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Abstract 

In this study AC-Fe3O4 nanocomposite adsorbents were prepared and used for removal of 

methylene blue dye from aqueous effluents. Synthesized adsorbent samples were 

characterized using Fourier transform-infrared (FT-IR) spectroscopy, X-ray powder 

diffraction (XRD), thermo gravimetric analysis (TGA), and scanning electron microscopy 

(SEM). The AC-Fe3O4 nanocomposite adsorbents MB removal efficiency was investigated 

using a batch adsorption technique, and the effect of experimental parameters such as pH of 

the solution, contact time, initial MB concentration, and adsorbent dosage were studied 

carefully. Using the optimized parameters, the kinetics and adsorption isotherm as well as 

reusability of the adsorbents were also investigated. The result revealed that, the adsorption 

efficiency of the composite increased by increasing the pH of the solution, adsorbent dose and 

contact time, and reached maximum at pH 7, adsorbent dose of 0.1g, contact time of 15 min, 

initial MB dye concentration of 50 mg/L at room temperature. The mechanism of pollutant 

adsorption on the surface of AC-Fe3O4 nanocomposite was tested using adsorption kinetics 

and adsorption isotherms. The regenerability of the adsorbent was also evaluated for six 

cycles. From the prepared samples AC-Fe3O4 nanocomposite, 2:1 ratio showed maximum 

removal efficiency of 99.98%, maximum adsorption capacity of 49.94 mg/g for MB, and the 

adsorbent has shown excellent reusability for six cycles without drastic change in its 

property. The kinetics of the adsorption process fitted well with the Pseudo-second-order 

kinetic model and from the tested isotherm model, the Langmuir isotherm model was found to 

be the best fit. From the regeneration study, it is possible to conclude that AC-Fe3O4 

nanocomposite was recyclable and reused as MB dye adsorption for 6 successive cycles 

without significant efficiency loss. 

Keywords: Jacaranda Mimosifolia, Activated carbon, AC-Fe3O4 nanocomposite, 

Methylene blue, Adsorptive removal, Industrial wastewater 
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1. INTRODUCTION 

1.1. Background of Study 

The severe water contaminations by natural and anthropogenic causes have become one of the 

major environmental challenges of the 21st century. More than 2000 chemical pollutants, 

mostly organic pollutants, have been discovered in wastewater (Mironyuk et al., 2019). 

Organic dyes, widely employed in a variety of areas, are among the organic contaminants that 

cause substantial water pollution. Among the different types of organic dyes, Methylene blue 

(MB), a cationic thiazide redox dye, is abundant in wastewater and surface water due to its 

use in several industries. It contains a lot of organic groups, such as phenyl and amino groups, 

and has a complex structure. It is stable and difficult to degrade after entering the water bodies 

(Y. Qiu et al., 2009). 

Even though MB is essential and widely used in many industries, excessive discharge of it 

from various sources into aquatic systems is a matter of concern because of its toxic, 

mutagenic or carcinogenic properties (Markandeya. et al., 2017). Due to its hostility, it will 

cause serious adverse effects on the environment and human health. As a result, 

Environmental Protection Agency (EPA) recommends a limit value of 0.2 mg/L of MB in 

wastewater (Environmental Protection Agency, 2001). For that reason, treating MB effluent 

before discharging it into the environment is critical in order to meet the EPA limit and for 

limiting its negative effects. Among the different MB dye removal methods from 

contaminated water, adsorption is one of the most often utilized methods in dye wastewater 

remediation and it is quite effective for removing dyes in water (Bulgariu et al., 2019). 

However, commercial adsorbent materials are both very expensive and non-renewable, which 

limits their practical utility. To address this issue, production of low-cost adsorbent material 

from locally available resources such as activated carbon (AC), have been investigated 

(Bagheri et al., 2017, Xiaoduo Liu et al., 2019). 

AC refers to a group of carbon materials with high oscillation and high internal surface which 

are unique because of their remarkable interior area, pore structure, high adsorption capacity, 

surface reactivity and low cost compared to inorganic adsorbents such as zeolite (Rahimian et 

al., 2020). AC is one of the best adsorbents which is widely used because of its excellent 

porosity, low density as well as high adsorption capacity towards various organic compounds 

(Angin et al., 2014). AC can be obtained from various agricultural wastes and by-products, 
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which have received significant attention as they are low-cost, renewable and environmentally 

friendly Recently, several types of ACs were obtained using bamboo (Zhao et al., 2016), 

coconut shell (Aljeboree et al., 2017), etc. as raw materials. It is proven that agricultural 

biomasses can be used to produce activated carbon for the removal of different types of 

pollutants (Zabi et al., 2021). 

Ultimately, adsorption onto AC is a well-established and cost-effective technique among the 

various treatment processes because of its simplicity in design, ease of operation, and high 

adsorption capacity (Vunain et al., 2017, Xiaoduo Liu et al., 2019). For example, 

Lignocellulosic precursors obtained from crops and fruits offer several advantages for 

synthesizing activated carbons due to its wide availability and their interesting 

physicochemical properties. Particularly, biomass of jacaranda is alternative lignocellulosic 

precursors for activated carbon preparation (Cordero et al, 2013). Jacaranda is a flowering 

plant commonly found in Ethiopia, its fruits are dense, rounded, and woody in the form of 

capsules. They are produced in large volumes, and when ripen; open, releasing the seeds as 

waste. The use of waste materials for the preparation of AC is also very attractive from the 

point of view of their contribution to decrease the costs of waste disposal, therefore is used to 

help environmental protection (Pathania et al., 2017). 

The adsorption efficiency of AC derived from Jacaranda Mimosifolia (JM) can be improved 

by adopting various activation processes. The most commonly used activation methods are 

physical activation and chemical activation. Several studies reported that adding or mixing 

additives (surfactants, metals, catalysts, agriculture based residues and industry waste) in the 

fresh AC or after carbonization, enhanced the adsorption capacity(Bagheri et al., 2017). Aside 

from these modifications, to further increase the methylene blue (MB) adsorption capacity of 

AC, forming a composite adsorbent is a promising approach due to the chemical nature, high 

surface area, and amorphous structure of the AC. However, it has the problems to separate 

them from water body, causing the secondary pollution. Meanwhile, non-recyclability is cost 

ineffective and may limit the applications of pure AC materials on a large scale in many 

fields. 

Magnetic separation is a renewable recycling technology applied widely in physics, 

chemistry, and other separation processes, such as tissue repair, magnetic resonance imaging, 

drug delivery, molecular diagnostics, and catalysis, because of its fast and noncontact 
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magnetic response. Therefore, the magnetically functionalized carbon materials have gained 

extensive attention in the purification of water (Y. Zhang et al., 2011, Yu et al., 2013). For 

example, a magnetic multiwall carbon nanotube was prepared for removing cationic dyes 

from aqueous solution(Gong et al., 2009), 2D- carbon flakes and Fe3O4 nanoparticles were 

used to remove As(III) ions from wastewater (Venkateswarlu et al., 2016). However, these 

reported magnetically functionalized carbon materials were still unsatisfactory in keeping 

both high adsorption capacity and rapid magnetic separation(Bagheri et al., 2017, Xiaoduo 

Liu et al., 2019). 

Herein, we focused on enhancing the adsorption capacity and the adsorption mechanisms 

using Fe3O4 magnetic nanoparticles entrapped with AC (AC-Fe3O4) composite as an 

adsorbent to MB, the typical dyes, from the aqueous solution. 

1.2. Statement of the Problem 

 
Dyeing industry effluents constitute one of the most problematic wastewaters to be treated not 

only for their high chemical and biological oxygen demands, suspended solids, and content in 

toxic compounds but also for colour, which are the first contaminant to be recognized by the 

human eye (Karaer et al., 2016). Industries that utilize MB dye for dyeing purpose produce 

MB contaminated wastewater, resulting high risks to public health, the surrounding 

environment and socioeconomic activities. This is because of its non-biodegradability as 

exhibited by its stability against sunlight, temperature, oxidizing agents, and microbial attack 

(Hassaan et al., 2017, Sham et al., 2018). Thus, dye wastewater needs to be treated for the 

sake of the protection of human health and environmental safety (Gao et al., 2013). 

Different conventional methods were used for the reduction of these dye compounds from 

industrial wastewater. But those approaches are time-consuming, costly, and pose disposal 

problems. Ultimately, adsorption onto AC is a well-established and cost-effective technique 

among the various treatment processes because of its simplicity in design, ease of operation, 

and high adsorption capacity (Vunain et al ., 2017). Therefore, it is extreme relevance to find 

suitable low-cost raw materials that are economically attractive and at the same time present 

similar or even better characteristics than the conventional ones. The use of waste materials 

for the preparation of AC is also very attractive from the point of view of their contribution to 

decrease the costs of waste disposal, therefore is used to help environmental protection. The 
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present study synthesized inexpensiveness adsorbent and in environmental friendly method 

for removal of toxic dye by using easily recyclable and environmentally friendly adsorbent. 

1.3. Objective 

1.3.1. General Objective 

The general objective of this study was to synthesize and characterize AC-Fe3O4 

nanocomposite and evaluate its MB dye removal performance from wastewater sample. 

1.3.2. Specific Objectives 

 To activate the Jacaranda Mimosifolia pod adsorbent material using thermal and 

chemical methods. 

 To synthesize AC, Fe3O4 nanoparticles and AC-Fe3O4 nanocomposite. 

 To characterize the synthesized activated carbon, Fe3O4 nanoparticles and AC-Fe3O4 

nanocomposites using FTIR, TGA, XRD, and SEM. 

 To evaluate performance of AC-Fe3O4 nanocomposite in removing MB dye from an 

aqueous solution. 

 To determine the optimal adsorption parameters (temperature, pH, adsorbent dose, 

contact time, and initial MB concentration) for efficient removal of MB dye from an 

aqueous solution. 

 To study the adsorption mechanism through adsorption isotherm and kinetic Models. 

 

1.4. Significance of the Study 

This study can be used to provide a method to remove non-biodegradable dye contaminant 

that pose serious health and environmental hazard using a simple, cost-effective, and 

environmentally friendly adsorption method. 

The prepared composite adsorbent can be used for the removal of the MB dye from 

wastewater of different industries before the dye-contaminated wastewater is discharged into 

the environment. The research will assist in demonstrating insight on how to develop simple, 

cost effective, environmentally friendly, and easily available composite adsorbent that can be 

used to replace imported activated carbon or other commercially available expensive 

adsorbent materials. The conversion of JM biomass into a valuable AC supports the reduction 

of greenhouse gases, decrease the amounts of residuals accumulated in the environment and 
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reducing the environmental stress. Using the described by-products as adsorbents could be a 

good solution for huge quantities of these wastes in terms of sustainable development and 

green projects, as well as a means of cutting disposal costs. 

The research will be essential for other researchers and academicians to perform additional 

investigation by expanding this examination. The costs of preparing activated carbon have 

historically been high. Using this bio -wastes as activated carbon precursors has substantial 

economic and environmental impact as converting undesirable agricultural waste to high- 

value adsorbents. Furthermore, using bio-waste residues as precursors for AC synthesis will 

reduce the importation of activated carbon from international markets. This study will 

provides important information about alternative and cheaper natural bio-adsorbents of 

cleaning contaminated water using locally available waste materials. This project will attempt 

to fill the gap in eco-friendly, recyclable and cost effective synthesis of activated carbon- 

magnetite composite for the removal of toxic dyes from industrial wastewater. 
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2. LITERATURE REVIEW 

2.1. Wastewater 

The world‘s water supplies have been contaminated due to large effluents containing toxic 

pollutants such as dyes, heavy metals, surfactants, personal care products, pesticides, and 

pharmaceuticals from agricultural, industrial, and municipal resources into water streams. 

Water contamination and its treatment have emerged out as an escalating challenge globally. 

Extraordinary efforts have been made to overcome the challenges of wastewater treatment in 

recent years (Rashid et al., 2021). Wastewater is produced in different ways like in household, 

restaurant and industrial activities. The source of wastewater plays an important role on its 

properties and treated processes. Four categories of water are generally distinguished: (1) 

rainwater (runoff from impermeable surfaces), (2) domestic wastewater, (3) agricultural water 

and (4) industrial wastewaters (Crini et al., 2019). Domestic wastewater (house and restaurant 

wastewater) normally holds contaminants like vegetable materials, grease and scum 

detergents, and sediment (El-sayed et al ., 2020). Industrial wastewater may contain toxic 

chemicals and metals, organic wastes, radioactive elements, great quantities of sediment, high 

temperature waste or acidic/basic waste while storm wastewater may include; oil, fuel, 

insecticides, herbicides and residual sediments as shown in Figure1. 
 

 

Figure 1: Types of Water and wastewater contaminants (El-sayed et al ., 2020). 

 

In recent information, more than 100 thousand commercially dye products have discharged to 

the aquatic environment. Textile industries were the largest contributor to water pollution 

followed by paint, paper, leather, and printing industries (Santoso et al., 2020). Disposal of 

dye into environment is harmful to the aquatic life ecosystem, and posed negative impact to 

human health. Dye consisted of complex aromatic molecular structures, therefore very hard to 
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degrade. The consequences can be in the form of aesthetic disorders, such as discoloration 

and foul-smelling water and life disruption of water ecosystems due to reduction of sunlight 

penetration and depletion of oxygen level in water. The risk of dye pollution in water for 

human health includes the emergence of skin diseases upon contact with polluted water and 

digestive disorders from water consumption that m that may lead to the potential risk of 

cancer (Yagub et al., 2014). 

2.1.1. Wastewater treatment methods 

There are several treatment technologies employed to remove pollutants from 

water/wastewater includes flocculation, coagulation, biological oxidation, sedimentation, 

advanced oxidation processes (AOPs), oxidation with chemical oxidants (ozone or hydrogen 

peroxide, etc.), photo-catalytic oxidation/degradation, membrane processes, electrochemical 

oxidation/degradation, adsorption and combined methods (Adegoke et al., 2015, Jiang et al., 

2011, Kurniawan et al., 2006). Different methods used in purification of water are given in 

Figure 2. 

 

Figure 2:Different methods for purification of water (Singh et al., 2018). 

Due to huge discharge in water, number of techniques for wastewater treatment has been 

developed (Adegoke et al., 2015, Quist-Jensen et al., 2015). However, most of these 
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technologies are not capable of fixing water pollutants in an effective way. Major threats and 

drawbacks to common water purification systems are given in Figure 3. 

 

Figure 3:Some major treatment to conventional water purification systems (Singh et al., 

2018). 

2.2. Methylene blue dye 

MB (C16H18N3SCl) is a basic cationic dye with a molecular mass of 319.87 g/mol. The 

molecular structure and physical and chemical properties of MB is presented in Figure 4A and 

4B. It is a cationic dye that gives a net positive charge when mixed with aqueous solutions 

due to the presence of chemical groups such as amine or sulfur. At room temperature, MB is 

solid, odorless, dark green powder and gives a blue solution if dissolved in water (Laysandra 

et al., 2017). It is used to several applications like the coating and coloring of paper, hair, 

cotton, and wool; it is also used as an indicator of oxidation-reduction and as a disinfectant, 

besides its many other medical usages in medicine, in pharmaceutical formulations, in 
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pesticide production, varnish, and lacquer manufacturing, among others (Zaghbani et al., 

2007). Among different pollutant dye methylene blue (MB) is a model cationic dye employed 

by industries such textile industry for a variety of purposes such as in coloring paper, dyeing 

cotton, wools, silk, leather, and coating for paper stock (Aragaw et al., 2020). 

 

 

 

 

Figure 4:(A) Molecular structure of MB and (B) Powder of MB 

 

2.2.1. Industrial and medicinal uses of methylene blue 

MB is one of the most commonly utilized organic compounds. It is used to color paper, hair, 

cottons, and wools, as well as for biological staining. Cottons, wools, and silks were 

frequently dyed using this dye in the textile business (Miraboutalebi et al., 2017). In 

particular, methemoglobinemia and urinary tract infections are treated with MB injection. MB 

is also used to treat chronic urolithiasis, cutaneous viral infections, and manic-depressive 

psychosis, among other things. In a patient with septic shock, MB is also used to improve 

vascular tone and myocardial function. In general, MB is a safe medication that has a dose 

dependent hemolytic effect (Usall et al., 2016). 

2.2.2. Methylene blue dye in industrial effluents 

Textile, painting, rubber, leather, cosmetics, pharmaceuticals, food, paper, and plastics are just 

a few of the industries that produce dye effluents. The global textile industry is estimated to 

be worth around $1 trillion USD and its contribution towards total world exports is around 

7%, employing 35 million people worldwide. The most prominent and destructive form of 

pollution, caused by the textile industry, is the water pollution due to the usage of dyes 

(Desore & Narula et al ., 2018).  Textile effluents are both aesthetically polluted, and have 
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high salinity, chemical oxygen demand, and eco-toxicity, and due to their increasing ubiquity 

in surface water, can lead to adverse effects to human and wildlife health and to aquatic 

ecosystems in general. Of the different types of dyes, MB, which is commonly used in textile 

dyeing, paper printing, and other sectors, can eventually build up in industrial effluents and be 

discharged into receiving streams and other water sources (M. Mostafa et al ., 2015, Daud et 

al., 2017). 

2.2.3. Adverse effects of methylene blue dye in the environment 

Dye pollution is a hazard to ecological balance and human health because of its mutagenic, 

carcinogenic, and teratogenic effects when inhaled or absorbed via the skin. Massive and 

illegal releases of MB-contaminated wastewaters from textile mills into lakes and rivers have 

caused a severe threat to ecosystems, as the lack of dissolved oxygen in the water limits the 

growth of aquatic life (Guo et al., 2018). High concentrations of MB dye in aquatic 

environment stop the absorbing water's re-oxygenation potential and cut off sunlight, 

interrupting biological activity in aquatic life as well as the photosynthesis cycle of aquatic 

plants and algae (Zaghbani et al., 2007). MB is also directly hazardous to human health, as it 

is poisonous, mutagenic, and carcinogenic. Dyspnea, diarrhea, and tachycardia are just a few 

of the respiratory, digestive, and cardiovascular disorders it can induce (Sham & Notley, 

2018). This dye can cause eye burns, which may be responsible for permanent injury to the 

eyes of human and animals. So, the treatment of wastewater contaminated by MB dye is the 

focus of considerable water treatment research (Khatri et al., 2015). 

2.2.4. Adsorption of dyes 

Despite the importance, uses of MB have harmful effects on humans and the environment 

because of its water solubility. It is noxious, a mutagenic reagent and is supposed to be a 

cancer-causing dye. Furthermore, MB is possibly harmful to human health and contributes to 

causing chronic toxicity(Kara et al., 2021).In order to reduce the negative effects of dye 

contaminated wastewater on humans and the environment, the wastewater must be treated 

carefully before discharge into main streams. Adsorption is defined as the attachment or 

adherence of particles to the surface of a solid substance. It is a phase transfer process that is 

widely used in practice to remove substances from fluid phases (gases or liquids). Here, 

molecules or ions are removed from the aqueous solution by adsorption onto solid surfaces. 
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Solid surfaces are characterized by active, energy-rich sites that are able to interact with 

solutes in the adjacent aqueous phase due to their specific electronic and spatial properties 

(Worch et al., 2012). On the surface of the adsorbent material there are active adsorptive sites, 

which bind molecules (gas or liquid) from the adsorbate solution (Figure 5). Adsorption for 

the treatment of dyes from wastewater has recently sparked attention due to its cheap 

operating costs, ease of design, efficiency, and speed of dye removal. As shown in Figure 6, 

different adsorbent materials can be used for the removal of dye contaminants from 

wastewater (Singh et al., 2018). 

Because of simplicity and cost effectiveness, adsorption technique is considered to be suitable 

for wastewater treatment. The adsorbent selection for removal of water contaminants depends 

on concentration and type of pollutant present in the water, efficiency and adsorption capacity 

for pollutant. Additionally the adsorbents should be non-toxic, cost effective, and easily 

available and can easily be regenerated. A large number of adsorbents such as natural 

materials, agricultural wastes and residues, industrial byproducts and biomass materials have 

been used for purification of water and wastewater (Bhatnagar et al., 2010). 

Molecules can be adsorbed either physically or chemically. The mass transition, in which 

gaseous or liquid molecules are moved to a solid phase, might take the form of migration, 

diffusion, or convection (Figure 5) (Worch et al., 2012). Physisorption is defined by 

interactions such as Lewis acid-base, van der Waals, and Columbic; whereas chemisorption is 

distinguished by the formation of new adsorbate-adsorbent bonds (Yan et al., 2015, Monama 

et al., 2018). 

 

Figure 5:Process of adsorption-desorption (Worch et al., 2012). 

 

Advances in science and technology have led to the evolution of several techniques for the 

removal of dyes from industrial (Ahmad et al., 2015 ). As sown in figure 2 a number of 

wastewater treatment technologies were investigated for the removal of MB dyes, such as 

adsorption, ion exchange, electrochemical, oxidation reduction, and biological method. 
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Among the dye removal technologies, adsorption appears the most economical method 

because of its inexpensiveness, easy working principle, and high pollutant uptake capacities 

or degradation but somehow adsorption may cause secondary disposal (Ahmad et al., 2015; 

Yang et al., 2016). 

 

 

Figure 6: Low cost adsorbents (Singh et al., 2018). 

2.2.5. Removal of Methylene Blue Using Adsorbent 

Adsorption refers to a process in which atoms or molecules accumulate in a gas or liquid 

solution on the surface of a solid or liquid material and form a molecular or atomic thin layer. 

Adsorbent is the material on which the adsorption process is carried out and the adsorbate is 

the material that sits on the surface of the adsorbent (Rahimian et al., 2020). Despite the 

development of various technologies for dye waste water treatment, economic, effectiveness 

and rapid water treatment at a commercial level is still a challenging problem. previous 

research efforts have focused on the adsorption technology for the dye remediation from 

wastewater (Begum et al., 2019). This technique can handle fairly large flow rates, producing 

a high quality effluent that does not result in the formation of harmful substances, such as 

ozone and free radicals. Moreover, it can remove or minimize different types of organic and 

inorganic pollutants and thus has a wider applicability in pollution control. Adsorption is 

hence recognized as the most versatile process used in lesser developing countries and is 
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currently being used extensively for the removal of organic pollutants from the aqueous media 

(Mohammed et al., 2014). 

As shown in Figure 7 the contaminant or dye as absorber penetrates the adsorbent due to the 

potential for diffusion. The extent of infiltration potential is determined by the concentration 

of adsorbed material and the area available on the outer surface of the adsorbent. The 

adsorbed material penetrates the absorbent cavities after penetrating the outer surface of the 

adsorbent. All available areas are occupied during the chemical or physical adsorption process 

(Rahimian et al., 2020). 

 

Figure 7: Pathways of adsorption process (Singh et al., 2018). 

2.2.6. Agricultural wastes 

Agricultural residues, fruits and vegetable peels are the discarded waste materials and find no 

application anywhere. They can be used as low cost adsorbent after little 

processing(Anastopoulos et al., 2014). Agricultural wastes are mainly composed of lignin and 

cellulose and act as attractive alternative adsorbents due to their specific structure and 

chemical properties. Specific functional groups such as alcohol, phenol, aldehyde, carboxyl 

and ketone are present in their polymer chains which help in the removal of various pollutants 

from water. A large number of agricultural wastes (Figure8) such as orange peel, pomelo peel, 

lemon peel, banana peel, rice husk, wheat bran, pulse seed coat, coconut shells, etc. have been 
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reported for purification of wastewater. Morphology and surface area of peels also play very 

important role during adsorption (Bhatnagar et al., 2015). 

 

Figure 8: Agricultural waste peels as low cost adsorbents (Singh et al., 2018). 

2.3. Nanoparticles 

Nanoparticles (NPs) are the products of nanotechnology usually ranging in size from 1 to 100 

nm and have been classified on the basis of origin, dimensions, and structural configurations 

(Vikrant & Kim, 2018).These particles are transients between bulk materials and molecular 

structures with a high ratio of surface area to mass. Anthropogenic inorganic nanoparticles 

(metallic nanoparticles) possessing extremely small size and large surface to volume ratio 

have unique properties, such as magnetic and optical polarizability, electrical and thermal 

conductivity that have led to many applications with great scientific impetus as well as 

industrial significance. Noble metallic nanoparticles have significant utility in diverse fields, 

such as clinical diagnostics and therapeutics, electronics, cosmetics, textiles, food processing 

and packaging, wastewater treatment, environmental remediation and agriculture (Chaudhary 

et al., 2020). 

Due to unique morphological (shape, size, and charge distribution) and physico-chemical 

properties of NPs, they find applications in almost every discipline of science, like space, 

energy, defense, communication, biomedicine, and agriculture. Use of NPs in disease 

diagnosis, imaging, treatment, drug delivery, tissue engineering, and cancer therapeutics is 

also increasing tremendously (Macys, 2005). However, application of NPs in biological 
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entities, especially humans, is very critical, and the NPs used in biomedical applications 

should preferably be from green sources. Taking into consideration various factors, such as 

biocompatibility, bioavailability, bio-distribution, and most importantly biosafety of NPs, the 

current trend of synthesis of NPs is moving towards the safer side. NPs are mostly 

synthesized by physical and chemical methods such laser ablation, mechanical milling, electro 

explosion, and sol-gel, but they are hazardous for environmental and human health (Cheng et 

al., 2016). The trend to synthesize NPs from alternative, environmentally safe, cost-effective, 

and non-toxic green methods is increasing. 

2.3.1. Metal Oxide nanoparticles 

 

Nano metal oxides (NMOs) show an effective and specific adsorption towards various aquatic 

pollutants. However, they are usually present as fine or ultrafine particles, which often lead to 

problems such as activity loss due to agglomeration, difficult separation, and excessive 

pressure drops when applied in flow-through systems (Fu et al., 2018). An effective approach 

to overcome this technical obstacle is to fabricate hybrid adsorbents by coating NMOs 

particles into/onto porous supports of larger size. The transition-metal oxides (TMOs), which 

have attracted the attention of materials scientists and engineers, constitute a fascinating class 

of inorganic solids (T. Ahmad et al., 2021). Their magnetic, electrical, optical, catalytic and 

mechanical properties make them technologically useful. TMOs are compounds composed of 

oxygen atoms bound to transition metals, and are commonly utilized in several electronic 

applications due to their superior semiconducting properties (Vazinishayan et al., 2018). 

TMOs show remarkable physical properties among which spinal oxides (particularly ferrites) 

show comparably good and interesting magnetic and electrical properties, which make the 

ferrites particularly very attractive for several novel applications. 

 

In the recent years, the Transition Metal Oxide Nanoparticles (TMO NPs) have emerged as 

potential candidates for a number of scientific applications including Biomedical 

Applications, Photovoltaic Applications Resistive Switching Applications and many more. 

Besides physical routes of synthesis of nanoparticles, the chemical routes are preferred 

because of the availability many easy synthesis techniques such as Hydrothermal and Sol-Gel 

etc. Further, large scale production and cost-effective synthesis of nanomaterials is possible 
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through chemical synthesis to match industry (Adiba et al., 2019). MO adsorbents applied for 

wastewaters treatment have included iron oxide (Fe3O4), zinc oxide (ZnO), titanium dioxide 

(TiO2), magnesium oxide (MgO), alumina oxide (Al2O3), and zirconium oxide (ZrO2). 

Amongst them, iron oxide nanoparticles (IONs) have garnered increasing attention due to the 

attractive properties such as high specific surface area, strong adsorption affinities toward 

organic pollutants, and more importantly the magnetism property (Lima et al., 2021). 

 

2.3.2. Magnetite (Fe3O4) Nanoparticles 

Despite the development of various technologies for dye waste water treatment, economic, 

effectiveness and rapid water treatment at a commercial level is still a challenging problem. 

Previous research efforts have focused on the adsorption technology for the dye remediation 

from wastewater (Begum et al., 2019). This technique can handle fairly large flow rates, 

producing a high quality effluent that does not result in the formation of harmful substances, 

such as ozone and free radicals. Moreover, it can remove or minimize different types of 

organic and inorganic pollutants and thus has a wider applicability in pollution control. 

Adsorption is hence recognized as the most versatile process used in lesser developing 

countries and is currently being used extensively for the removal of organic pollutants from 

the aqueous media (Mohammed et al., 2014). 

Fe3O4 is derived from various sources such as black iron oxide, magnetic iron ore, loadstone, 

ferrous ferrite and Hercules stone. Fe3O4 has face centered cubic spinel structure with both 

divalent and trivalent iron in it. All of the Fe2+ ions reside in half of the octahedral sites 

whereas the Fe3+ ions are divided evenly across the remaining the remaining available 

octahedral and the tetrahedral sites (Mohapatra et al., 2011). Magnetite has been attracting 

growing interest as they exhibit unique electrical, optical and magnetic properties for 

numerous applications such as production of inorganic pigments, magnetic storage media, 

development of gas sensors as well as electronic and optical devices, information storage, 

color imaging, magneto caloric refrigeration, bioprocessing, and wastewater treatment 

adsorbents (Lin et al., 2021). The most assuring and interesting candidate is known to be 

Fe3O4 NPs because of its wide range of properties including active surface for adsorption of 

ligands and metals for recyclable catalysts. They are also known for their magnificent 

electronic and magnetic properties due to charge transfer between Fe3+ and Fe2+ ions. Thus, 
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they can be used to synthesize magnetically recyclable catalyst which can easily degrade the 

organic dyes reducing their hazardous effects. Many researchers have synthesized Fe3O4 NPs 

and used in various degradation studies (Mohapatra et al., 2011). Magnetic Nanoparticles 

(MNPs) are preferred over other metal catalysts for their non-toxic, ubiquitous and cost 

effectiveness. They have indeed become increasingly appealing in the field of catalysis over 

the last decade as they combine their fascinatingly reactive properties with an easy 

environmental benign mode of recovery (Lin et al., 2021). The separation of MNPs indulges 

them in the prominent industrial applications. It could be used bare or by plating it with an 

appropriate metal that is catalytically active MNPs synthesized in situ between the reaction of 

hydrazine monohydrate and iron salt in methanol at high temperature have proved to be 

effective catalysts in specifically reducing aromatic nitro groups into anilines with the aid of a 

reducing agent like hydrazine. MNPs have also involved in methylene blue degradation 

accomplished by sodium borohydride that have an escalated rate of degradation reaction after 

the addition of MNPs (L. Zhang et al., 2012). 

A lot of efforts have been taken to understand the mechanism of NPs formation in solutions 

via nucleation and growth (Thanh et al., 2014). Physical methods include metal evaporation 

by sputtering, ball milling and electrode deposition. These methods are advantageous since 

they allow mass production and high-purity nanomaterials but they do not offer a good 

control on the size and shape of the nanoparticle. Solution phase chemical methods offer 

effective ways to produce MNPs because of their precise control over the composition, size 

and structure of the resultant materials. These chemical methods include co-precipitation, gas- 

phase deposition, sol–gel method, oxidation method, flow injection, microbial, herbal plants 

extract, thermal decomposition or reduction, hydrothermal synthesis, laser pyrolysis 

techniques and herbal extract mediated biosynthesis There are a lot of successful studies 

where Fe3O4-NPs can be synthesized using different biological routes, however plant extract 

is the most extensively used in green synthesis because it can be obtained easily, large-scale 

production, cost effective and environmental benign (Ajinkya et al., 2020). In addition, 

extracts from plants can act as reducing and stabilizing agents in the nanoparticles synthesis 

which might be due to the presence of phytochemicals. Phytochemicals are compounds that 

are produced by plant itself. Furthermore, the applications of Fe3O4 -NPs might depend on the 

substrate used as well. Rice straw, fruit peels and coffee waste hydro char are natural waste 
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which we might think they are worthless. But, the Fe3O4-NPs synthesized by waste can be 

useful too. Based on studies, Fe3O4-NPs prepared by tea residue, coffee waste hydro char and 

corn can be used in arsenic removal (Lunge et al., 2014), Acid Red 17 (azo dye) removal and 

drug delivery applications (Patra et al., 2017) respectively. 

2.4. Nanocomposites 

Nanocomposites are composites in which at least one of the phases demonstrates dimensions 

in the nanometer range. Nanocomposites suggest rare properties that ascend from their small 

size, large surface area, and the relations of phases at their interfaces. They are striking for 

their prospective to develop performance of drugs, catalysts, biomaterials and other high 

value added materials. Nanocomposites offer an exceptionally extensive range of prospective 

applications from electronics, optical communications and biological systems to new 

materials. Currently, nanocomposites offer new technology and business opportunities for all 

zones of industry, in addition to being environmentally friendly (Din et al.,2019). From many 

previous findings, nanomaterials have been produced as a novel high efficiency adsorbent for 

heavy metal removal from wastewater (Hua et al., 2012; Ray & Shipley, 2015; Wang, 2012; 

Yang et al., 2019). The development of well- designed nanoadsorbents from metal oxides and 

carbon sources have been utilized in broad industrial applications including bioprocess, 

environmental remediation and their unique characteristics such as high reactivity, 

biocompatibility, high surface to volume ratio, reversibility, metal binding capability and 

comparatively low cost as well as high degree of functionalization make them as potential 

high efficient adsorbents for wastewater treatment and water purification applications (Mohd 

et al., 2017; Dave & Chopda et al., 2014; Qu et al.,2013) also reported the capability of 

nanoadsorbents that can adsorb the contaminants in terms of molecular size, hydrophobicity 

and speciation behaviour. Besides that, nanoadsorbents are also enabling the manufacturing 

processes to consume raw materials efficiently without releasing any toxic by-products 

(Burakov et al., 2018). 

Nanocomposites consist of a matrix in which fillers are incorporated based on the properties 

to be improved. The matrix and the reinforcing fillers may be organic or inorganic. Based on 

the matrices used, nanocomposites may be classified as polymer matrix nanocomposites, 

ceramic matrix nanocomposites, or metal matrix nanocomposites. Nanocomposites are 
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synthesized with multi-phase solid materials, which are a combination of two or more 

components including a continuous and discontinuous phase with at least one within the nano- 

scaled dimension (Ravichandran et al., 2018). 

2.5. Types of Adsorbents 

 
Different types of adsorbents are classified into natural adsorbents and synthetic adsorbents. 

Natural adsorbents include charcoal, clays, clay minerals, zeolites, and ores. These natural 

materials, in many instances are relatively cheap, abundant in supply and have significant 

potential for modification and ultimately enhancement of their adsorption capabilities (Rashid 

et al., 2021). Synthetic adsorbents are adsorbents prepared from Agricultural products and 

wastes, house hold wastes, Industrial wastes, sewage sludge and polymeric adsorbents. Each 

adsorbent has its own characteristics such as porosity, pore structure and nature of its 

adsorbing surfaces. Many waste materials used include fruit wastes, coconut shell, scrap tires, 

bark and other tannin-rich materials, sawdust, rice husk, petroleum wastes, fertilizer wastes, 

fly ash, sugar industry wastes blast furnace slag, chitosan and seafood processing wastes, 

seaweed and algae, peat moss, clays, red mud, zeolites, sediment and soil, ore minerals 

(Kandisa et al., 2016). 

2.5.1. Activated Carbon as Adsorbent 

In the adsorption process, adsorbent primarily depends on the surface chemistry and pore 

structure of the material. Method of activation and nature of precursor tremendously affect the 

surface functional groups and pore structure. The surface functional groups provide vital 

information involving removal of cationic and anionic adsorbate (Musa et al., 2018). For 

example, when activated carbon is treated with acid, the activated carbon will have negatively 

charged acid groups and able to absorb cationic adsorbate and vice versa et al., 2010). 

Activated carbon (AC) has been the most promising adsorbent. It has high adsorption 

efficiency, large surface area, high porosity structure, and high surface reactivity (Moosavi et 

al., 2020). Different kinds of AC are available and used as catalyst or support of a catalyst and 

adsorbents. Therefore, for industrial scale application, AC is one of the most important 

adsorbent materials. Activated carbon can be made from biomass as well as other 

carbonaceous materials such as fossil, waste, or renewable sources which activated using 
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chemical activation (such as acid, base, or salt activation) or physical activation (steam/ 

air/gas). Activated carbons obtained from these precursors may show physical, chemical and 

adsorption properties that may vary significantly with respect to those properties of 

adsorbents obtained from conventional raw materials. Actually, lignocellulosic residues from 

crops and fruit production can be considered as the most appropriate precursors for a cost- 

effective preparation of activated carbons based on the fact that several billion tons of these 

wastes are available worldwide (Trevi˜no et al, 2013). Activated carbon is used to purify 

liquids and gases in a variety of applications, including municipal drinking water, food and 

beverage processing, odor removal, industrial pollution control. Activated carbon is produced 

from carbonaceous source materials, such as coconuts, nutshells, coal, peat and wood. The 

primary raw material used for activated carbon is any organic material with high carbon 

content. Adsorption is a process where a solid is used for removing a soluble substance from 

the water. In this process active carbon is the solid. Activated carbon is produced specifically 

so as to achieve a very big internal surface (between 500 - 1500 m2/g) (Vunain et al., 2017). 

This big internal surface makes active carbon ideal for adsorption. AC has difficulties in 

separation from water bodies and generates secondary pollution. Meanwhile, non- 

recyclability is cost-ineffective and may limit its applications on a large scale in many fields. 

Traditional methods, such as filtration, can cause the blockage of filters or the loss of C 

(Serrano et al., 2014).Thus, a material that would overcome these limitations should be 

developed. Different solutions have been studied. Depending on the characteristics of 

industrial wastewater, magnetic separation can be a promising treatment technique with easy 

and fast recovery. The use of magnetic adsorbents can enhance the thermal stability and the 

cross-linking density of the adsorbents. This technique has the potential to improve times and 

efficiencies of urban and drinking water treatment plants. This technique might also substitute 

industrial wastewater treatments. This technique combines a physicochemical phase of 

adsorption and a magnetic phase of filtration. The adsorbents combated of AC with magnetic 

particles possess high adsorption capacity and easily recover through the magnet. Many 

studies on the combination of AC and magnetic particles have been conducted (Moosavi et 

al., 2020). 

https://www.lenntech.com/Periodic-chart-elements/C-en.htm
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2.5.2. Jacaranda Mimosifolia 

Jacaranda Mimosifolia (D. Don) is an ornamental tree belonging to the family Bignoniaceae, 

widely distributed in tropical and subtropical areas of the world. The forest species, 

Jacaranda mimosifolia is a plant easily found in most countries and its dense flowering and 

purple color are used in the ornamentation of squares and parks. Its fruits are dense, rounded, 

and woody in the form of capsules. Extracts of various organs of J. mimosifolia are used in 

several countries including Bangladesh, India and Pakistan to treat hypertension, ulcers, 

wounds, diarrhea, dysentery and amoebic infections (Naz et al., 2020). Jacaranda 

mimosifolia (shown in Figure 9) is a plant easily found also found in Ethiopia; its fruits are 

dense, rounded, and woody in the form of capsules. They are produced in large volumes, and 

when ripen, open, releasing the seeds (Georgin et al., 2021). Jacaranda has been traditionally 

used in treating skin disorders, venereal diseases, leishmaniasis, colds and rheumatism (Mohd 

Udaiyappan et al., 2017). In Ethiopia fruit Jacaranda mimosifolia is a waste found on the 

ground around the Jacaranda tree. 

 

 

(a) (b) 

Figure 7: Image (a) Jacaranda plant and (b) fruit (seed pod) of Jacaranda mimosifolia. 

2.6. Activation of Activated Carbon 

The precursor composition may have a significant effect on the micropore structure of the end 

product and, as a consequence, in the final adsorption properties of activated carbons (Vunain 

et al., 2017). Generally, two types of activation processes are involved in the production of 

activated carbons by way of physical activation and chemical activation. 
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2.6.1. Physical activation 

Physical activation (sometimes also called thermal activation) is the process of slow oxidation 

of the char with mild oxidizing agents such as steam and carbon dioxide at temperatures 

usually between 4000C and 10000C (Moosavi et al., 2020). In this process, the disorganized 

material is removed first with the subsequent increase in pore volume and by this the 

elementary crystallites become exposed to the action of the activating agent for further 

development of porosity with increasing burn-off. The slow oxidation process creates new 

porosity or enlarges the existing pores. Carbon dioxide is usually preferred over steam 

because of its low reactivity that permits controlling oxidation rates such that uniform 

porosity is developed (Contescu et al., 2018). 

The process of physical activation comprises two steps: (a) Carbonization is the first stage and 

involves the formation of a char, which is normally nonporous, by pyrolysis of the precursor 

at temperatures in the range between 400 and 850 °C, and sometimes reaches 1000 °C, in an 

inert, usually nitrogen atmosphere and in the presence of physical agents like heat, gases 

(carbon dioxide, helium and nitrogen) and steam to disrupt the cross-linkages present between 

C atoms; (b) Activation is the second stage and involves contacting the char with an oxidizing 

gas, such as carbon dioxide, steam, air or their mixtures, in the temperature range between 

600 and 900 °C, which results in the removal of the more disorganized carbon and the 

formation of a well-developed micropore structure. The activation gas is usually CO2, since it 

is clean, easy to handle and it facilitates control of the activation process because of the slow 

reaction rate at temperatures around 800 °C. Such a relatively high pyrolysis temperature 

further enhance the porosity of the biochar (Adegoke et al., 2015, Rodríguez et al., 2012). 

Various activating agents are reported in the literature, which includes carbon dioxide, air, 

nitrogen, steam, oxygen etc (S. Wang et al., 2017). In general, the mild oxidizing agents like, 

steam and carbon dioxide are commonly used for the thermal activation of biochar, because 

they favor slow oxidation process, leading to the formation of new pores and enlargement of 

the existing pores (Contescu et al., 2018). The activating agent has a significant effect on the 

C properties and the degree of activation. Liu reported the production of super activated 

carbon (using KOH) with the maximum surface area value of 3362 m2/g and concluded that 

activation temperature (800 °C), time, and impregnation ratio had the highest effects on 



23  

improving the surface area. The alkali KOH is a highly attractive activating agent (Moosavi et 

al., 2020). 

Physical activation method is relatively economically feasible, cheap and eco-friendly than 

the chemical based activation method. The chief parameters which affect the quality and 

characteristic properties of biochar are activation time, temperature and flow rate of gas 

during physical activation method (Liou et al., 2010). The most important variables in the 

gasification process from the point of view of porosity development are the activating agent, 

the final bum-off reached, and the presence of inorganic impurities that catalyze or inhibit the 

gasification reaction. It has been reported that surface area and porosity of biochar increases 

with increase in the flow rate of gas and process temperature whereas the activation time 

possesses negative effect after a certain time interval (Devi et al., 2017, Moosavi et al., 2020). 

2.6.2. Chemical activation 

 

Chemical activation is based on char impregnation with chemicals (ZnCl2, KOH, and H3PO4) 

which promote dehydration, polycondensation, and gasification reactions at lower 

temperatures than those needed for physical activation. The yield is higher, but the process 

requires extensive washing of final product for elimination of chemicals, which is perceived 

as an environmental penalty (Contescu et al., 2018, Zhong et al., 2012). Chemical activation 

produces activated carbons with higher surface area and a higher yield at a lower temperature 

than physical activation (Rashed et al., 2013). Recent research studies showed that the 

phosphoric acid activation using microwave as a heating method yielded activated carbons 

with a better quality at a lower temperature than the normal heating method, which results a 

great energy saving (Demirbas et al., 2009). In particular, the chemical activation appears to 

be the most used procedure for the preparation of adsorbents for water purification (Liu et al., 

2010). The chemical activation process is preferred over the physical activation process to 

make coal-based activated carbon. Compared with physical activation, chemical activation 

will lower the inherent mineral content of the coal and produce activated carbon with a 

significantly low ash content. Another evident advantage of the chemical activation method is 

that the AC yields are generally extremely high in the presence of chemicals. It is carried out 

in a single step, performed at lower temperatures and, therefore, resulting in the development 
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of a better porous structure (Adegoke et al., 2015). The surface area of the activated carbon 

via chemical activation is also generally high. Another study also proposed that chemical 

activation can cut energy consumption compared with the physical activation process because 

the activating agent is not required to be heated, and pyrolysis and activation are combined 

into one stage. However, physical activation is used for commercialized activated carbon thus 

far because of its low production cost (Moosavi et al., 2020). 

In the chemical activation process, carbonization and activation are carried out 

simultaneously, with the precursor being mixed with chemical activating agents, such as 

dehydrating agents and oxidants. Activation of carbon is used to enlarge the diameter of the 

fine pores, create new pores and can serve as ideal support media for iron impregnation. The 

selection of the precursor for the preparation of activated carbon depends upon availability, 

cost, carbon content, and ease of activation (Adegoke et al., 2015, Rajbhandari et al., 2010). 

2.7. Characterization of Nanoparticles and Composite 

The characterization of nanomaterials is important for understanding their properties and 

applications. Strategies used for their fabrication and characterization are going to be 

improved day by day. Control over size and shape of nanoparticles is very important for their 

potential applications in various fields (Begum et al., 2018). The common methods used for 

the characterization of nanoparticles include, Ultraviolet visible (UV–Vis) spectroscopy, 

Scanning electron microscopy (SEM), Transmission electron microscopy (TEM), low energy 

electron diffraction (LEED), Extended X-ray absorption fine structure (EXAFS) used for the 

detection of surface topography, and Secondary ion mass spectroscopy (SIMS), Auger 

electron spectra (AES), Electron probe microanalysis (EPMA) (Mourdikoudis et al., 2018). 

Each technique has its own advantages and disadvantages and it is hard to compare one 

technique to another because each technique has a specific purpose and used to get a specific 

information that cannot be obtained from the other one (K. Zhang et al., 2015). 

2.7.1. Fourier transform infrared spectroscopy 

 

Fourier Transform Infrared, the preferred method of infrared (IR) spectroscopy. In IR 

spectroscopy, IR radiation is passed through a sample. Some of the IR radiation is absorbed 
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by the sample and some of it is passed through (transmitted). The resulting spectrum 

represents the molecular absorption and transmission, creating a molecular fingerprint of the 

sample. As two finger prints never match, similarly no two unique molecular structures 

produce the same IR spectrum (Yao et al., 2015). The functional groups of the materials were 

determined by using FTIR spectrometer. The infrared spectra is a fingerprint for identification 

by the comparison of the spectra from an ‗‘unknown‘‘ with previously recorded reference 

spectra. The vibrational spectra of a molecule are considered to be an important physical 

property. It is a unique characteristic of the molecule. In the absence of a suitable reference 

database, it is possible to effect a basic interpretation of the spectrum from first principles, 

leading to characterization, and possibly even identification of an unknown sample (Coates et 

al., 2006). However, the application of FTIR in the characterization of functionalized 

nanoparticles could be difficult because it may not reveal the chemical bonds between the 

nanoparticles and the functional molecules based on a database of known vibration 

frequencies. This is because the chemical bond between the functionalized molecules and the 

nano-material is usually novel, and thus, a strategy must be developed in order to provide 

evidence about the resonant vibration information between the grafted molecules and the 

nano-sized particles (Baudot et al., 2010). Biomolecules those are responsible for capping, 

reduction and stabilizer, are identified by using FT-IR (Ijaz et al., 2020). 

2.7.2. X -ray diffraction 

 

XRD is used for the determination of crystal structure, calculation of crystalline nanoparticles 

size and for confirmation of nanoparticles (Ijaz et al., 2020). The crystalline structure of 

nanoparticles can be calculated by using Debye Scherrer s equation (Muniz et al., 2016). The 

approximate average crystallite size of nanoparticles was determined by applying the Scherer 

formula: 

D =  
0.9λ 

βcosθ 
(1) 

 

Where D is the average particle size, λ wave length of the Cu-Kα irradiation, β the full width 

at half maximum intensity of the diffraction peak and θ is the diffraction angle. It provides 

information on structures, phases, preferred crystal orientations (texture), and other structural 

parameters, such as average grain size, crystallinity, strain, and crystal defects. XRD peaks 
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are produced by constructive interference of a monochromatic beam of X-rays scattered at 

specific angles from each set of lattice planes in a sample. The peak intensities are determined 

by the atomic positions within the lattice planes. An online search of a standard database for 

X-ray powder diffraction patterns enables quick phase identification for a large variety of 

crystalline samples (Thurston et al., 2017). 

2.7.3. Scanning electron microscope (SEM) 

 

SEM gives high resolution images of the surface of a sample. Image formed by using 

electron beams of SEM used to characterized shape, size, morphology and distribution of 

synthesized nanoparticles (Ijaz et al., 2020). The scanning electron microscope works as same 

principle as an optical microscope, but it measures the electrons scattered from the sample 

rather than photon. Because electrons can be accelerated by an electric potential, the 

wavelength can be made shorter than the one of photons. This makes the SEM capable of 

magnifying images up to 200,000 times and measures the particle size and characterization, 

Conductive or sputter coated sample involved and the sensitivity down to 1nm (Kaur & Kaur 

et al., 2019). 

2.7.4. Thermal gravimetric analysis (TGA) 

 

Thermogravimetric analysis or thermal gravimetric analysis (TGA) is a method of thermal 

analysis in which the mass of a sample is measured over time as the temperature changes. 

This measurement provides information about physical phenomena, such as phase transitions, 

absorption, adsorption and desorption; as well as chemical phenomena including 

chemisorption, thermal decomposition, and solid-gas reactions (e.g., oxidation or reduction) 

(Mani et al., 2010). Thermogravimetric analysis is conducted on an instrument referred to as a 

Thermogravimetric analyzer. A Thermogravimetric analyzer continuously measures mass 

while the temperature of a sample is changed over time. Mass, temperature, and time are 

considered base measurements in thermogravimetric analysis while many additional measures 

may be derived from these three base measurements. Thermogravimetric analysis is a widely 

used technique to obtain precise weight loss profile during thermal decomposition 

(Saadatkhah et al., 2020, Kumar et al., 2009). 
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2.8. Kinetics of Adsorption 

Adsorption is one of the most widely applied techniques for pollutant removal from 

contaminated media. When adsorption is concerned, thermodynamic and kinetic aspects 

should be involved to know more details about its performance and mechanisms. 

 

Figure 8: Schematic diagram of batch adsorption (Elwakeel et al., 2020). 

 

Kinetic performance of a given adsorbent provides great significance for the pilot 

application. Adsorption kinetics is the measure of the adsorption uptake with respect to time 

at a constant pressure or concentration and is employed to measure the diffusion of adsorbate 

in the pores. From the kinetic analysis, the solute uptake rate, which determines the residence 

time required for completion of adsorption reaction, may be established. Also, one can know 

the scale of an adsorption apparatus based on the kinetic information (H. Qiu et al., 2009). 

Kinetics study helps to select optimum operating conditions for the full-scale batch process, 

which have been applicable to investigate the mechanism of adsorption and potential rate- 

controlling steps. Kinetic parameters are significant for the prediction of adsorption rate, and 

give useful information for designing and modeling the adsorption processes (Batool et al., 

2018). Several kinetic models such as the pseudo first- and second-order equations, intra- 
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particle diffusion and Elovich equations are used to interpret the time dependent experimental 

data and examine the controlling mechanism of adsorption process (Rodrigues et al., 2009, 

Chen et al., 2007). 

2.8.1. Pseudo-first-order model 

 

The first-order model is believed to be the earliest model and it was developed by Lagragren 

in 1898 (H. Qiu et al., 2009). To describe the kinetic process of liquid-solid phase adsorption, 

it is generally used in the form proposed by Ho and McKay as:- 

𝐿𝑜(𝑞𝑒 − 𝑞𝑡) = − 
 𝐾1  𝑡 + 𝐿𝑜𝑔𝑞𝑒 (2) 

2.303 

Where qe and qt (mg/g) are the adsorption capacities at equilibrium and at a time t (min), 

respectively, K1 (min-1) is the pseudo first order rate constant for the kinetic model (Y. Wang 

et al., 2021). 

2.8.2. Pseudo-second-order model 

 

It was not very popular until 1999 when Ho and McKay analyzed a number of experimental 

results taken from the literature, and arrived at the conclusion that, ―for all of the systems 

studied, the pseudo-second order reaction kinetics provide the best correlation of the 

experimental data‖ (Simonin et al., 2016). Currently, the pseudo-second-order rate equation, 

popularized by Ho and McKay, is probably the most widely used model for adsorption 

kinetics. Most of the time this equation is used when the first-order model fails and the 

equation for this model is written as:- 

𝑡 
 

 

𝑞𝑡 
= 

1 

𝐾2𝑞𝑒2 
+  

1 

𝑞𝑒 
𝑡 (3) 

where qe(mg/g) is the adsorption capacities at equilibrium; K2(g/(mg min)) is the equilibrium 

rate constant of pseudo-second order adsorption (W. Y. Huang et al., 2014;S. J. Liu et al., 

2016;Song et al., 2020). 

2.9. Adsorption Isotherm Models 

Adsorption isotherms have been of great importance to research dealing with environmental 

protection and adsorption techniques. An adsorption isotherm is a graph that represents the 

variation in the amount of adsorbate adsorbed on the surface of the adsorbent with the change 
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in pressure at a constant temperature. The adsorption isotherm experiments were used to 

determine the maximum phosphate adsorption capacities of the adsorbent. It the most suitable 

way to evaluate the adsorption process as well as to understand the interrelation between the 

amounts of adsorbate on the adsorbent surface to its concentration (Ayawei et al., 2017). The 

adsorption isotherm models are used to describe the phenomenon governing the retention or 

release of a substance from the aqueous porous media or aquatic environments to a solid 

phase at a constant temperature and pH. Among numerous isotherm models, Langmuir and 

Freundlich isotherm models are most widely used models to describe the single-solute 

adsorption because of the corresponding simple mathematical forms and excellent fitting 

performance (Hu & Zhang et al., 2019). 

In this study, Langmuir and Freundlich models were used to fit the isotherms data for the 

adsorption of MB at pH = 7 and room temperature for assessing the adsorption behavior of 

the adsorbents. 

2.9.1. Langmuir adsorption isotherm model 

 

The Langmuir adsorption isotherm is used to describe the equilibrium between adsorbate and 

adsorbent system, where the adsorbate adsorption is limited to one molecular layer at or 

before a relative pressure of unity is reached. The isotherm initially proposed by Langmuir in 

1918 is generally suitable for describing the chemisorption process when ionic or covalent 

chemical bonds are formed between the adsorbent and the adsorbate. The Langmuir 

adsorption isotherm describes the surface as homogeneous, assuming that there is no lateral 

interaction between adjacent adsorbed molecules when a single molecule occupies a single 

surface site. Langmuir adsorption isotherms are based on the assumption that the reactive 

groups are homogeneously distributed over the particulate's surface and that there is no lateral 

interaction. Langmuir pictured monolayer formation to occur on the basis of a specific 

binding interaction between adsorbate molecules and distinct solid surface sites. This picture 

was originally founded on the results of experiments performed with hydrogen and other 

small molecules in the presence of heated metal filaments at very low pressures. In Langmuir 

1918, this model was already broadly generalized to include cases where monolayer or 

multilayer formation occurs as well as cases ranging from highly regular surfaces to 

completely amorphous surfaces containing an abundance of different adsorption sites. The 

https://www.sciencedirect.com/topics/engineering/adsorbed-molecule
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Langmuir theory of adsorption is useful for modeling and designing engineering processes, 

both qualitatively and quantitatively (Swenson & Stadie et al., 2019).The Langmuir model 

assumes that there is no interaction between the adsorbate molecules and the adsorption is 

localized in a monolayer form (Limousin et al., 2007). The Langmuir adsorption isotherm 

shows the equilibrium distribution of the ions between the solid and liquid phases. This model 

has been successfully applied to many real adsorption processes (Bilgiç & Çimen et al., 

2019).The equation for Langmuir adsorption isotherm can be described as:- 

𝐶𝑒 = 
1 𝑐𝑒 + 

1 
(4) 

𝑞𝑒 

 

𝑅𝐿 

𝑞𝑚 

= 
1 

1+𝐾𝐿𝐶0 

𝑞𝑚𝐾𝐿 
 

(5) 

Where, Ce = the equilibrium concentration of phosphate in the solution (mg/L), qe = the 

amount of phosphate adsorbed per gram of the adsorbent at equilibrium (mg/g), qm = 

maximum monolayer coverage capacity (mg/g) or the maximum uptake corresponding to the 

site saturation, and KL = Langmuir isotherm constant (L/mg) representing the ratio of 

adsorption and desorption rates. The separation factor RL in eq (4) was used to evaluate the 

nature of the Langmuir isotherm. The RL value tells the type of isotherm to be unfavorable 

(RL > 1), linear (RL=1), irreversible(RL=0), 0<RL<1 means that the reaction is well 

reversible, and favorable (RL<1) (Y. Zhang et al., 2020; Y. Wang et al., 2021; Ajmal et al., 

2018). 

2.9.2. Freundlich adsorption isotherm model 

 

The Freundlich isotherm model is an empirical relationship describing the adsorption of 

solutes from a liquid to a solid surface and assumes that different sites with several adsorption 

energies are involved. Freundlich isotherm model is the most important multi-site adsorption 

isotherm for heterogeneous surfaces (Deliyanni et al., 2007). It is one of the oldest models 

which are extensively used; it was developed by Freundlich in 1932. The Freundlich 

adsorption isotherm model is an empirical model expressed by the equation: 

𝐿𝑜𝑔  = 
1 
𝐿𝑜𝑔𝐶 + 𝐿𝑜𝑔𝐾 (6) 

𝑒 𝑛 𝑒 𝐹 

Where qe is the amount of phosphate adsorbed per gram of the adsorbent at equilibrium 

(mg/g), Ce is the equilibrium concentration of phosphate in the solution (mg/L), KF is the 

Freundlich constant denoting adsorption capacity of the adsorbent (mg/g) or the distribution 
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coefficient that represents the quantity of adsorbate adsorbed onto adsorbent for unit 

equilibrium concentration, n is the heterogeneity factor which is related to the intensity of 

adsorption (mg/L), and 1/n is an empirical constant related to the magnitude of the adsorption 

or surface heterogeneity. It also indicates the relative distribution of the energy and the 

heterogeneity of the adsorbate sites (Ayawei et al., 2017). A linear plot of Logqe versus 

LogCe provides the KF and n values. The Freundlich isotherm model is responsible for the 

heterogeneity of the adsorbent sites. For this study, Langmuir and Freundlich adsorption 

isotherm models were employed to describe the experimental results of phosphate ions 

adsorption. 

2.10. Parameters that affects dye adsorption process 

2.10.1. Solution pH 

One of the most critical parameter determining adsorption process has been identified as the 

pH of the aqueous solution. It affects dye chemistry in the solution as well as the degree of 

ionization of the solute, the surface charge of the adsorbent, and dissociation of functional 

groups on the active sites of the adsorbent. Protonation of the dye occurs at a low pH, 

resulting in reduced dye adsorption in acidic media. At low pH, dye removal is inhibited, 

owing to greater competition between protons and dye molecules for the same binding sites. 

The dye gets more deprotonated as the pH of the solution rises, increasing the negative charge 

density on the adsorbent's surface. As a result, effective dye removal is observed as the pH of 

the solution rises (Pathania et al., 2017). The type of the adsorbent influences the increasing 

trend of MB removal with increasing pH. At lower pH, the percentage of MB removed 

decreased, whereas at higher pH, the trend of MB removal increased (Rahman et al., 2012). 

2.10.2. Adsorbent dose 

Adsorbent dosage is an important parameter because adsorbents provide the binding sites for 

dye adsorption. Therefore, adsorbent dosages determine the capacity of an adsorbent for a 

given initial concentration, separation cost and consequently the overall water treatment cost 

(Fan et al., 2017). The amount, size, and pore volume of adsorbent significantly influence the 

capacity of adsorption toward various molecules. The adsorbent's pore size and unoccupied 

site limit the rate and amount of dye molecules that can migrate to the surface. The removal 
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effectiveness grew significantly when the amount of adsorbent was raised until it reached a 

set amount of adsorbent, after which it dropped beyond the fixed adsorbent dose. Then, as the 

amount of adsorbent was increased, the removal efficiencies did not change considerably 

(Menya et al., 2018). 

2.10.3. Adsorbate concentration 

The adsorbate concentration is another crucial factor that influences the adsorption process. 

With increasing starting concentrations, the clearance effectiveness decreases. At low 

concentrations, most of the MB in a solution may come into contact with the adsorbent's 

active sites, but as the concentration rises, all MB species will be unavailable to contact the 

active surface due to active sites already being occupied (Rahman et al., 2012). 

2.10.4. Contact time 

Another crucial characteristic that has been discovered to have a major impact on the 

adsorption process is contact time. According to certain studies, dye removal efficiency 

increases fast up to 60 minutes, after which the adsorption rate gradually drops. This 

demonstrates that when the dye and adsorbent have enough contact time, the removal 

efficiency is higher until the equilibrium time is attained (Subramaniam et al., 2015). 

Ho et al. (2005) demonstrated that as the dye concentration was increased, the adsorption 

capacity rose, and the rate of adsorption on the surface of the adsorbent had to be proportional 

to the driving force times the area. Within 30 minutes of contact time, a rapid initial dye 

removal was achieved, and adsorption capacity at equilibrium increased, but percent removal 

declined from 100 to 61 % as the MB dye concentration was varied. The equilibrium state 

was obtained with a further increase in contact time (Ho et al., 2005). According to 

Kaczmarski and Bellot, the quick removal of dye molecules was owing to solute transfer, as 

there were only adsorbate-adsorbent interactions with little interference from solute-solute 

interactions (Suresh Kumar et al., 2019). 
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3. MATERIALS AND METHOD 

 
3.1. Materials 

3.1.1. Chemicals and reagents 

In this study: ferric chloride hexahydrate, FeCl3.6H2O (Central Drug House, 99%) and ferrous 

chloride tetrahydrate, FeCl2.4H2O (Central Drug House, 99%) were used as precursors of iron 

oxide nanoparticles. Sodium hydroxide, NaOH (LOBA CHEMIE PVT.LTD, 98%) and 

Hydrochloric acid (HCl) (LOBA CHEMIE PVT.LTD, 35.4%) was used to adjust the pH of 

the solutions. Phosphoric acid, H3PO4 (LOBA CHEMIE PVT.LTD, 37% (v/v) was used for 

chemical activation. HCl and distilled water were used to wash the activated carbon. 

Methylene blue, C16H18ClN3S (SAMIR TECH-CHEM, 82%) was used for stock MB solution 

preparation. In addition, dilute HCl and detergents were used for equipment cleaning and 

distilled water was used to prepare aqueous solutions and to rinse equipments. 

3.1.2. Apparatus and equipments 

The apparatus and equipments used for characterization of adsorbents during this research 

work were, Fourier transform infrared spectrometer (FT-IR) ( FT/IR6600, JAPAN), X-ray 

diffractometer (XRD) (XRD-7000, UK), Scanning electron microscope (SEM) 

(JCM6000PLUS Bench Top SEM, JEOL, Japan), Thermal gravimetricAnalysis (HCT- 

1,CHINA), and UV-Vis spectrometer (UV-Vis-2000 AUG, USA). Sample collection 

materials (buckets, glass bottles and plastic bottles), digital electronic balance (FA2104, 

German), muffle furnace (MF2015, India), pH and conductivity meter (model Mettler-Toledo 

GmbH, JAPAN ), oven, orbital shaker (3015,Germany), filter paper (Whatman 42), mortar 

and pestle, glass rod, pipettes, spatulas, Erlenmeyer flask, volumetric flask, different sizes of 

beakers were used for different activities. 

3.2. Methods 

3.2.1. Preparation of MB standard stock solution and working solutions 

At room temperature, 1 g of MB dye was added to distilled water to prepare a stoke solution 

of 1000 mg/L in a 1000 mL volumetric flask. Then, the solution was wrapped with aluminum 

foil to prevent de-colorization of the solution as MB is naturally very sensitive to light. The 
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standard series solutions were prepared from the previously prepared stock solution by using 

the dilution method. UV-Vis spectrometer was used to measure the concentrations of MB dye 

solutions at the maximum absorbance of wave length of 665nm (Utomo et al., 2015). 

3.2.2. Adsorbent preparation 

 

3.2.2.1. Preparation and characterization of activated carbon (AC) 

First, fruit pod‘s Waste fruit (seed) of Jacaranda mimosifolia was collected from ASTU‘s 

compound where JM trees are grown. Collected pods of JM were washed using distilled 

water to remove soluble impurities and, finally dried at 70oC for 24 hrs. The biomass sample 

was then crushed and sieved to obtain 2 mm particle size using gravimetric sieve. These 

ground powder was stored in a desiccator for later use in both adsorption experiments and 

preparation of activated carbons (Serrano et al., 2014). 

Second, previously ground 50 gram of powder of JM pod was weighed and then placed in a 

glass container and 50 ml of phosphoric acid, 37% (v/v) was added to form a homogeneous 

paste. The paste obtained was stirred at a temperature of 120°C for a period of 8 hrs to 

increase the yield of the product. Afterwards, the samples were pyrolyzed at temperatures of 

450°C, 550°C, and 650°C in muffle furnace for 2 hrs. The muffle furnace temperature was 

programmed to increase at a rate of 10°C ·min-1 then the produced AC was cooled for 4 hrs in 

a desiccator (Fan et al., 2017). 

In the third and last stage, the activated carbon obtained was washed with 100 ml of 

concentrated hydrochloric acid, 37% (v/v) continuously with stirring for 6 hrs. Then the AC 

was washed with plenty of distilled water to remove the acid, any non-adhesive impurities and 

small particles, and dried at 105oC in an oven. The dried AC was ground and passed through a 

2 mm gravimetric sieve to attain the same particle size labelled as AC450, AC550, and 

AC650. Then, the AC was stored inside a sealed plastic container until use (Ferreira et al., 

2017). The methylene blue adsorption efficiency of the synthesized ACs (AC450, AC550, and 

AC650) was investigated and AC550 was found to be more efficient than the other two ACs. 

Thus AC in this study refers to AC550. 
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3.2.2.2. Synthesis of Fe3O4 Nanoparticles 

Magnetite nanoparticles were developed as follows. First, 1.99 g of ferrous chloride tetra 

hydrate (M.mass = 199) and 5.41g of ferric chloride hexahydrate (M.mass = 270.5) was 

dissolved into a 150 mL conical flask with 50 mL distilled water to make a 2:1 M ratio and 20 

mL of the ammonia solution was added into the same solution to obtain a brown colloidal 

solution under sonication for 20 minutes. Ammonia solution is used as a precipitating agent 

in the synthesis of magnetite to obtain the most appropriate moles ratio of Fe (III) and Fe (II) 

and to achieve the best characteristics of magnetite. Then, a freshly prepared 0.5 M NaOH 

solution was added drop-wise to the above mixture under continuous stirring at 500 rpm to 

adjust the pH to11. The solution was refluxed for 1 hr with continuous stirring at 70oC to 

homogenize the solution and also for the completion of the reaction. After that, the 

synthesized Fe3O4 NPs were separated by using a bar magnet and washed three times by using 

distilled water. The separated Fe3O4 NPs were dried in an oven at around 105oC for 24 hrs. 

The dried sample was stored in an airtight container for further analysis (Yew et al., 2016). 

3.2.2.3. Synthesis of AC-Fe3O4 Composite 

In brief, AC-Fe3O4 nanocomposites were prepared from Fe3O4 nanoparticles and activated 

carbon with1:1, 2:1 and 3:1 volume ratios of activated carbon to Fe3O4 samples in 150 mL 

distilled water under sonication for 30 minute in a 250 mL flask (Bagheri et al., 2017). Under 

vigorous magnetic stirring at 80oC for 0.5 hr, 0.2 M NaOH solution was added drop wise into 

the above suspensions until the pH increased up to 10. Then the mixtures continuously stirred 

at 550 rpm for 1 hr at 80oC. Finally, the product was washed with distilled water and absolute 

ethyl alcohol repeatedly and then dried at 105oC overnight. The dried composites were ground 

and passed through 0.18 mm sieve to attain same particle size labelled as MAC1:1, MAC2:1, 

and MAC3:1. Then, the MAC was stored inside a sealed plastic container until use. The MB 

adsorption efficiency of the synthesized composite samples were investigated and it was 

found that 2:1 ratio of activated carbon to Fe3O4 sample had the highest adsorption capacity 

(Joshi et al., 2019). 
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3.2.3. Characterization of AC, Fe3O4 NPs, and AC-Fe3O4 nanocomposite 

In this thesis the synthesized nanoparticles; Fe3O4 NPs, AC, and AC-Fe3O4 composite were 

characterized by Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), 

Scanning electron microscope (SEM), and Thermal gravimetric analysis (TGA) methods. 

3.2.3.1. Fourier-transform infrared spectroscopy (FTIR) characterization 

The FTIR spectra of Fe3O4 NPs, AC, and AC-Fe3O4 composite were recorded the 

spectrometer in the range of 400 – 4000 cm-1 using the KBr disc method. 

3.2.3.2. X-ray diffraction (XRD) characterization 

The XRD of the nanoparticles and the composite adsorbents were tested at ASTU research 

laboratory of Material Science and Engineering Department using an X-ray diffractometer. 

The mass of approximately 0.5 g of the nanoparticles and the composite samples were 

measured for XRD characterization and filled in a sample holder. Then the sample was 

analyzed by using an X-ray diffractometer with Cu-Kα radiation source at λ= 1.5418 Å and 

operating at 40 kV and 30 mA. X-ray diffractograms of Fe3O4 NPs, activated carbon, and AC- 

Fe3O4 Composite were obtained for the 2θ angles scan range from 10˚ to 80˚ with a scan 

speed of 3˚/ min, and a counting time of 0.40 sec. 

3.2.3.3. Scanning electron microscope (SEM) characterization 

The Fe3O4 NPs, AC, and AC-Fe3O4 Composite were characterized by a scanning electron 

microscope using a high-energy electron, and the out coming electrons are analyzed by 

applying a 10 kV electron acceleration voltage. These coming electrons give information 

about morphology, composition, the orientation of grains, and crystallography information of 

material. It provides information about the surface features and texture, shape, size, and 

arrangement of the particles on the sample surface (Gunarathne et al., 2018, S. K. Sharma et 

al., 2018). For SEM, 10 mg sample of the nanoparticles and the composite were measured 

from the previously prepared sample and characterized by using scanning electron 

microscope. 
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3.2.3.4. Thermal gravimetric analysis (TGA) 

Thermogravimetric experiments were carried out by a thermogravimetric analyzer 

(SHIMADZU, TGA-50) in order to determine the pyrolysis behavior of AC and AC-Fe3O4 

composite. TGA records the weight loss as a function of temperature. The thermal 

degradation behavior of the AC and AC-Fe3O4 composite adsorbent was observed with a 

Thermobalance detector, TGA-60H (Model No: C30575100456TK, Korea). Approximately 

15.463 mg of test sample was loaded into the crucible for analysis in the equipment. The 

experiment was carried out in an inert environment obtained by continuous flow of 50 

mL/min of nitrogen gas that was used as non-oxidizing agent in order to determine the 

thermal stability of the AC and AC-Fe3O4 composite. The AC and AC-Fe3O4 composite 

adsorbent was heated from 25oC to 900oC at a heating rate of 15oC/min. 

3.2.4. Batch Adsorption Experiments 

Prior to batch adsorption experiment to optimize the factors that affect the adsorption process, 

pre-test adsorption experiment at optimized working condition was performed. The pre-test 

experiment was conducted to selected the best adsorbent material among the three different 

proportions of activated carbon and Fe3O4 NPs (1:1, 2:1, and 3:1, respectively). As indicated 

in (Appendix 1) the pre-test experiment was conducted based on available literature by 

performing batch adsorption experiment at pH 7, dose of 0.2 g/50ml, contact time of 30 min, 

initial concentration of 10 mg/L, shaking speed of 150 rpm at room temperature (Cazetta et 

al., 2016). The criterion utilized to specify the best proportion is the highest value of 

adsorption capacity to remove MB from contaminated water (Appendix 1). 

All adsorption experiments were carried out in batch mode because of the simplicity and 

reliability of the technique for small-scale investigations (Sharma et al., 2017). Batch mode 

adsorption studies for individual parameters were carried out using a 250 mL beaker and the 

parameters such as MB initial concentration, adsorbent dose, contact time, and pH were 

studied by adjusting the pH of the solution by 0.1 N HCl and 0.1 N NaOH solutions (Raposo 

et al., 2009). After each batch adsorption experiment is completed using selected AC-Fe3O4 

Composite adsorbent, the resulting suspension was taken and filtered using a Whatman filter 

paper (42) then the filtrate was analyzed for the corresponding MB dye concentration using 

UV-Vis spectrophotometer (UV-Vis-2000 AUG, USA) at the maximum wavelength of 665 
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e 

nm (Ibrahim et al., 2021). Then, the percent adsorption efficiency (% R) and the adsorption 

capacity (milligram of dye adsorbed per gram of adsorbent (qe)) were calculated using 

Equations 7 and 8, respectively. 

%𝑅 = 
𝐶0−𝐶𝑒 

𝐶𝑜 
𝑥 100 ……………………………………. (7) 

Where, % R is percent removal, Co is initial dye concentration (mg/L), and Ce is 

concentration after adsorption (mg/L). 

q = 
𝐶0−𝐶𝑒 𝑥𝑉 .................................................................... (8) 

m 

where, qe is the MB dye quantity adsorbed at equilibrium (mg/g), Co is initial concentration 

of MB dye (mg/L), Ce is the equilibrium MB concentration in solution after adsorption, m is 

adsorbent mass in gram and V is volume of MB dye solution (L) used during the experiment 

(Vunain et al., 2017). During the adsorption process; dissolved species are transported into the 

porous adsorbent particle by diffusion and are then adsorbed onto the extensive inner surface 

of the adsorbent. 

3.2.4.1. Effect of pH 

The effect of initial pH of the solution was investigated at various pH (3, 5, 7, 9, and 11) and 

making other parameters fixed. 0.2 g of AC-Fe3O4 composite adsorbent was added to 50 ml of 

10 mg/L MB dye aqueous solution. The mixtures were stirred at 150 rpm for a constant 

adsorption time of 1 hr. After completion of adsorption time the adsorbent was removed from 

the solution and the concentration of residual methylene blue in each solution was determined 

using UV-VIS spectrometer, and percent removal efficiency and adsorption capacities were 

calculated (Sánchez-Martín et al., 2010). 

3.2.4.2. Effect of adsorbent dose 

50 ml of 10 mg/L MB dye solution was mixed with various dosages of AC-Fe3O4 composite 

adsorbent (0.025, 0.05, 0.075, 0.1 and 0.2 g) at a contact time of 1 hr, stirring rate of 150 rpm, 

temperature of 25oC and the pH value kept at the optimized value. After this, the residual MB 

dye concentration which remains in the filtrate was measured by UV-Vis spectrophotometer, 

and then percent removal efficiency and adsorption capacities were calculated for different 

dosages (Raposo et al., 2009). 
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3.2.4.3. Effect of contact time 

The optimized amount of the AC-Fe3O4 adsorbent was added to 50 ml of 10 mg/L MB dye 

solution for various contact times (5,10, 15, 30, and 60 minutes) at the optimized pH, stirring 

rate of 150 rpm and temperature of 25oC. After the specified time, the residual MB dye 

concentration which remains in the filtrate was measured by UV-Vis spectrophotometer 

(Sudha et al., 2007). 

3.2.4.4. Effect of initial concentration of methylene blue 

The optimized amount of the AC-Fe3O4 adsorbent was added into different beakers with 50 

ml volume of MB dye solution. The initial concentrations of the dye solutions were (10, 50, 

100, 150 and 200 mg/L). The pH and contact time was adjusted to the optimized values with 

the stirring rate of 150 rpm and the temperature at 25oC. The mixture was agitated and after 

the specified time, the filtrate concentrations of MB dye were analyzed using a UV-Vis 

spectrophotometer (Sudha et al., 2007). 

3.2.5. Kinetic and Isotherm Study of Adsorption 

Both kinetic and isotherm studies were carried out to determine the adsorption mechanism 

that occurred through the adsorption process. Effect of MB dye adsorption kinetics was 

determined by varying the contact time as: 5, 10, 15, 30, and 60 minutes by keeping all 

parameters (pH, adsorbent dose, and initial MB concentration) at optimized value. It was 

evaluated by using 0.1 g of adsorbent and placed in 250 mL Erlenmeyer flasks, each 

containing 50 mL of 50 mg/L MB solution. The pH of the solution was maintained at the 

optimized value. The flasks were stoppered and continuously shaken at a speed of 150 rpm. 

The sample solution was immediately filtered of and then analyzed for MB equilibrium 

concentration. The samples were collected at various time intervals. The equilibrium data 

were fitted to pseudo-first-order (eqn.2) and pseudo-second-order (eqn.3) model equations. 

Satisfactory conformity between experimental data and the model-predicted values were 

expressed by the correlation coefficient (R2). 

MB adsorption isotherms were determined by varying the initial MB concentration from 10 to 

200 mg/L while keeping all other parameters (pH, adsorbent dose, and contact time) at 

optimized conditions. In separate flasks, 50 mL of solutions containing different amounts of 
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initial MB concentration (10, 50,100,150 and 200 mg/L) were added. After the reaction 

period, all samples were filtered and analysed for the corresponding MB concentration. The 

equilibrium data were fitted to the Langmuir (eq.4) and Freundlich (eq.6) isotherm models to 

determine the relationship between the adsorption capacity and the MB concentration in 

solution at equilibrium. Equilibrium isotherm equations are used to describe the experimental 

adsorption data which provide information about the capacity of the adsorbent or the amount 

required for removing a unit mass of pollutant under the system concentrations. Linear 

regression is frequently used to determine the best-fitting isotherm, and the applicability of 

isotherm equations is compared by judging the correlation coefficients. The amount of MB 

adsorbed onto the composite at the equilibrium (qe) was calculated by using equation 8 (Gao 

et al., 2013). 

3.2.6. Reusability of Synthesized AC-Fe3O4 Composite 

The reusability of the used adsorbent, AC-Fe3O4 nanocomposite was investigated by 

performing six successive adsorption-desorption cycles of methylene blue on the AC-Fe3O4 

adsorbent by using 0.1 M HCl desorption solution. The adsorption of methylene blue by 0.1 g 

of AC-Fe3O4 adsorbent at pH of 7, initial MB concentration of 50 mg/L, 150 rpm agitation 

speed, and contact time of 15 minutes at 25 °C was performed, followed by desorption of 

adsorbed MB with 0.1 M HCl solution after each cycle. After 15 minutes of adsorption of 50 

mg/L MB solution by the nanoadsorbents, MB desorption experiments was conducted by 

reacting the recovered adsorbents in 50 mL of 0.1M HCl desorption solution on a shaker for 

15 minutes at room temperature. The supernatant sample was withdrawn for analyzing the 

MB desorption efficiency. Then magnetic adsorbent was separated, washed and dried at 600C 

for 2 hrs. 

The reusability of the regenerated adsorbent was calculated for the above adsorption- 

desorption experiments of six times. In order to assess the possibility of recycling the 

adsorbent, the percentage of MB desorbed to adsorb was calculated. Desorption efficiency 

was calculated by the equation: 

 

𝐷𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐(%) = 
𝐶𝑑𝑒𝑠𝑜r𝘣𝑒𝑑 

𝐶𝑎𝑑𝑠𝑜r𝘣𝑒𝑑 
𝑥 100 (9) 
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Where Cdesorbed is the amount of the MB that is removed from the loaded powder after 

desorption study, Cadsorbed is C0 − Ce for each recovery process, C0 is the initial MB 

concentration, and Ce is the equilibrium MB concentration in mg/L (Ahmed et al., 2019, Y. 

Chen et al., 2020). 
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4. RESULTS AND DISCUSSIONS 

 
4.1. XRD Analysis 

The XRD pattern of the selected AC (AC550), Fe3O4NPs and AC- Fe3O4 nanocomposite are 

shown in Figure 11. The XRD patterns of the prepared AC550 showed a broad reflection at 

approximately 23.2o in 2θ which is suggestive of an amorphous carbon attributed to the 

typical 002 planes of crystalline graphite structure produced during the carbonization process 

(X. Wang et al., 2017, Moosavi et al., 2020, Koilraj & Sasaki, 2017). The AC550 sample has 

small humps at 2θ of 14.3◦, 29.8◦, 35.04, and 37.8◦ and these peaks are attributed to the 

cellulose presented in crystalline form. Furthermore, the peak‘s width is attributed to the 

presence of other organic matters such as lignin and hemicellulose (Nanda et al., 2013, 

Sharma et al., 2017, Vassilev et al., 2012). Amorphous carbon was the main phase present in 

the materials, which corresponds to disorganized structures and may be favorable to 

adsorption since the empty spaces that favor the accommodation of adsorbate molecules on 

the adsorbent surface (Ã. Crini et al., 2008). Similar XRD patterns were also observed in 

activated carbon produced from peanut shells (Georgin et al., 2021). 

The crystal structure of the synthesized Fe3O4 nanoparticles was evidenced by the diffraction 

peaks, with the strong ones appearing at 2θ values of 21.22, 30.3, 35.74, 43.5, 53.46, 57.6 and 

63.10 respectively. The peaks at 2θ of 30.3, 35.74, 43.5, 57.6 and 63.10 are characteristics of 

the 220, 311, 400, 422, 511 and 440 basal planes of the crystalline magnetite portion of the 

materials respectively (Cazetta et al., 2016, Xiaoduo Liu et al., 2019, Raj et al., 2015) . These 

results corresponds to the standard pattern for cubic magnetite (JCPDS No.19-0629) (Bagheri 

et al., 2017, Daneshvar Tarigh et al., 2013, Zhou et al., 2014). The diffraction peaks revealed 

that the obtained products were pure spinel phase magnetite Fe3O4 nanoparticles 

(Yuvakkumar et al., 2014, Solomon et al., 2012). Similar findings was reported for magnetite 

nanoparticles with intensity of the diffraction peaks at 2θ of 35°, 57° and 63° corresponding to 

the 311,511 and 440 planes of the magnetite Fe3O4 structure (JCPDS 75-1609) (Yang et al., 

2015;Viju Kumar et al., 2018). The average crystallite size of Fe3O4 in the composite material 

was calculated as 9.789 nm from XRD pattern by using the Scherrer formula (eq 1) (Raj et al., 

2015). 
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Table 1: Peak positions and crystalline size of the synthesized Fe3O4 NPs. 

 

Peak position(2θ) FWHM Crystallite 

size D (nm) 

Average size 

(nm) 

21.21694 0.63656 12.69704 9.78923 

30.29314 0.86443 9.52095 

35.76288 1.48044 5.63854 

43.35691 0.63826 13.39413  

53.64737 1.22829 7.24761  

57.35937 0.8111 11.16411  

63.01261 1.05142 8.86221  

 

For the AC- Fe3O4 nanocomposite material, , apart from the (0 0 2) reflection from activated 

carbon, many small peaks are observed in the XRD pattern and all of them correspond to the 

peaks of Fe3O4 as evidenced from the comparison of the simulated pattern of Fe3O4. The AC- 

Fe3O4 nanocomposites possess dominant peaks which were also shown in the magnetite 

nanoparticles. Additionally the XRD of AC- Fe3O4 composite shows a peak at 2θ value of 

77.68° which were shown on XRD pattern of AC550 but more intensified in the composite. 

Diffraction peaks at 2θ = 14, 23, 30, 35, 43, 57, and 63 and 77 were mainly observed in the 

synthesized composite which also exist in the synthesized AC and Fe3O4 nanoparticles. The 

presence of both Fe3O4 and AC diffraction peaks in the nanocomposite indicates a crystalline 

nature of AC-Fe3O4 composite (Xiaoduo Liu et al., 2019, Mazloumi et al., 2009). This 

indicates that magnetite nanoparticles are loaded on the surface of the activated carbon since 

the composite is less crystalline than the magnetite nanoparticles (Lai et al., 2016). By using 

Scherer formula eq (6), the calculated average crystallite size of the synthesized AC-Fe3O4 

composite was found to be 9.72 nm (Raj & Joy, 2015). 
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Table 2: Peak positions and crystalline sizes of the synthesized AC-Fe3O4 nanocomposite. 

 

Peak 

position(2θ) 

FWHM Crystallite 

size D (nm) 

Average size 

(nm) 

21.02089 0.43807 18.44421 9.72059 

24.46298 9.27347 0.87656 

29.92109 0.35691 23.03947 

33.15649 0.47096 17.59989 

35.69674 1.84645 4.52001 

43.44566 1.24333 6.87796 
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Figure 9: XRD pattern of AC, Fe3O4NPs, and AC-Fe3O4 nanocomposite. 
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4.2. FTIR Analysis 

Fourier transform infrared (FTIR) spectra of the precursors, AC550, Fe3O4, and the composite 

AC-Fe3O4 are shown in Figure 12. All of the materials showed a broad band at 3406 cm-1 that 

corresponds to the O-H stretching vibration mode of surface-adsorbed water molecules 

(Boonamnuayvitaya et al., 2005, Bagheri et al., 2017, Ren et al., 2011, Li et al., 2012). The 

bands at 2921 and 2855 cm-1 correspond to the aliphatic C-H stretching vibration mode 

(Boonamnuayvitaya et al., 2005, Spessato et al., 2019). A small band observed at 1602 cm-1 is 

assigned to the stretching aromatic C=C vibration mode and band at 1452 cm-1 corresponds to 

asymmetric –C-H stretching which may be caused by the presence of ester, ether, carbonyl, or 

aromatic functional group on the surface of nanomaterials (B. Chen et al., 2011, 

Boonamnuayvitaya et al., 2005). Moreover, the stretching vibration of C-O located at 1089 

cm-1 is assigned to the carboxylate group(-COOH) which may originate from organic 

compounds (X. Liu et al., 2019, Koilraj et al., 2017). A characteristic peak at around 563 cm-1 

corresponds to the Fe-O stretching band of magnetite (Fe3O4). This small sharp peak confirms 

the presence of Fe3O4 NPs. Characteristic peaks as the peaks lying in the region between 400 

and 600 cm−1 were corresponding to Fe3O4 (B. Chen et al., 2011; Viju Kumar et al., 

2018;Yuvakkumar et al., 2014). The FTIR results clearly indicate that the Fe3O4 

nanoparticles have been loaded into the AC (Xiaohuan Liu et al., 2019, Solomon et al.,2012, 

Raj et al., 2015). 
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Figure 10: FTIR spectra for the AC550, Fe3O4, and AC-Fe3O4 Composite 
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4.3. SEM Analysis 

Surface morphology of the AC550, , Fe3O4, and AC-Fe3O4 Composite were examined by 

using scanning electron microscopy (SEM) to investigate the shape, size, and porosity of the 

materials as shown in Figure 13. The SEM image of AC (Figure 13-A) shows that the 

adsorbent developed from JM has high porous structure full of cavities like honeycomb 

structure. These meso- and micropores of AC act as a main role of pollutant adsorption like 

dyes or heavy metals or other pollutants in water. According to these results and other 

literatures, the high porosity and high surface area are very important factors to achieve high 

adsorption capacity. The concentration of these pores and surface area can be enhanced using 

methods of activation. The pyrolysis temperature (5500C) makes volatilization more subtle, 

making the AC porous and creating small voids within the AC matrix. The micrographs also 

clearly show that the surface of the AC is rough and porous; therefore it is good candidates as 

adsorbents. Similar kind of SEM result was obtained by Zhang et al. (2015) who prepared AC 

from peanut shell (S. Zhang et al., 2015, Moosavi et al., 2020). 

The SEM images of Fe3O4 NPs (Figure 13B) crystallites are nearly square in shape and it can 

be seen that the particles agglomeration, indicating a good connectivity between the grains 

together and the size. Additionally some porosity is observed in SEM image of Fe3O4 NPs 

which helps for adsorption proprieties of materials. The SEM image of the AC-Fe3O4 (Figure 

13C) composite has a larger particle size and homogeneous surface than the precursor 

materials. The composite adsorbent had irregular rough surface structure, with larger pore 

size, and pore volume, which indicates that the material possesses good characteristics to be 

employed as an adsorbent for MB dye uptake. Figure 13C shows the SEM image of AC- 

Fe3O4 composite, from which it can be seen that Fe3O4 nanoparticles are sufficiently loaded 

on the activated carbon , and aggregation occurred due to the magnetic properties of Fe3O4, 

leading to the uneven distribution of Fe3O4 on the surface of the activated carbon (Y. Wang et 

al., 2021). The SEM image in Figure 13C showed that the AC-Fe3O4 composite has a more 

compact structure than the activated carbon as well as the magnetite. A close investigation of 

the surface structures the AC-Fe3O4 composite (Figure 13C), shows that the whole rough 

surface is stacked by multilayer nanoparticles aligned irregularly in different dimensions (Xie 

et al., 2014; Aghazadeh et al., 2011; Zheng et al., 2021). Adsorbents with high surface area 

and small particle size increase the adsorption (Moosavi et al., 2020). 
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Figure 11: SEM images of AC550 (A), Fe3O4 NPs (B) and AC-Fe3O4 Composite (C). 

4.4. TGA Analysis 

Figure 14 shows the weight loss curves of the two samples: AC and AC-Fe3O4 composite by 

weight in N2 atmosphere and at a 15oC/min heating rate. From the thermogravimetric graph, 

the maximum thermal degradation temperature of the AC-Fe3O4 composite adsorbent was 

around 500oC. Thermal decomposition of AC-Fe3O4 composite adsorbent occurred in three 

stages. First stage of the decomposition occurred at a temperature of 50oC which 

corresponded to an initial weight loss of around 0.5% or around 0.077 mg. This may be due to 

the moisture evaporation or low molecular weight volatile compounds (Boonamnuayvitaya et 

al., 2005, Saadatkhah et al., 2020, Ramos Filho et al., 2005). Second stage of the 

decomposition contributed to a major weight loss of about 2.302 mg at a temperature of 

550oC. This weight loss is around 14.887% of the total initial weight, may be due to the 

decomposition of the adsorbent into other forms by releasing carbon dioxide or carbon 

monoxide gases. This result implies that both AC and AC-Fe3O4 composite adsorbents have 

low thermal stability above 550oC. In the final stage, from temperature range of 650-900oC, 

the weight loss curve was almost flat. There is no decomposition of AC-Fe3O4 composite 

adsorbent at this temperature range. This may be because the adsorbent was converted into 

non-volatile inorganic ashes (Saadatkhah et al., 2020). Thus the suitable working temperature 

of the AC-Fe3O4 composite adsorbent should be below 500oC since the composite is more 

stable at this temperature range. On the basis of the performed thermogravimetric analyses, it 

can be stated that the AC-Fe3O4 composite adsorbent has high heat resistance characteristics 

(Boonamnuayvitaya et al., 2005, Buketov et al., 2014). 
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Figure 12: TGA plots of AC and AC-Fe3O4 Composite adsorbent (initial heating rate is 

150C/min). 

4.5. Optimization of Working Parameters for the Removal of MB from 

Wastewater 

4.5.1. Effect of pH 

The effects of pH on the MB adsorption by AC-Fe3O4 Composite adsorbent was studied over 

a wide pH range from 3 up to 11, at an initial MB concentration of 10 mg/L. According to the 

results shown in Figure 15, it is obvious that the adsorption of MB on the AC-Fe3O4 

composite adsorbent was strongly pH-dependent. It shows that the MB removal extents of the 

adsorbent gradually increase when pH increases from 3(96.99%) to 9(99.23%), while the 

removal extents starts to remain almost constant from pH 9 onwards. This implies that pH 

around 9 is found to be the optimum pH in which the maximum uptake of MB dye was 

obtained. As the pH increases, it is usually expected that the cationic dye adsorption also 

increases due to increasing of the negative surface charge of adsorbents. With increasing pH 

values the adsorption of MB on AC-Fe3O4 composite tends to increase. The maximum 

adsorption capacity at a pH of 9 is 5.08 mg/g. The low adsorption of MB at an acidic pH was 

suggested to be due to the presence of excess H+ ions that compete with the MB dye cation 

for adsorption sites. The number of positively charged sites decreases while the number of 

negatively charged sites increases, favouring the adsorption of MB which can be explained by 

the electrostatic interaction of cationic dye species with the negatively charged adsorbent 

surface. The dye removal efficiency remains the same as the pH value increased from 9 to 11 

is due to the formation of a hydroxyl complex between the adsorbent and the dye. This 
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phenomenon was similar to previous result reported by different studies (Sánchez-Martín et 

al., 2010, El-Tokhy et al., 2020). 
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Figure 13: Effect of pH on the removal of MB 

 

4.5.2. Effect of Adsorbent dosage 

Figure 16, shows the MB removal efficiency and adsorption capacity, respectively of AC- 

Fe3O4 composite adsorbent under different adsorbent dosage (0.05, 0.075, 0.1, 0.25 and 0. 5 

g) by keeping other parameters constant per 100 mL volume of adsorbate solution. The results 

showed that the percent removal of MB by the AC-Fe3O4 composite adsorbent was increased 

from 84.36 % to 97.95% with an increase in AC-Fe3O4 composite dosage from 0.05 to 0.25 g. 

This increase in percent removal with an increase in AC-Fe3O4 composite adsorbent dose may 

be due to the increase in surface area of the adsorbent and more adsorption sites are available 

to absorb the MB from the water sample (Adegoke et al., 2015). Increased adsorbent dosage 

implied a greater surface area and a greater number of binding sites available for the constant 

amount of MB. Then the removal percent of MB by AC-Fe3O4 composite adsorbent slightly 

increases with the increase in adsorbent dosage from 0.25 to 0.5 g. This result is in an 

agreement with the findings of MB adsorption to other activated carbon-based adsorbents (P. 

Wang et al., 2014, Gao et al., 2013). Thus, the optimized adsorbent dose (0.25 g) was 

maintained at in all the subsequent experiments, which was considered to be sufficient for the 
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removal of MB. Therefore, as shown in Figure 16, the percent removal (%) of MB initially 

increased sharply with increasing AC-Fe3O4 composite adsorbent dose. The maximum 

adsorption capacity at 0.1 g of nanocomposite dose is 9.72 mg/g. 
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Figure 14: Effect of adsorbent dose on the removal of MB 

 

4.5.3. Effect of contact time 

Figure 17 shows the MB removal efficiency and adsorption capacity of the AC-Fe3O4 

composite under different contact time (5, 10, 15, 30, and 60 min) and other parameters kept 

constant per 100 mL volume of adsorbate solution. The results showed that the percent 

removal of MB by the AC-Fe3O4 composite adsorbent increased from 69.85 % to 98.10 % 

with an increase in contact time from 5 to 15 minutes. An increase in removal efficiency up to 

15 minutes is due to strong forces of attraction between the positive sites of cationic dyes and 

the adsorbent surface. Comparable result was found by (Adegoke et al., 2015). Then the 

removal percent of MB by the AC-Fe3O4 composite adsorbent almost remains constant with 

the increase in contact time from 15 to 60 minutes. This phenomenon is attributed to the fact 

that a large number of vacant surface sites are available for adsorption at the initial stage, and 

after a lapse of time, the remaining vacant surface sites are difficult to be occupied due to 

repulsive force between the solute molecules on the solid and bulk phase (Nasr et al., 2017). 
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Therefore, contact time of 15 min is found to be the optimum time in which the maximum 

uptake of MB dye was obtained. The maximum adsorption capacity at that specified contact 

time was 9.81 mg/g (Figure 17). 
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Figure 15: Effect of contact time optimization on the removal of MB 

 

4.5.4. Effect of initial concentration 

Figure 18 shows the MB removal efficiency and adsorption capacity of the AC-Fe3O4 

nanocomposite adsorbent under different initial MB concentration of 10, 50, 100, 150, and 

200 mg/ While keeping the other parameters constant per 100 mL volume of adsorbate 

solution. The results showed that the removal percent of MB increased from 99.73 % to 99.98 

% with an increase in initial MB concentration from 10 to 50 mg/L. Then the percent removal 

of MB by the AC-Fe3O4 composite adsorbent decreased with the increase in initial MB 

concentration from 50 to 200 mg/L. Further increase in MB concentration results a decrease 

in percent removal due to the lack of active sites of the AC-Fe3O4 composite adsorbent 

(Sudha et al., 2007). This implies initial MB concentration of 50 mg/L is found to be the 

optimum initial concentration in which the maximum uptake of MB dye was obtained. It 

means that the adsorption is highly dependent on the initial concentration of dyes (Adegoke et 

al., 2015). The maximum adsorption capacity at initial MB concentration of 50 mg/L is 49.98 
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mg/g (Figure 18). The results obtained in this study are consistent with the results obtained by 

(Sudha et al., 2007). 
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Figure 16: Effect of initial concentration of MB 

4.6. Kinetics Study 

Kinetics studies help to select optimum operating conditions for the full-scale batch process 

which have been applicable to investigate the mechanism of adsorption and potential rate 

controlling steps. To further understand the characteristics of the adsorption process, the 

pseudo-first and second-order kinetics order kinetic models were applied to fit experimental 

data obtained from batch experiments. The conformity between experimental data and the 

model-predicted values was expressed using the correlation coefficient significance. The 

greater degree of fit with the experimental value is the more applicable model to the kinetic 

study. The kinetics study were done at pH of 9, initial MB concentration of 50 mg/L, 

adsorbent dosage of 0.25 g, agitation speed of 150 rpm at room temperature. The MB uptake 

was very rapid in the first 10 minute and adsorption equilibrium was achieved in 15 minute 

similar to other adsorbent studies (B. Wu et al., 2017, Song et al., 2020). 
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4.6.1. Pseudo-first order kinetic model 

To determine whether the adsorption process fits with the pseudo-first-order model or not, the 

experimental data using contact time ranging from 5 to 60 min and pH of 9, initial MB 

concentrations of 50 mg/L, adsorbent dosage of 0.25 g at room temperature, and 150 rpm 

agitation speed were introduced to Equation 2. From the slopes and intercepts of pseudo-first 

order model [Log (qe-qt) versus t] (Figure 19), the pseudo-first order rate constant, k1 and 

equilibrium adsorption density, qe were determined (Y. Wang et al., 2021). The kinetic 

parameters obtained from the models are given in Table 3. The qe and correlation coefficient 

(R2) values calculated using pseudo-first order model were found to be 10.66 mg/g and 

0.77182 respectively. This indicates that there is great variation between calculated (10.66 

mg/g) and theoretical (49.94 mg/g) qe values. Thus the experimental data could not be well 

described by pseudo-first order model. 

Table 3: Results of line fit model of pseudo-first order kinetic. 

 

Pollutant Co(mg/L) qe,exp(mg/g qe,cal(mg/g) R2 
Slope Intercept 

MB 50 49.94 10.66 0.7718 -0.0194 -0.2980 
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Figure 17:Pseudo-first order kinetic plot for the adsorption of MB onto AC-Fe3O4 Composite 

adsorbent. 
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4.6.2. Pseudo-second order kinetic model 

In addition to the pseudo-first-order kinetics model, the linearized form of the kinetic rate 

expression for a pseudo-second-order model was applied to the experimental data. Calculated 

equilibrium adsorption capacity qe (cal), pseudo-second-order rate constant (K2), and the 

correlation coefficient (R2) were obtained from the model using Equation 3. The linear plots 

of t/qt against time are shown in Figure 20 for MB adsorbed on AC-Fe3O4 composite 

adsorbent. From the slope and intercept of pseudo-second order model, t/qt versus t (Figure 

20), the value of qe and K2 were determined. The kinetic parameters obtained from the models 

are given in Table 4. Pseudo second-order reaction rate model which give a linear relationship 

adequately described the kinetics of adsorption of MB with high correlation coefficient (R2 = 

1) and its theoretical equilibrium capacities qe (exp) (49.94 mg/g) fit well with the calculated 

qe (50 mg/g) data. Figure 20 and Table 4 showed the value of R2 on pseudo-second-order for 

MB is higher than on pseudo-first-order kinetics and the calculated adsorption capacity qe 

(cal) was closer to the experimental adsorption capacity qe(exp), indicating that the pseudo- 

second-order kinetic model describes the adsorption process of MB by AC-Fe3O4 composite 

adsorbent perfectly. The result indicates that the adsorption perfectly obeys the pseudo- 

second-order model meaning the controlling rate step is chemisorption. Meanwhile, the result 

showed that the rate of adsorption depended on the availability of adsorption sites on the 

surface of adsorbent rather than MB concentration in bulk solution (Y. Liu et al., 2008). A 

similar fit to this model has also been reported (Gao et al., 2013, Y. Zhang et al., 2020). 

Table 4: Results of line fit model of pseudo – second order kinetics. 
 

Pollutant Co(mg/L) qe,exp(mg/g) qe,cal(mg/g) R2 
Slope Intercept 

MB 50 49.94 50 0.9989 0.020 1.446 
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Figure 18:Pseudo-second order kinetic plot for the adsorption of MB onto AC-Fe3O4 

composite adsorbent. 

4.7. Adsorption Isotherm 

The adsorption equilibrium provides important physicochemical data for evaluating the 

applicability of the adsorption process as a unit operation. In this study, the equilibrium data 

were analyzed by using Langmuir and Freundlich isotherm models. These are generally 

related to the type of coverage, the possibility of interaction between the adsorbent and 

adsorbate species, the heterogeneity and homogeneity of the adsorbent (Senthil Kumar et al., 

2010). Isotherm models relate adsorbate per unit weight of adsorbent (qe) to the equilibrium 

adsorbate concentration in the bulk fluid phase Ce. This helps to optimize the design of an 

adsorption system for removal of contaminants and the selection of the appropriate adsorbent. 

4.7.1. Langmuir adsorption isotherm model 

The experimental data were analyzed according to the linear form of the Langmuir isotherm 

as described in equation 4. Figure 21 showed the experimental results obtained from the 

Langmuir isotherm experiment. As presented in Table 5, the correlation coefficient value (R2 

= 0.9808) indicates that the Langmuir model adequately fits to describe the equilibrium 

adsorption of MB onto AC-Fe3O4 composite adsorbent. The well-fitting of the Langmuir 

model also shows the presence of monolayer MB coverage on the homogeneous active sites 

of AC-Fe3O4 composite adsorbent which is consistent with the pseudo-second-order model 

interpretation. The Langmuir model can also be used to determine the feasibility of MB 
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adsorption onto AC-Fe3O4 composite adsorbent based on the RL value which is dimensionless 

constant expressed in eq (5). The RL value for the AC-Fe3O4 composite adsorbent in this 

study is 0.056, implying favorable adsorption for MB from aqueous solution (Gao et al., 

2013, Ajmal et al., 2018; Abebe et al., 2018). The maximum MB adsorption capacity of the 

AC-Fe3O4 composite adsorbent determined from the Langmuir isotherm model was found to 

be 47.39 mg/ g. 

Table 5: Summary of adsorption isotherm parameters using Langmuir isotherm model. 
 

Pollutant Co(mg/L) qe(mg/g) Intercept Slope qm(mg/g) RL R2 

MB 50 36.04 0.0629 0.0211 47.39 0.056 0.9807 
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Figure 19: Langmuir adsorption isotherm model. 

 

4.7.2. Freundlich adsorption isotherm model 

The Freundlich isotherm model was the second model used to describe the adsorption data of 

MB in which the Freundlich constant KF (mg/g), and n is characteristic constants related to 

the relative adsorption capacity of the adsorbent and the intensity of adsorption, respectively. 

The KF and 1/n can be obtained from the intercept and slope of the linear plot of Logqe 

versus LogCe. The Freundlich plots between Logqe versus LogCe for the adsorption of MB 

are shown in Figure 22.The applicability of the Freundlich adsorption isotherm was also 

analyzed, using the same set of experimental data as for the Langmuir model. Thus, from 
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Table 6, the Langmuir isotherm model exhibited a better mathematical fit to experimental 

data (R2 = 0.9719) than the Freundlich isotherm model (R2 = 0.9100), suggesting that the 

adsorption of the MB onto AC-Fe3O4 composite adsorbent could be favorably described by 

the Langmuir isotherm model. It is clear that the equilibrium adsorption data comply with 

Langmuir isotherm model, which suggests that the adsorption is a process which occurs in a 

homogeneous surface. Additionally, these results also demonstrated no interaction and 

transmigration of dyes in the plane of the neighboring surface (Foo et al., 2011). 

Table 6: Summary of adsorption isotherm parameters using Freundlich isotherm model. 
 

Pollutant Co(mg/L) Intercept Slope 1/n KF R2 

MB 50 -1.2842 1.4525 0.55 7.511 0.9100 
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Figure 20: Freundlich adsorption isotherm model 

4.8. Recyclability of AC-Fe3O4 Adsorbent 

Due to its magnetic property, the synthesized nanocomposite can be used for several times by 

separating the used adsorbent using external magnet and washing it by deionized water. Re- 

usability of the AC-Fe3O4 composite adsorbent was assessed for six consecutive MB 

adsorption cycles. The desorption process for the MB previously adsorbed on the AC-Fe3O4 

composite adsorbent was optimized to be able to reuse the nanoadsorbents for further 

adsorption process and to recover the AC-Fe3O4. The average desorption efficiency of the 

adsorbent was found to be about 85.17% which indicates that the adsorption of MB on the 
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adsorbent involves physical in addition to chemical adsorption process. Figure 23 and Table7 

showed the removal efficiency for each cycle for AC-Fe3O4 nanocomposite adsorbent using 

the desorption solution. There was a gradual decrease in MB removal efficiencies with an 

increasing number of cycles as shown in Figure 23. The removal efficiencies of MB for 1, 2, 

3, 4, 5, and 6 cycles were found to be 98.10%, 95.93, 91.24%, 88.71%, 86.55%, and 82.86% 

respectively. Hence, the MB uptake capacity on the AC-Fe3O4 nanocomposite adsorbent was 

reduced as the number of cycles increase. The regeneration experiments presented in Figure 

23 showed that the AC-Fe3O4 nanocomposite adsorbent could be reused repeatedly in the 

adsorption and removal of MB without significantly losing the adsorption property. Similar 

results were reported by different studies (Y. Zhang et al., 2020; B. Wu et al., 2017). 

Table 7: Recyclability of AC-Fe3O4 nanocomposite adsorbent for MB removal 
 

Cycle Co(mg/L) Ce(mg/L) % Removal 

1 50 0.105 98.10 

2 50 2.035 95.93 

3 50 3.381 91.24 

4 50 5.643 88.71 

5 50 6.725 86.55 

6 50 8.570 82.86 
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Figure 21: Recyclability test of AC-Fe3O4 nanocomposite adsorbent for MB removal. 
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5. CONCLUSION AND RECOMMENDATION 

5.1. Conclusions 

This study examined the removal of MB from wastewater by using a low-cost adsorbent, AC- 

Fe3O4 nanocomposite. The different physicochemical and surface characteristics of the AC 

pyrolyzed at temperatures of 450 °C, 550 °C and 650 °C and labeled (AC450, AC550, and 

AC650) confirmed the AC550 has better potential for MB dye decontamination. Moreover, 

the different surface characteristics of AC, Fe3O4 as well as AC-Fe3O4 nanocomposite 

adsorbent revealed the presence of suitable functional groups for MB adsorption like (-OH), 

(C-N), (C-O), and (Fe-O), rough structure, and highly porous surface characteristics that 

influence its adsorption efficiency. 

Adsorption parameters such as solution pH, contact time, initial concentration of MB and 

adsorbent dose significantly influence the removal efficiency of the composite adsorbent and 

needs to be optimized for its effective use. The AC-Fe3O4 nanocomposite adsorbent has 

maximum adsorption capacity of 49.94 mg/g with removal efficiency of 99.98 % at optimized 

contact time of 15 minutes, initial MB dye concentration of 50 mg/L, and 0.1g of AC-Fe3O4 

nanocomposite dose at room temperature with stirring rate of 150 rpm. 

The adsorption process of this study was well described by the Langmuir model with a high 

R2 value of 0.9807 than Freundlich model, which indicated the adsorption mechanism is 

monolayer adsorption processes and the presence of homogenous sites on the AC-Fe3O4 

nanocomposite surface. The data from kinetic experiments was found to fit well with the 

pseudo-second-order kinetic model with a high R2 value of 0.9989, which indicates the 

presence of chemisorption. 

AC-Fe3O4 nanocomposite also exhibited good magnetic property for easy recovery, excellent 

recyclability and environmental friendliness. Further, MB adsorbed onto the AC-Fe3O4 

nanocomposite was eluted by using hydrochloric acid solution. The nanocomposite has shown 

excellent reusability for six consecutive adsorption-desorption cycles. The reusability study 

has shown that the synthesized AC-Fe3O4 nano composite adsorbent material has a very good 

potential applicability to remove MB from wastewater effluent. 
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5.2. Recommendation 

Because of its simplicity and low cost, it is better for researcher to further studies on AC- 

Fe3O4 composite for MB removal from wastewaters. It is also possible to study the efficiency 

of the desorption process by using different eluent to get a full picture of the removal 

capacity of the AC-Fe3O4 composite for MB and other pollutants removal from different types 

of wastewater. The multifunctional properties of the AC-Fe3O4 composite beyond adsorption 

of MB should be investigated like metal ions removal from seawater and humic substances, 

naturally occurring organic polymeric compounds widely distributed in wastewater. The 

Transmission electron microscopy (TEM) and Brunauer-Emmett-Teller (BET) 

characterization technique of the AC-Fe3O4 composite should be included to determine the 

particle size, surface area shape and distribution. 

Therefore, we recommended that for a researcher it is better to assess by expanding this study 

to obtain new AC-Fe3O4 composite with enhanced MB adsorption, heavy metals removal 

capabilities over a wider pH range, easy synthesis method and separation techniques to 

overcome these disadvantages. 
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Appendix 

 
Appendix I. Results of analysis for the optimum conditions 

A. Effect of pH on MB removal 

 

pH Co Ce % Removal 

3 10 0.301 96.99 

5 10 0.135 98.65 

7 10 0.083 99.17 

9 10 0.077 99.23 

11 10 0.077 99.23 

 

B. Effect of adsorbent dose on MB removal 

 

Dose(g/L) Co Ce % Removal 

0.05 10 1.564 84.36 

0.075 10 0.961 90.39 

0.1 10 0.283 97.17 

0.25 10 0.208 97.95 

0.5 10 0.1894 98.11 
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C. Effect of contact time on MB removal 

 

Contact 
time(min) 

Co Ce % Removal 

5 10 3.0149 69.851 

10 10 1.6472 83.528 

15 10 0.1899 98.101 

30 10 0.3519 96.481 

60 10 0.3854 96.146 

 

 

D. Effect of initial concentration on MB removal 

 

Initial 

Conce(ppm) 

Ce % Removal 

10 0.027 99.73 

50 0.006 99.99 

100 0.037 99.96 

150 0.294 99.80 

200 0.570 99.72 
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