morphology of the samples. Fourier transform 

infrared spectroscopy (FTIR) using a Shimadzu 8400s spectrophotometer was employed for characterization 

of different functional groups. The Brunauer-Emmett-Teller (BET) method was used to calculate the specific 

surface area (SBET), micropore volume (Vm), and micropore and mesopore size distribution. Adsorption 

isotherms at variable relative pressures (P/P0) were also analyzed. Furthermore, pore size distribution was 

determined using the Barrett-Joyner-Halenda (BJH) technique. Elemental composition and chemical analysis 

were identified using energy-dispersive X-ray spectroscopy (EDX). The thermal properties of the samples 

were determined by thermogravimetry (TGA) under an air atmosphere, and magnetic properties were 

determined using a vibrating sample magnetometer (VSM, Meghnatis Daghigh Caviar Co).  

2.4. Batch adsorption experiments  

The adsorption efficiency of adsorbent for Methyl Orange was studied using batch experiments. Key 

parameters investigated included contact time (0-60 min), pH (2-10), adsorbent dose (0.01-0.1 g in 25 mL), 

initial dye concentration (60 ppm), and temperature (293-308 K). Adsorption experiments were conducted in 

50 mL conical flasks, each containing 25 mL of 60 ppm dye solution. These flasks were placed in an orbital 

shaker and stirred at 120 rpm. After agitation, the suspension was centrifuged and then filtered. The filtrates 

were analyzed using a UV-visible spectrophotometer to measure absorbance at the maximum wavelength of 

the dye (λmax=464 nm). The removal efficiency (%R) and adsorption capacity (Qe) were subsequently 

calculated using Equations (1) and (2), respectively [67, 68]:  

Removal efficiency  (%)=(Ci-Ce )/Ci x100                                                    (1) 

where: C¡ (mg/L) refers to initial concentration and Ce refers to (mg/L) equilibrium concentration of dye at time 

t. The adsorption capacity Qe (mg/g) represents the amount adsorbed at equilibrium  and is calculated by the 

following equation [52, 69, 70]:  

Qe=(Ci-Ce)V/m                                                                        (2) 

where, V (L) is the of dye solution and m is weight (g) of adsorbent [71-73].  

3. Results and discussion 

3.1. Characterization of lignocellulose and magnetic adsorbent 

FT-IR analysis of both lignocellulose and activated carbon (AC) was conducted in the elongation region 

400 - 4000 cm-1 to identify functional groups and gains structural insights into the prepared materials[74, 75]. 

Figure 2 illustrates the FT−IR spectra. A broadband spanning 3200−3600 cm-1 indicates overlapping O-H 

bonds, characteristic of hydroxyl, carboxylic, and phenolic group stretching vibrations within the 

lignocellulose and AC structures[76]. The absorption band at 2924.08 cm-1 corresponds to the symmetric and 

asymmetric stretching vibrations of CH2 groups, prevalent in lignin and aliphatic compounds within both 

materials. A small, weak band at 1625.2 cm-1 suggests the presence of C=C bonds. The C-O bond in lignin and 

AC is identified by a single band at 1054 cm-1. Peaks in the 500−650 cm-1 range are attributed to Fe-O and Fe-

O-H stretching vibrations, confirming the formation of a magnetic adsorbent while preserving the 

lignocellulose's lignin structure[77, 78]. The strong absorption peak of Fe-O further indicates the successful 



5 

loading of lignocellulose onto Fe3 O4. Additionally, sharpened Mn-O-H bending vibrations serve as evidence 

of significant lignin modification[79-83].                                     

 

Figure 2. FTIR of lignocellulose and magnetic adsorbent 

X-ray diffraction (XRD) patterns were utilized for primary characterization of pure lignocellulose and 

activated carbon magnetic (Fe3O4) nanoparticles, specifically to determine their crystallographic phases and 

changes in crystal structure [84]. The XRD patterns of these materials, presented in Figure 3, show strong peaks 

indicating good crystallinity and high purity. Peak broadening suggests the formation of activated carbon 

magnetic nanoparticles. A broad signal at 2θ = 20.52° and 22.3° was observed in the lignocellulose XRD 

spectrum [85], indicative of amorphous regions of lignin and hemicellulose. Additionally, the XRD spectrum 

of the composite lignin exhibits crystalline peaks at 2θ = 22.5°, 35.80° and 42.90° [86, 87]. Upon loading 

lignocellulose onto Fe3 O4, the bands of the lignin nanocomposite appear broader, which implies a relatively 

small crystalline size for the nanoparticles. This not only affects the iron distribution within the particles but 

also influences their magnetic strength [80, 88, 89].    

 
Figure 3. X-ray diffraction of (red line) raw lignocellulose and (black line) magnetic adsorbent 

The surface morphology of the materials, including raw lignocellulose and Fe/Mn-loaded activated carbon 

(AC), was examined using Scanning Electron Microscopy (SEM) [90]. As shown in Figure 4a, raw 

lignocellulose exhibits a uniform, smooth, and porous surface. In contrast, the surface of the activated 

lignocellulose nanocomposite (Figure 4b) became rough, wrinkled, and homogeneous, which is beneficial for 

Methyl Orange (MO) dye adsorption. These findings indicate that the lignocellulose nanocomposite developed 

well-distributed, well-developed pores, leading to a porous system with a large surface area. After MO dye 
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adsorption, the pores and the surface of the lignocellulose nanocomposite were fully occupied by the dye. This 

further verifies the adsorption of MO dyes by the lignocellulose nanocomposite. The FESEM image in Figure 

4c, taken after dye adsorption, revealed a smoother and more coherent surface. This suggests that the dye 

molecules completely covered the composite surface, thereby confirming adsorption [65, 91-94].                                                                                                                              

 

Figure 4. SEM of (a) raw lignocelloluse, (b) magnetic adsorbent and (c) magnetic adsorbent with MO 

Energy-dispersive X-ray spectroscopy (EDS) elemental spectra and mapping (Figure 5a, 3b) for 

lignocellulose and the magnetic adsorbent, respectively, demonstrate the elemental composition of these 

materials. EDS analysis revealed that lignocellulose primarily consists of carbon (53.5%) and oxygen (45.3%), 

with smaller percentages of potassium (0.8%) and magnesium (0.3%). The results for the nanocomposite 

lignocellulose show a high percentage of iron (49%), followed by oxygen (22.2%), manganese (15.3%), and 

carbon (11.3%). These findings collectively indicate excellent modification of the lignocellulose [95-99] 
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Figure 5. EDS of (a) lignocellulose and (b) magnetic adsorbent 

     Vibrating Sample Magnetometry (VSM) was employed to assess the magnetic properties of the 

nanocomposite-activated surface. This technique functions by measuring the magnetic response of the material 

through vibration. As depicted in the magnetization curves (Figure 6a, 6b), the saturated magnetization of the 

lignocellulose nanocomposite was determined to be approximately 12.5 emu g⁻¹. This value clearly 

demonstrates the improved magnetic properties of the activated surface in contrast to pure lignocellulose, 

which is non-magnetic. The observed superparamagnetic characteristic of new material broadens its use for 

large-scale adsorption applications, facilitating efficient separation of magnetic material via an external 

magnetic field[100-102].  

 

Figure 6. The magnetic properties of (red line) Lignocellulose and (black line) magnetic adsorbent 
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BET (Brunauer-Emmett-Teller) measurements are essential for determining specific surface areas of 

materials. This technique estimates a powder's specific surface area by analyzing the amount of nitrogen 

adsorbed onto its surface in relation to pressure, at the boiling temperature of liquid nitrogen under normal 

atmospheric pressure. The observations are then interpreted using BET theory, which explains physical 

adsorption of gas molecules onto solid surfaces. It's worth noting that particles of similar size can exhibit 

significant differences in surface area[103, 104]. Figures 7a and 7b illustrate the N2 adsorption-desorption 

isotherms and pore size distribution curves for both lignocellulose and lignocellulose-derived carbon material 

samples. Table 1 presents the measured BET surface areas and pore volume data, with the BJH (Barrett-

Joyner-Halenda) method used to analyze the pore size distribution curves. A notable observation is the 

substantial increase in BET surface area from 3.3119 m²/g for lignocellulose to 161.3349 m²/g for the 

nanocomposite lignocellulose. Concurrently, the pore volume increased from 0.004655 cm³/g to 0.038557 

cm³/g. Generally, a greater surface area leads to enhanced adsorption due to an increased number of available 

adsorbing sites. Similarly, larger porosity also contributes to greater adsorption, explaining why finely divided 

and highly porous materials are excellent adsorbents. The mean pore diameter is also a critical factor 

influencing adsorption efficiency. The nanocomposite lignin material demonstrated superior characteristics, 

exhibiting a higher specific surface area (161.3349 m²/g), increased porosity (0.038557 cm³/g), and a higher 

BJH surface area (191.7337 m²/g). These improvements are primarily attributed to its smaller particle size, as 

confirmed by XRD analysis. The observed decrease in BET surface area for lignocellulose compared to 

lignocellulose nanocomposite is likely due to the loading of lignin particles, which appear to cover most of 

mesopores and micropores. The pore size distribution curves, which appear broadly narrow, further indicate 

formation of mesoporous materials. According to the International Union of Pure and Applied Chemistry 

(IUPAC), solids are classified by pore size: microporous materials have pore sizes less than 2 nm, mesoporous 

materials have pore sizes between 2 nm and 50 nm, and macroporous materials have pore sizes greater than 

50 nm [105, 106]. The pore size distribution of magnetic activated carbon from wood shavings suggests formation 

of a highly mesoporous structure [107]. Furthermore, based on IUPAC classification, these materials can be 

categorized as Type III with H3 hysteresis loops, indicating presence of slit-like mesopores formed between 

aggregated nanoparticles and an unrestricted multilayer formation process [108].   

 

Figure 7. BET of (a) Lignocellulose and (b) magnetic adsorbent 

Table 1. BET-BJH surface area and pore structure of Lignocellulose and magnetic adsorbent (LB-Fe/Mn) 

LB-Fe/Mn LB Physicochemical properties 

161.3349 3.3119 BET surface area, m2/g 

191.7337 24.769 BJH surface area, m2/g 

0.038557 0.004655 Pore Volume, cm3/g 

6.8954 11.8603 Pore Size, nm 

III III Isotherm type 

H3 H3 Hysteresis loop 
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Transmission Electron Microscopy (TEM) and High-Resolution TEM (HRTEM) were used to examine 

the morphology and particle size of lignocellulose and magnetic activated carbon, as shown in Figure 8a-b. 

This technique involves directing a beam of electrons at a sample. As these electrons pass through sample, an 

image is recorded, revealing its microstructure. Microstructural imaging of lignocellulose before modification 

provided baseline data (Figure 8a). In contrast, Figure 8b, depicting nanocomposite of activated 

lignocellulose, clearly shows formation of a mesoporous carbonaceous material. This material exhibits a range 

of pore sizes, from large to small, along with visible cracks on its surface. These features are a direct result of 

the lignocellulose's activation using potassium permanganate (KMnO4), ferric chloride (FeCl3⋅6H2O), and 

ferrous sulfate (FeSO4⋅7H2O). The Fe3O4 nanoparticles, synthesized from Fe+3 and Fe+2 precursors, appear 

spherical and exhibit strong agglomeration. This agglomeration leads to a wide specific surface area, driven 

by various interactions as new quasi-chemical bonds, hydrogen bonds, static electricity, and intermolecular 

forces. However, when Fe3O4 nanoparticles are loaded onto lignocellulose, their agglomeration is suppressed, 

resulting in better dispersion. This increased stability is crucial as it facilitates adsorption process[80, 98, 109-111].  

 

Figure 8. TEM results of (a) Lignocellulose and (b) magnetic adsorbent 

Thermogravimetric Analysis (TGA) was employed to assess the thermal stability of synthesized materials. 

This analytical technique measures changes in a sample's weight as a function of time or temperature, 

performed using a TGA instrument under an inert nitrogen atmosphere [112]. Figure 9 illustrates the thermal 

properties of the magnetic activated surface. The resulting thermogram, which plots mass loss against 

increasing temperature, provides crucial information about the material's thermal degradation. The 

thermogram of the magnetic activated lignocellulose nanocomposite was recorded within a temperature range 

of 40-800 °C under a nitrogen atmosphere (flow rate of 6 L/min). The analysis reveals three distinct weight 

loss steps (thermal dissociation) occurring in two main stages. The first stage of weight loss occurs between 

approximately 50-150 °C. This initial mass reduction is attributed to the loss of moisture, including absorbed 

water, water vapor, or residual organic solvents. It also accounts for the evaporation of various low molecular 

weight compounds from the fiber materials, as well as the dissociation of hydrogen bonds formed between the 

-OH groups in the nanocellulose structures and the fiber materials[113-115]. The second stage of significant 

weight loss for the magnetic activated surface begins roughly between 300-400°C. During this stage, a 

substantial decrease in weight is observed, primarily due to the loss of active functional groups, such as 

carboxyl groups (-COOH), and, most importantly, the depolymerization of cellulose and hemicellulose[116]. 

The third and final stage of weight loss commences within the range of 400-800°C, corresponding to the 

degradation of lignin within the nano-activated compound. Notably, only a slight weight loss continues at 

higher temperatures. This minimal mass loss at elevated temperatures indicates excellent thermal stability and 

high overall stability of surface, attributed to its activation with iron and manganese[117-119].                                                           
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Figure 9. TGA curve of magnetic adsorbent 

3.2. Effect of contact time  

The equilibrium time is a critical factor influencing the efficiency and quantity of the adsorption process. 

In this study, the equilibrium time for the adsorption of Methyl Orange (MO) dye onto the activated magnetic 

surface was investigated. The adsorption of MO dye at a concentration of 60 ppm onto the adsorbent was 

evaluated under controlled conditions. Experiments were conducted at varying time intervals (0-60 minutes) 

in conical flasks, each containing 25 mL of MO dye solution. An adsorbent dose of 0.01 g was used, and the 

pH was maintained at 7, with a temperature of 25°C. A constant shaking velocity of 120 rpm was applied. 

After each agitation time, the samples were filtered and analyzed using a UV-Vis spectrophotometer 

(Shimadzu, Japan) at a maximum wavelength of 464 nm for MO dye. Figure 10a illustrates that the 

equilibrium state was gradually achieved at approximately 40 minutes. The initial removal percentage of MO 

dye was relatively rapid, which can be attributed to the high availability of active sites on adsorbent's surface. 

The removal efficiencies reached a steady value after the equilibrium time and then began to decrease. This 

subsequent reduction is likely due to slow diffusion of MO dye molecules into the adsorbent's pores once the 

external adsorption sites are fully occupied [120, 121].    

3.3. Effect of adsorbent dose  

 
The adsorbent dosage is a significant factor in the adsorption process, as it directly relates to the number 

of available active sites on the adsorbent's surface and helps determine the equilibrium between the adsorbent 

and the adsorbed dye (MO dye). In this study, the adsorption capacity and efficiency were investigated by 

varying the adsorbent (LB-Fe/Mn) dosage from 0.01 to 0.1 g/L. Experiments were conducted in 25 mL conical 

flasks containing an initial MO dye concentration of 60 ppm at a pH of 7. The solutions were agitated in a 

water bath shaker at a constant temperature of 25°C and a velocity of 120 rpm for 40 minutes, after which the 

absorbance of the solutions was measured. As shown in Figure 10b, the removal percentage increased from 

51.83% to 75.17% as the adsorbent dosage was increased from 0.01 to 0.06 g/L. This increase in adsorption 

capacity and efficiency is attributed to the larger surface area and increased number of available active sites, 

facilitating more interactions between the adsorbent and MO dye molecules. Beyond 0.06 g/L, which is 

considered the optimal adsorbent dose, the adsorption process became restricted. This limitation occurs 

because all active sites on the adsorbent surface become occupied with dye molecules, leading to a state of 

saturation where the surface is almost entirely filled, and equilibrium is achieved. The subsequent decrease in 

removal percentage after saturation may be attributed to the overlapping and aggregation of adsorbent particles, 

which can hinder the diffusion of MO dye towards the adsorbent surface[122-125].  

3.4. Effect of pH  
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The pH of the solution is one of the most crucial factors governing the sorption process, as it dictates the 

optimal medium (acidic or basic) for adsorption. This is due to its significant influence on the degree of 

ionization, the charge of the adsorbent surface, and the overall adsorption mechanism [126-130]. In this study, the 

effect of pH on the adsorption of Methyl Orange (MO) dye onto the activated magnetic surface was 

investigated across a range of 2-10. The pH of the initial MO dye solutions was adjusted using dilute NaOH 

and HCl (0.1 M). Experiments were conducted under ideal conditions, including a contact time of 40 minutes, 

an initial MO dye concentration of 60 ppm, an adsorbent dose of 0.06 g/L, and a temperature of 25 °C. As 

depicted in Figure 10c, the highest removal percentage of 93.129 % was achieved at pH 2 (strongly acidic). 

This indicates that a more acidic medium is favorable for the adsorption of MO dye. Given that MO dye is an 

anionic dye, it prefers an acidic environment for adsorption onto the activated surface. The enhanced 

adsorption in acidic media is attributed to the increased concentration of hydrogen ions and the resulting 

electrostatic attractive forces between the negatively charged MO dye molecules and the positively charged 

protons on the activated adsorbent surface. This protonation process leads to an increase in the positive charge 

density on the adsorbent. Conversely, the percentage adsorption of MO dye significantly decreases from 

93.129 % to 40.068 % as the pH increases from 2 to 10. This reduction is due to a decrease in the attractive 

forces between the adsorbent and adsorbate, coupled with increasing repulsive forces [99, 131-135]. The point of 

zero charge (pHzpc) is another vital factor to consider given the nature of the molecules involved. As shown in 

Figure 10d, the pHzpc of the adsorbent surface was determined to be approximately 7.2. This means that when 

the solution pH is below 7.2, the adsorbent surface carries a net positive charge, facilitating attractive 

interactions with the anionic MO dye molecules and leading to increased adsorption. However, at pH values 

above 7.2, the adsorbent becomes negatively charged. In this scenario, adsorption of MO dye decreases due to 

electrostatic repulsion between the negatively charged adsorbent surface and the anionic dye molecules, as 

well as competition from OH− ions.  

                                                                                                                                                         

                   

              
Figure 10.  Effect of (a) contact time, (b) adsorbent dosage, (c) pH and (d) pHzpc determination for adsorption process 

3.5. Adsorption thermodynamics  

Temperature is a critical factor that significantly influences the adsorption efficiency of MO dye onto an 

adsorbent. It also helps in determining whether the adsorption process is endothermic or exothermic and 

(a) (b) 

(c)  (d) 
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reveals insights into the degrees of freedom of MO dye molecules during adsorption. To investigate the effect 

of temperature on MO dye uptake, experiments were conducted at temperatures ranging from 293 K to 308 K 

for 40 minutes, maintaining a fixed adsorbent weight of 0.06 g and a pH of 2. As shown in Figure 11a, an 

increase in temperature favored the transport of mobile adsorbate molecules into the pores of the activated 

surface, leading to an increase in the amount of MO dye adsorbed. This suggests that adsorption increases with 

rising temperature. Furthermore, increased temperature enhances the effective collisions between the 

adsorbent and MO dye molecules due to an increase in kinetic energy, facilitating more interactions between 

mobile molecules and active surface sites. This behavior clearly indicates that the adsorption process is 

endothermic, meaning it absorbs energy from its surroundings. This also implies that higher temperatures 

increase both the kinetic energy of the molecules and the speed of the adsorption process [136, 137]. This is 

evidenced by the increase in adsorption efficiency from 89.66% to 98.16% when temperatures increased within 

range of 298 K to 308 K. Understanding the thermodynamics of adsorption is crucial for characterizing the 

reaction's nature, including its spontaneity, bond strength, and system randomness. Thermodynamic functions 

can be determined by studying adsorption isotherms at various temperatures. Thermodynamics plays a pivotal 

role in the adsorption process through its fundamental laws. Parameters were calculated to explain the 

adsorption nature of this study, including Gibbs free energy change (ΔG), enthalpy change (ΔH), and entropy 

change (ΔS). The first and second laws of thermodynamics provide a framework for understanding energy 

transformations and entropy changes during adsorption, which are essential for optimizing adsorption systems. 

A negative ΔG indicates a spontaneous and favorable adsorption process. The heat of adsorption, reflected by 

ΔH, signifies the energy change during the process, influencing the adsorbent's capacity and selectivity. 

Changes in ΔS affect the thermodynamic feasibility and efficiency of adsorption. The adsorption process is 

often spontaneous and is accompanied by a decrease in the free energy of the surface. A positive value of 

entropy (ΔS) signifies an increase in the randomness of the solid/solution interface, likely because dye 

molecules become less restricted as they bind to the surface, forming bonds that increase their degrees of 

freedom. Moreover, the positive value of ΔH implies an endothermic adsorption process, indicating that the 

sorption process absorbs energy from its surroundings. The values for the entropy change, free energy change, 

and enthalpy change were calculated using the Van't Hoff equation (Equations 3, 4, and 5)[52, 138, 139]:                                                                                                                                                                 

∆G= ∆H-T∆S                                                                       (3) 

The heat of adsorption quantifies the thermal energy released or absorbed when a specific amount of 

material adsorbs onto an adsorbent surface. This value is crucial for understanding the strength and type of 

bonds formed between the adsorbate molecules and the adsorbent surface. A comprehensive thermodynamic 

description of the adsorption process necessitates knowledge of the reaction's coefficients and conditions, 

particularly the enthalpy (ΔH) and entropy (ΔS) functions of the system. The Gibbs free energy change (ΔG) 

can be calculated directly from the equilibrium constant (Ke) at specific temperatures. This thermodynamic 

analysis provides vital insights into the spontaneity and driving forces behind the adsorption phenomenon [140-

142].                                                             

∆G= -RT lnKeq                                                                (4)  

where: ∆G = free energy change (kJ/mol), Keq= equilibrium constant for adsorption process, R = ideal gas 

constant (8.314 J/K.mol) and T = absolute temperature measured in kelvin.  

lnKeq=
∆S

R
-
∆H

RT
                                                                   (5) 

The value of ΔG can be calculated from thermodynamic equilibrium constant (Keq) at specific 

temperatures. The other thermodynamic parameters can be determined from slope and intercept of a plot of 

lnKeq versus 1/T, as shown in Figure 11b. The calculated thermodynamic parameters are listed in Table 2 
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Figure 11. (a) Effect of temperature on MO dye adsorption and (b) Van’t Hoff plot 

Table 2. Thermodynamic parameters of MO dye on LB-Fe/Mn  

∆S (J/mol.K) ∆H  (kJ/mol) -∆G (kJ/mol) Temp (K) Adsorbate 

322.0576 89.10114 -5.26174 293 MO 

320.6693  -6.45832 298  

320.7546  -8.08750 303  

322.0597  -10.0933 308  

3.6. Adsorption isotherm   

Adsorption isotherms are graphical representations used to study the efficiency of an adsorption process, 

such as the removal of Methyl Orange (MO) dye from aqueous solutions by an activated surface. An adsorption 

isotherm plots the amount of dye adsorbed onto the adsorbent's surface against the equilibrium concentration 

of the dye solution. Essentially, it illustrates how much of a substance is adsorbed onto a solid surface at a 

constant temperature, as a function of its equilibrium partial pressure (or concentration in solution). In this 

study, several common adsorption isotherm models, including Freundlich, Langmuir, and Temkin, were 

employed to analyze the adsorption data. The Langmuir model is a widely used adsorption isotherm that 

describes the interaction between an adsorbate and an adsorbent based on several key assumptions. It postulates 

that the adsorbent surface is energetically uniform, meaning all adsorption sites are identical and have equal 

affinity for the adsorbate. Furthermore, the model assumes a fixed number of available vacant adsorption sites 

on the solid surface, and that adsorption occurs as a monolayer, where adsorbate molecules form only a single 

layer without significant multilayer formation. This model is valuable for understanding the extent to which 

adsorbent surface layers become saturated with the adsorbate material, such as methyl orange dye. The 

Langmuir equation expressed as [30, 53, 143-145].                     

1

q
e

 = 
1

q
max

+ 
1

q
o
bCe

       (6) 

Langmuir constant and maximal capacity for adsorption  are denoted via b  

(L/mg) and q
max

 (
mg

g
) correspondingly [146, 147]. Figure 12 a and Table 3 represent results. The result 

evident, RL (0.1835)  is favorable and refers to Langmuir isotherm, and correlation coefficient (R2) as 0.8657. 

The Freundlich adsorption isotherm is an empirical relationship that describes the adsorption of a solute onto 

an adsorbent surface in equilibrium with its concentration in the liquid phase. This model is particularly 

applicable for non-ideal sorption systems, where the active sites on the adsorbent surface are heterogeneous, 

and multilayer adsorption can occur. The Freundlich isotherm can be expressed as [148-152]  
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log q
e
 = log K

f
+ 

1

n
log C

e
 (7) 

Constant and exponent for Freundlich model (mg/g) are denoted via kf and ‘n’correspondingly [56]. In the 

Freundlich isotherm, the value of 1/n provides insight into the adsorption behavior. A value close to 1 indicates 

a normal Freundlich isotherm, while a value greater than 1 suggests a cooperative adsorption process. The 

Freundlich constants, kF and n, were determined from the intercept and slope as shown in Figure 12b. The 

results yielded a high correlation coefficient (R2) of 0.9544 for the Freundlich isotherm. This R2 value is higher 

than that obtained for the Langmuir isotherm, indicating that the Freundlich isotherm provides a better fit for 

adsorption of MO dye in this study. The Temkin adsorption isotherm is employed to evaluate the adsorption 

potential between an adsorbent and an adsorbate within solution. This isotherm uniquely accounts for ion 

interactions within aqueous solution (adsorbent-adsorbent interactions). It operates on the assumption that the 

heat of adsorption decreases linearly for all molecules as surface coverage increases. This linear decrease is 

due to interactions between the activated adsorbent surface and the adsorbate molecules already present on 

surface. Essentially, as active sites become occupied, energy of subsequent adsorption events diminishes due 

to these interactions [147, 153-156].                                                                                                                                                                                                                                                       

q
eq

 =BlnAT+BlnCeq (8) 

here, R and B denotes constant of universal gas (J/mol K) and adsorption heat (J/mol), AT, bT and T 

corresponds to constant of Temkin equilibrium binding (L/ g), Temkin (in J/ mol) as well as temperature (K) 

correspondingly [157]. Results  

As shown in Figure 12c, the parameters for the Temkin isotherm were determined from its slope and 

intercept. When comparing the R2 values for all tested isotherms, the Temkin isotherm demonstrated the best 

fit for MO dye adsorption with an R2 of 0.9545. It was closely followed by the Freundlich isotherm, which 

yielded an R2 of 0.9544. The Langmuir isotherm showed the least suitable fit with an R2 of 0.8657. These 

results indicate that both the Freundlich and Temkin models best represent the experimental adsorption data. 

This suggests that the sorption process likely occurs in a multilayer fashion on a heterogeneous adsorbent 

surface, characteristic of physical adsorption.  

 

Figure 12. (a) Langmuir isotherm, (b) Freundlich isotherm and (c) Temkin isotherm for adsorption of MO dye 
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Table 3. Langmuir, Freundlich and Temkin isotherm for MO adsorption 

MO Isotherm parameters Isotherm model 

20.1 qm (mg/g) Langmuir 

0.07411 b(L/mg)  

0.1835 RL  

0.8657 R2  

21.9887 KF (mg/g) Freundlich  

5.0226 N  

0.9544 R2  

89.0126 KT ( L/mg) Temkin 

5.0350 B  

0.9545 R2  

3.7. Adsorption kinetics 

The study of adsorption kinetics is crucial for effectively designing adsorption systems and optimizing 

process conditions over time. It provides insights into the reaction mechanism, reaction speed, and the rate-

limiting step, in addition to revealing the nature of chemical interactions between the adsorbent surface and 

the dye. Furthermore, kinetic studies help identify the most appropriate kinetic model for a given adsorption 

process. To analyze the kinetics of Methyl Orange (MO) dye sorption, two commonly used models are 

employed: the pseudo-first-order (PFO) model and the pseudo-second-order (PSO) model. The pseudo-first-

order model primarily describes adsorption driven by physical forces. It assumes that the rate of adsorption is 

proportional to the difference between the maximum adsorption capacity and the amount adsorbed over time, 

aligning with the concept of available sites on the adsorbent surface [98]. This model, based on the Lagergren 

equation, is often most suitable for lower solute concentrations [158] and considers both the initial and adsorbed 

amounts. This first-order rate equation, established to describe adsorption kinetics in liquid-solid systems, is 

represented by a specific relation. Its linear form is derived by plotting log(qe−qt) versus time. From the slope 

and intercept of this linear plot, the rate constant (k1) and equilibrium adsorption capacity can be determined, 

respectively (Equation 9) [159-164]:                                                                                                      

Log (qe-qt)=Log qe- (
k1

2.303
) t                                                          (9) 

Pseudo second-order is based on the chemical reaction between the adsorbent and adsorbent, the equation 

is represented by Equation (10):                      :                                                                                                    

1

qt
=

1

qe
+

1

k₂qeqe
                                                                    (10)     

where qe = amount of adsorbed substance (dye) at equilibrium mg/g,                                            

qt = amount of adsorbed substance (dye) per unit mass at time(mg/g)                                                    

K1 = first order adsorption rate constant (min-1) and t = time (min).                                                                                      

The reaction rate constant k2 (in g/mg·min) and the equilibrium adsorption capacity are determined from 

the slope and intercept, respectively, of a linear plot of t/qt versus t. Kinetic studies of MO dye removal at 

equilibrium contact time provide valuable insights into the adsorption behavior. The suitability of a kinetic 

model is assessed by its linear regression value (R2) being close to 1. Both pseudo-first-order and pseudo-

second-order models were applied to the experimental data, as shown in Figures 13a and 13b, with the results 

reported in Table 4. When comparing the correlation coefficients, the pseudo-first-order model yielded an R2 

of 0.9136, while the pseudo-second-order model showed a higher R2 of 0.9676. The higher correlation 

coefficient for the pseudo-second-order model suggests a better fit to the adsorption data than the pseudo-first-

order model. Therefore, the rate control of MO dye removal was primarily governed by chemisorption. This 

implies that the adsorption mechanism involves valence forces through electron exchange or sharing between 
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the MO dye molecules and the adsorbent, indicating that the adsorption mechanism is dependent on both the 

adsorbent and the adsorbate [150, 165, 166].                    

     

Figure 13. (a) Pseudo–first order and (b) pseudo–second order model 

Table 4. Kinetics parameters for pseudo-first order and pseudo–second model 

R2 qe (mg/g)  k1 (min-1) 
Pseudo-first order 

0.9136 54.4753 0.05964 

R2 qe (mg/g) k2 (g / mg.min) 
Pseudo-second order 

0.9676 90.9090 0.00124 

3.8. Reusability   

Figure 14 illustrates the cycling stability of the magnetic adsorbent LB-Fe/Mn. The results show a gradual 

decrease in the adsorbent's effectiveness with repeated use. While the adsorbent LB-Fe/Mn maintained high 

removal efficiency for 2-3 cycles, its performance declined to 72.44% by the fifth cycle.                                                                       

 

Figure 14. Reuse of LB-Fe/Mn for MO adsorption  

3.9. Adsorption mechanism       

Lignocellulosic biomass, a generic term referring to the cell walls of plants rich in cellulose, hemicellulose, 

and lignin, presents an environmental challenge when disposed of. While pure lignocellulose exhibits low 

adsorption capacity, its effectiveness can be significantly enhanced through modification, leading to cost-

effective, lignocellulose-based adsorbent nanocomposites. In this study, a lignocellulose-derived metal/metal 

oxide nanocomposite was synthesized by doping lignocellulose with manganese and iron via a coprecipitation 
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method. The Fe/Mn binary oxide was obtained in the form of Fe3O4 and MnO2, as described by the following 

reaction [65, 167]:  

3Fe+2 + MnO4
- +7H2 O = MnO2 + 3Fe(OH)3 +5H+                                                    (11) 

The coprecipitation method was also used to synthesize Fe3O4-biomass. Here, Fe(OH)3 and Fe(OH)2 were 

precipitated using FeCl3.6H2O and FeSO4 7H2O. The lignocellulose's inherent negative charge, primarily due 

to its hydroxide groups (OH−), makes it highly effective for removing cationic dyes. Mechanistic studies 

indicate that the adsorption process involves multiple interactions, including electrostatic forces, hydrogen 

bonding, π−π interactions, and pore adsorption. Loading lignocellulose (LB) with FeCl3 and FeSO4 also 

contributes to an increased surface roughness compared to the raw biomass, further enhancing its adsorption 

capabilities.  

4. Conclusion    

This study focused on synthesizing a novel magnetic adsorbent nanocomposite, LB-Fe/Mn, utilizing 

lignocellulose biomass derived from wood shavings as a raw material. Various techniques were employed for 

the characterization of the Fe/Mn-modified lignocellulose biomass, all of which confirmed the successful 

preparation of the adsorbent. The newly developed magnetic adsorbent nanocomposite was then applied to the 

removal of Methyl Orange (MO) dye from aqueous solutions. The developed LB-Fe/Mn nanocomposite 

demonstrated excellent removal efficiency (98.16%) for methyl orange, outperforming many current advanced 

materials. Adsorption data for MO dye best fit the Freundlich isotherm model. Furthermore, thermodynamic 

studies indicated that the adsorption process is endothermic and spontaneous. Kinetic investigations revealed 

that adsorption followed a pseudo-second-order model, suggesting a chemical adsorption mechanism. After 

its useful adsorption life, the spent LB-Fe/Mn adsorbent was collected, dried, and disposed of through 

controlled landfilling in compliance with local solid waste management guidelines.  
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