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ABSTRACT 

The leather and textile industries are the leading dyestuff consumers and the main sources of 

pollutants in the water environment. There is a continuously increasing worldwide concern for 

the development of organic dye wastewater treatment technologies. The present study focused on 

the removal of methylene blue (MB) dye from an aqueous solution using sodium carbonate-

activated bentonite adsorbent and its ZnO/bentonite nanocomposites for photodegradation. To 

achieve the objective of the study, the bentonite sample was collected from Gewane, Afar 

regional state, purified, and activated by Na2CO3. Proximate analyses and characterizations of 

adsorbents and ZnO/bentonite nanocomposites were carried out by using XRD, FT-IR, SEM, and 

AAS. The XRD showed the bentonite adsorbent contains Montmorillonite, Quartz, Muscovite, 

Cristobalite, Hematite, and Feldspar as a major phase and ZnO/bentonite nanocomposites 

contain the ZnO with hexagonal Wurtzite structure and bentonite characteristics. The SEM study 

revealed the availability of porous morphology on the surface of the bentonite adsorbent before 

adsorption and coverage of the surface porous by methylene blue after adsorption. The AAS 

study showed that the local Gewane bentonite is Ca-bentonite but after activation by 5% sodium 

carbonate, it was changed to Na-bentonite. Optimization of adsorbent was carried out to identify 

the best adsorbent for the removal of MB dye from an aqueous solution. The result indicated 5% 

Na2CO3 activated bentonite (AB5) has (100%) removal efficiency of the targeted dye. Then, the 

adsorption experiment was conducted using activated bentonite (AB5) to establish the effect of 

different parameters such as adsorbent dosage, pH of the solution, initial concentration of MB, 

contact time, and temperature on the adsorption efficiency of MB dye. The adsorption isotherm 

was performed using Langiumer, Freundlich, and Temkin isotherm models. The result indicated 

Langiumer adsorption isotherm best fit the adsorption study for the present experimental data 

with R
2
=1. The kinetic adsorption of MB dye by activated bentonite (AB5) was conducted using 

pseudo-first-order and pseudo-second-order models. The result specified that the pseudo-

second-order fit experimental data well and the process was chemisorption. The endothermic 

and spontaneous nature of the adsorption process of MB dye by activated bentonite (AB5) was 

carried by studying the thermodynamic parameters of the system. The result indicated the 

positive value of the ΔS˚ and negative values ΔG˚ shows the adsorption capacity of MB dye 

molecules is on the adsorbent surface. Desorption of MB dye from the spent adsorbent and 

recyclability of adsorbent were studied by thermo-chemical methods by heating the spent 

adsorbent at 200°C for 45 min and dipped in ethanol, acetone, and distilled water heated at 25, 

35, and 45 °C for 2hrs. The result showed the desorption capacity of MB dye in this study was 

low. But, the ZnO/bentonite nanocomposites have high degradation efficiency. The adsorbent in 

this study was recycled at least three times and its adsorption capacity decreases with adsorbent 

recycling times.  

 

Keywords: Adsorbent, Adsorption, Activated-bentonite, Desorption, Methylene blue dye 
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CHAPTER ONE 

 INTRODUCTION 

1.1. Background of the study 

Water is basic for life. Clean water is the key to a healthy society. But in the present universal 

scenario, the existence of freshwater is very serious because of the rapid development of 

urbanization and industrialization [1]. Chemical contamination of drinking water sources is a 

concern for millions of people and long-term exposure to chemical pollutants can have serious 

health implications. According to recent reports, many industries discharge about 70% of their 

waste products into water bodies directly without any refinements [2].  

The textile industry discharges a large number of dye effluents into the water bodies during the 

printing and dyeing process. The process of printing and dyeing materials, in chemical industries, 

makes human beings in a colorful world. Dyes are colorful substances that are used widely as 

part of the coloring processes in textile, paper, plastics, leather tanning, food, polymer, 

cosmetics, printing, and dye manufacturing industries, to give color to the supplies such as 

papers, fabrics, or any other type of colorable materials [3]. Humans have widely used these 

materials for thousands of years for several applications [4]. Dye producers and users have an 

interest in the stability and fastness of dyes and consequently, producing dyestuffs are harder to 

degrade. These dyes are released without additional care into the environment and natural water 

bodies after performing their purpose. However, an illegal and massive discharge of wastewaters 

contains dyes from textile industries into lakes and rivers has posed a serious risk to ecosystems 

because of their high carcinogenic and mutagenic potential [5].  

Based on their nuclear structures, dyes are divided into anionic, cationic, and non-ionic dyes [6]. 

Anionic dyes give a net negative charge when dissolved in an aqueous solution, such as those of 

sulfonate (-SO3
-
) and carboxyl (-COOH) groups. Methyl orange is an example of anionic dyes, it 

is toxic, mutagenic, and carcinogenic [7], a hard-braking molecular structure [8], and it is 

difficult for adsorption by adsorbents. On the other hand, cationic dyes are organic dyes that give 

a net positive charge when dissolved in an aqueous solution, due to their functional groups such 

as amine or sulfur. Methylene blue (MB) dye is an example of cationic dyes which is used as a 

reference to show the cation exchange capacity (CEC) of clay. MB dye has a high solubility in 
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water and is one of the thiazine colorants. It may cause harmful effects on human health because 

of its carcinogenicity and toxicity in nature it leads to severe headaches, chest pain, breathing 

difficulty, eye irritation, vomiting, increased heart rate, diarrhea, and cyanosis [9]. Also, the 

presence of MB dye in water bodies significantly endangers the aquatic systems by producing 

unpleasant colors to the water and blocking the direct sunlight for photosynthesis organisms in 

the aquatic system [10]. Also, the occurrence of MB dye in water sources restricts these waters 

from regular events like; drinking, cooking, washing bathing, and living places for animals. For 

instance removal of this dye has received special attention to get good quality water by an 

environmentally friendly method.  

Removal of MB dye from the wastewater needs various treatment methods including; 

coagulation, chemical oxidation, membrane separation, electrochemical process, photocatalysis, 

and adsorption methods. From the above-mentioned techniques, adsorption was recognized to be 

promising and cost-effective, simple and flexible, easy to operate, easily regenerating of 

adsorbent, and control to remove dyes from wastewater [11]. The choice and type of adsorbent 

may depend upon parameters like cost, availability, toxicity and regeneration, and re-usability. 

There are different adsorbents were reported for the removal of methylene blue from wastewater 

such as activated carbon, chitin, cellulose, agriculture wastes, zeolites, and clays minerals [12]. 

From the mentioned above adsorbents in recent years, the activated carbon (AC) adsorbents used 

successfully for the removal of methylene blue from wastewater but, it has some drawbacks such 

as the effectiveness of cost and difficulty to regenerate limits its use [13]. Because of these 

drawbacks, the low-cost and easily regenerated adsorbents were preferable for the removal of 

MB dyes from wastewater. Clay minerals are very attractive adsorbents due to it shows strong 

attraction between their surface and dyes, high surface area, morphology and ion-exchange 

potentials [14]. As a low-cost clay adsorbent, bentonite clay is increasingly one of the most and 

readily available adsorbents that give attention to the researcher in the removal of organic 

pollutants from wastewater. It is preferable for the removal of organic dye especially cationic 

dye because it has very important properties that are suitable for the removal of MB dyes like; 

high specific surface area (SSA), cation exchange capacity (CEC), plasticity, and swelling 

capacity that swell many times in comparison to its original size [15]. 

The other method used for the removal of MB dyes from wastewater in the last few years was 

using the photocatalytic process [16]. Among different kinds of photocatalyst, ZnO is the most 



  

3 
 

widely used for wastewater treatment due to its high oxidizing properties, super hydrophilicity, 

and chemical stability [17]. However, this process requires UV-light radiation to promote the 

electron from the valance band (VB) to the conduction band (CB) and leave the hole (h
+
) in the 

VB. When the hole meets the H2O molecule in the presence of oxygen, it will produce hydroxyl 

radical (OH
●
), and this OH

●
 will break down the MB dye molecule into a simple compound [16]. 

But the ZnO has some disadvantages such as instability in acidic media, photo-corrosive nature, 

spontaneous growth, and aggregation restricts their application in wastewater treatment. To 

avoid this problem, a suitable material is support to incorporate ZnO particles into porous 

materials like clay materials [18]. 

Hence, the present study was focused on the removal of methylene blue dye from an aqueous 

solution using adsorption and photocatalytic degradation on activated bentonite and 

ZnO/bentonite nanocomposites. For the present study, the Ethiopia bentonite clay collected from 

Gewane, Afar Regional State was used as an adsorbent and ZnO/bentonite nanocomposites 

synthesized by the green method from the precursor zinc nitrate hexahydrate and bentonite using 

H. Abyssinica (Local name Koso) as capping agent is used as photocatalytic degradation of MB 

dye. The adsorption capacity of the activated bentonite for the removal of methylene blue dye 

from an aqueous solution was obtained by optimizing experimental parameters. Desorption of 

MB dye from the exhausted bentonite after adsorption and recyclability of bentonite adsorbent 

after usage was done by the thermo-chemicals method. 

1.2. Statement of the problem  

Water is one of the most important resources for sustainable development and core for socio-

economic developments, healthy ecosystems, survival of humans, and living organisms. But, the 

fast growth of industrial activities especially textile industries ends in the generation of organic 

pollutants that contain organic dyes like methylene blue dye, phenols, and other persistent 

organic pollutants. Discharging of these organic pollutants can cause serious problems, to the 

environment and human health due to their carcinogenicity [19]. The removals of these 

pollutants efficiently from the industrial wastewater make the environment safe for living 

organisms. 

Removal of organic dyes from wastewater is one of the environmental challenges and a public 

health matter. Azo dyes like MB dye are the most important sources of textile dyes utilized in 
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industrial applications. Removal of MB dye by conventional treatment methods is difficult due to 

their stability and non-biodegradable nature hence, different physicochemical methods were 

developed for removing dyes from wastewater but it’s not sufficient for elimination of those dyes 

[20]. As a result, the only and straightforward method, adsorption as a high-quality treatment 

process by using adsorbent is the most preferable and desirable method for removal of MB dye. 

The well-known adsorbent activated carbon is used for the removal of MB dye from industrial 

pollutants. This adsorbent is efficient for the removal of MB dye but, it is expensive, and high 

operating costs limit its usage. However, the low cost and high adsorption efficiency adsorbent 

like bentonite clay was preferable for the removal of MB dyes. Hence, the present study focused 

on the investigation of the removal of MB dye from an aqueous solution using activated 

bentonite clay and its recyclability for water and environmental remediation. 

1.3. Objectives of the study 

1.3.1. General objective  

The overall objective of this study is to investigate the removal efficiency of methylene blue dye 

from an aqueous solution using sodium carbonate activated bentonite and photocatalytic 

degradation with ZnO/bentonite nanocomposites.  

1.3.2. Specific objectives 

The specific objectives of the study are: 

i. To activate natural bentonite by sodium carbonate. 

ii. To characterize the natural, purified, activated, and used bentonite adsorbents, and 

ZnO/bentonite nanocomposites by FT-IR, XRD, SEM, and AAS. 

iii. To evaluate the adsorption efficiency of bentonite towards methylene blue dye from an 

aqueous solution by adsorption process. 

iv. To investigate the effect of adsorbent dosage, pH of the solution, initial concentration, 

contact time, and temperature on removal efficiency of methylene blue dye from an 

aqueous solution using activated bentonite by sodium carbonate. 

v. To evaluate the amount of methylene blue dye desorbed from the exhausted adsorbent by 

thermochemical methods.  
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vi. To synthesis, ZnO/bentonite nanocomposites using the green method. 

vii. To evaluate the photodegradation efficiency of methylene blue dye using ZnO/bentonite 

nanocomposites. 

1.4. Significance of the study  

This study will help to develop green adsorbents from locally available clay materials for the 

removal and recycling of industrials discharge organic dyes for water and environmental 

remediation. 

1.5. Scope of the study 

This project work focuses on the activation of bentonite by sodium carbonate for the removal of 

methylene blue dye from an aqueous solution through adsorption. Desorption study of the 

adsorbate by thermochemical methods. Characterizations of the natural, purified, activated and 

used bentonite, ZnO/bentonite nanocomposites (UZBNC11, CZBC11, and CZBC12) by FT-IR, 

XRD, SEM, and AAS. It also includes the synthesis of ZnO/bentonite nanocomposites for the 

photo-degradation of methylene blue dye. Also, it is limited to synthetic dye polluted water. 

1.6. Outline of the thesis 

In a general, this thesis paper consists of five chapters. Each chapter was discussed different 

issues associated with this study. Chapter one describes a summary of the thesis background, 

statement of the problem, objectives of the thesis, the significance of the study, and scope of the 

study. Chapter two focuses on the review from previous studies that were helpful to realize 

knowledge and to know the study well. Chapter three describes the methods and experimental 

procedures that were useful for the study. Chapter four presents the result and discussion. The 

last chapter five provides conclusions and recommendations of the thesis. 
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CHAPTER TWO  

LITERATURE REVIEW 

2.1. Wastewater pollutions 

Wastewater pollution is a very serious environmental hazard all around the world due to 

increasing urbanization and rapid industrialization. This pollution is produced by introducing 

biological and chemical materials either naturally or manufactured to the natural water forms 

[21]. Different organic, inorganic, and biological impurities are added to water through 

anthropogenic and natural activities [22]. From these pollutants’ wastewater from textile 

industries becomes a serious impact on pollution due to the increasing demand for textile 

products is because of the utilization of synthetic dyes [23]. 

2.1.1. Organic dyes from the textile industry  

Naturally, occurring organic dyes were mainly utilized in textile coloring until 1856 using dyes 

extracted from plants and animal resources. Organic dyes contain aromatic rings in their 

chemical structures that contain delocalized electrons and also different functional groups. The 

color of the dye is due to the chromogens-chromophore i.e., acceptor of electrons, within the 

molecule of dye, and the dyeing capacity of the dye is due to it contains auxochrome groups i.e., 

donor of electrons. The chromogens are an aromatic structure that normally contains benzene, 

naphthalene, or anthracene rings carrying binding chromophores that contain double conjugated 

links with delocalized electrons forming conjugated systems. The groups which mainly act as 

chromophores are the azo group (-N=N-), methine group (-CH=), ethylene group (=C=C=), 

carbonyl group (=C=O), carbon-sulfur (=C=S; ≡CS-S-C≡), nitro (-NO2; -NO-OH), nitroso (-

N=O; =N-OH), carbon-nitrogen (=C=NH; -CH=N-), or chinoid groups. The auxochrome groups 

are ionizable groups, which are responsible for the binding capacity of the dye’s molecules onto 

the textile material. The presence of auxochromes may raise the intensity of dye color. The 

common auxochrome groups are: -COOH (carboxyl), -NH2 (amino), - SO3H (sulphonate) and -

OH (hydroxyl) [24]. 
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2.1.2. Classification of textile dyes 

The textile dyes classified depend on: 

1) Its characteristics application like- acid, basic, mordant, reactive, direct, disperse, sulfur 

dye, pigment, vat, azo insoluble. 

2) Its chemical structure like- nitro, azo, carotenoid, acridine, quinoline, indamine, 

diphenylmethane, xanthene sulfur, anthraquinone, indigoid, amino- and hydroxy ketone, 

phthalocyanine, inorganic pigment, etc. 

3) Its solubility- such as anionic, nonionic, and cationic dyes supported the overall structure. 

The main anionic dyes are the direct, acid, and reactive dyes [25]. The most problematic 

ones are the brightly colored, water-soluble reactive and acid dyes because they cannot be 

eliminated from textile industry effluents by conventional treatment systems.  

2.1.3. Methylene blue dye (MB)  

Methylene blue dye is known as methyl thioninium chloride. It is a basic cationic dye with the 

molecular formula C16H18N3SCl with a molecular mass of 319.87g/mol. This dye gives a net 

positive charge when introducing with an aqueous solution because of the presence of chemical 

groups like amine or sulfur. At room temperature, methylene blue is solid, odorless, dark green 

powder and gives a blue solution if dissolved in water [26]. This dye is used in 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 pesticide production, varnish, and lacquer 

manufacturing, among others [27]. The IUPAC name of MB dye is 3, 7-bis (Dimethylamino) -

phenazathionium chloride, or Tetra methylene blue, the chemical structure is present in Figure 1. 

 

Figure 1: Structure of methylene blue dye 
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2.1.3.1. Effect of methylene blue dye on living organisms 

Methylene blue dye is one of the foremost commonly used dyes within the dyeing of cotton, silk, 

and wood [28]. MB dye is causing harmful effects on human health; it affects humans eye burns 

to cause permanent damage to the eyes of animals. Also, inhalation of these dyes results in 

breathing difficulty by ingestion through the mouth which produces a burning sensation, nausea, 

and vomiting, abundant and physiological state. To reduce the strength of the possible damages 

to humans, and the environment arising from the water containing dyes. For the removal of these 

dyes from the textile industries, there are various types of treatments technologies like 

adsorption, chemical flocculation, photodegradation.  

2.2. Source of wastewater containing an organic dye  

The textile industry gets the main contributor to the world economy. This textile industry 

releases wastewater contains dyes to the environment and water bodies after its usage. As a 

result, the pollution level of wastewater contains dye from this industry is greater and 

maintainable issues should be considered at each point of the source level. The textile industry 

manufacturing a large amount of wastewater contains dyes that have a high contaminating 

footprint, and it is estimated that up to 200 thousand tons of dyes are discharged into water 

bodies because of insufficient wastewater treatment processes [29]. The water that contains dyes 

within the environment is taken into account as a harmful source of pollution for organisms. The 

discharging of organic dyes from the textile industry are polluting agents to the environment and 

water bodies due to their complex and non-biodegradable chemical structures which have 

harmful effects on both aquatic life and human beings [30]. Discharging such wastewaters in 

streams and aquifers may also hamper reoxygenation and stop aquatic life photosynthesis [31]. 

Figure 2 shows the wastewater contains dyes from the textile industries. 
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Figure 2: Dye-containing wastewater from textile industries  

2.2.1. Harmful consequences of wastewater containing dyes  

The releasing of wastewater contains dyes to the rivers and streams severe problems to the food 

cycle, aquatic life, and affects aesthetic nature. Also, dyes can absorb sunlight and reflect light 

while entering the water, so can hinder bacterial growth and resist photosynthesis in aquatic 

plants. Moreover, they resist aerobic biodegradation, causing the challenge to environmental 

researchers [32]. Hence, dye-bearing wastewater poses a significant hazard to aquatic life and 

human health and causes skin irritation, allergic dermatitis, mutation, cancer, shortness of breath, 

produce a burning sensation. Wastewater from different textile industries contains organic dyes, 

(e) 

(b) 

(f) 

(a) 

(c) (d) 
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biochemical oxygen demand (BOD), chemical oxygen demand (COD) in high concentration, an 

enormous number of suspended solids, and other contaminants [33]. Dye molecules are stable to 

the UV light and can't biologically degrade easily. These molecules are immune to aerobic 

digestion and are difficult to get rid of from industrial wastewater [34]. To keep the essentiality 

of color removal, industries require some efficient and precise methods to treat wastewater that 

contains organic dye before discharging into environments and water bodies. Figure 3 shows the 

effect of wastewater contains dyes. 

 

 

Figure 3: Effects of textile dye effluents on our surroundings and living organisms [19]  

2.3. Removal of organic dye from wastewater by different methods 

Dyes are used in large amounts in various applications including textiles industries, healthcare, 

paint, printing, leather, and food processing, to color their products. But, a small amount (10–

20%) of a dye is used in the process, and the rest of the dye ends up in wastewater produced by 

dye-using industries [35]. To avoid these dyes contaminant from water resources and the 

environment, the event of some eco-friendly and efficient methods for removal of it from 
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industrial wastewater is very desirable before they're released into freshwater reserves [36]. 

Different methods include: membrane process, adsorption, photocatalytic degradation, osmosis; 

coagulation/flocculation, natural process, and flotation are used usually for the removal of 

organic dyes from wastewater and natural water bodies. The choice of the treatment process for 

contaminated water depends on the character of pollutants. Some methods have some 

disadvantages like high operating expense, incomplete removal of waste, and high energy 

requirements [37]. 

                                 

Figure 4: Methods of wastewater treatment [35] 

2.3.1. Biological methods  

These treatment methods are often the most economical alternative when compared with other 

physical and chemical processes. Methods like using fungal, microbial, adsorption by (living or 

dead) microbial biomass and bioremediation systems are commonly applied to remove organic 

dyes of industrial effluents because many microorganisms such as bacteria, yeast, algae, and 

fungi can accumulate and degrade different dyes [38]. This method is acceptable to eliminate 

dissolved organic materials from textile effluents. The removal efficiency of those materials 
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depends on organic load ratio versus dye load and a load of micro-organism, range of 

temperature, and concentration of oxygen [39]. 

2.3.2. Chemical methods  

Chemical methods include advanced oxidation methods using Fenton’s reagent, hydrogen 

peroxide, ozonation, solvent-extraction method, photocatalyst, ion exchange, and oxidation. 

These methods include an advanced oxidation process, which is based on the mechanism of 

hydroxyl radical’s generation. These radicals are used as oxidizing agents. Organic peroxide 

radicals are generated by attacking chromogenic groups. Similarly, H2O, CO2, and inorganic 

salts formation also happen as a result of these chemical reactions. Using hydrogen peroxide 

attained a prominent position among oxidizing agents due to its commercial availability and its 

oxidative nature. It’s used for the oxidation process directly or together with catalysts or with UV 

radiation. However, some drawbacks are found with its use because it fails to oxidize some 

organic pollutants [40]. 

2.3.3. Coagulation-flocculation methods 

This technique is widely utilized in the solid-liquid separation procedure for completely remove 

dissolved and suspended solids, organic matter, and colloids present within the industrial 

wastewater. Coagulation-flocculation is an efficient and straightforward technique that's 

extensively utilized in the treatment of several wastewater effluents like vegetable oil mill 

effluent, pulp mill, and textile wastewater. Dispersed or finely divided particles are gathered to 

make the massive particles (flocs) when coagulants or flocculants are added they calm down and 

clarify the system [41]. 

2.3.4. Physical methods  

Physical methods include the method of adsorption of adsorbate on adsorbents materials 

includes: clay, activated carbon, agricultural waste, and industrial adsorbents, surfactant, 

sorption, electro-kinetic coagulation, and coagulation-flocculation [14]. 

2.3.5. Electrocoagulation methods 

The electrocoagulation process is a simple, reliable physicochemical technique and an efficient 

tool for the removal of organic dyes from an aqueous solution. It contains 3 stages, in 1
st
 stage, 

oxidation of sacrificial anodic electrodes then generation of coagulants occurs. 2
nd

 stage involves 
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the destabilization of pollutants and their emulsions escape. Within the 3
rd

 stage formations of 

flocs occur. This method contains coagulants formation within the reactor site without using the 

assistance of an external agency by the oxidation of sacrificial anodic electrodes like aluminum, 

chrome steel, iron, and lots of others. The method is found to be quite effective in the removal of 

contaminants, colloidal particles, metal ions, and dyes [42]. But this treatment produces foul 

odor and by-products and is the type of expensive method. Among all treatment techniques for 

the removal of pollutants from wastewater, adsorption is found one of the most attractive 

techniques to treat contaminated water which has a prevalence in developing countries [43]. The 

benefits and drawbacks of various methods for the removal of organic dyes from wastewater are 

mentioned in Table 1 below. 

Table 1: Wastewater treatment methods, their advantages, and disadvantages during the 

treatment [44]  

Treatment methods  Advantages Disadvantages 

i. Chemical methods   

Ozonation No sludge generation Operational cost is very high, the half-

life is short (20 min) 

Photocatalyst Operational cost is low 

and economically feasible 
Some photocatalyst degrades into toxic 

by-products 

Fenton reagent Low-priced reagent and 

efficient procedure 
Disposal issues and sludge production 

ii. Biological methods   

Anaerobic degradation By-products can be used 

as energy resources 

Under anaerobic conditions require 

more treatment and yield of methane 

and hydrogen sulfide 

Aerobic degradation Operational cost is low 

and effective in the 

removal of azo dyes 

Provide a suitable environment for the 

growth of microorganisms and very 

slow process 

iii. Physicochemical 

methods 

  

Adsorption/sorption High adsorption capacity 

for all dyes 

Low surface area for some adsorbents, 

high cost of adsorbents 

Ion exchange No loss of sorbents For disperse dyes not effectively 

Electro-Coagulation Economically feasible Need further treatments by flocculation 

and filtration and production of sludge 
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2.4. Treatment of wastewater containing organic dyes by adsorption process 

2.4.1. Adsorption process 

Adsorption is the process at which atoms, ions, and molecules are attached to the surface of the 

adsorbent. The layer of adsorbate (atoms, ions, & molecules) to be adsorbed is made on the 

adsorbent (material which adsorbs). Adsorption takes place on the surface of the adsorbent and 

covers the whole surface of the adsorbent. The process takes place due to physical forces 

(physisorption) and chemical forces (chemisorption) due to chemical bonds, between adsorbate 

and adsorbent [45]. 

Among many treatment techniques, adsorption is gaining importance as a process of treating 

aqueous effluent. It’s the simplest technology for the decontamination of water and the removal 

of just about all kinds of contaminants. This physicochemical technique has the benefits of 

getting the supply of known process equipment, low-cost, recovery of adsorbent, and sludge-free 

operation [46]. This method is the top-quality treatment process for the removal of dissolved 

organic contaminants like dyes from wastewater. During this process, the concentration of 

adsorbed substance takes place on the surface of solid bodies or adsorbent materials deals with 

the operation of surface forces. When adsorbable solute, also referred to as adsorbate, in solution, 

attaches a solid (adsorbent) with a highly porous surface, then liquid-solid intermolecular forces 

of attraction cause the adsorbable molecules to be concentrated at the surface of adsorbents. 

Adsorption has gained interest for dye removal due to its flexibility in design, low price, and this 

method does not generate any harmful substances after removal of the target compounds make 

the method are preferable. Removal of waste is often suffering from a specific surface area, 

adsorption capacity, grain size, pore-volume, and pore size distribution. In the present years, 

various commercially available and cost-effective adsorbents are used for the removal of dyes 

from textile wastewater [47]. 



  

15 
 

 

Figure 5: Process of adsorption of organic dye from wastewater [46] 

2.4.2. Adsorption mechanism  

The adsorption takes place by physical and chemical binding like; Van der Waals forces, 

electrostatic interactions, hydrogen bonding, and hydrophobic interactions. According to [48], 

the adsorption process can be followed by three steps:  

a) The adsorbate (dye) transfer from the bulk solution to the adsorbent surface. This means 

molecules (adsorbate) diffuse into the thin layer of fluid (called fluid film) which is attached to 

the adsorbent.  

b) Adsorption on the dyed surface: - Consistent with the development of diffusion, the surface 

diffusion process attached the vapor or gas along with the pores. It is called mixed diffusion 

because there contains two diffusions of pore diffusion and surface diffusion. The bulk 

adsorption occurs within the pores of the adsorbent where the major available surface area is out 

there. Hence, the adsorbate is migrating from the external area into the pores within each 

adsorbent particle.  

c) Transport the adsorbate within the adsorbent particle.  



  

16 
 

 

Figure 6: Adsorption mechanisms and desorption process [48] 

2.4.3. Parameters affecting the adsorption process 

2.4.3.1. Effect of initial dye concentration  

Adsorption capacity with the adsorbent increases with the rise of dye concentration till saturation 

is reached. Initial dye concentration generates a big driving gradient force to overwhelmed mass 

transfer resistance to the dyes between solid and aqueous phases [49]. 

2.4.3.2. Effect of pH 

The adsorption capacity of dyes depends on the pH of the solution. The initial pH of the dye 

solution is known to affect the adsorption process of dye removal. The initial pH is known to be 

affected by various factors such as surface charge of the adsorbent, degree of ionization of the 

adsorbed molecule, and the extent of dissociation of functional groups on the active sites of the 

adsorbent. As the previously reported study indicated the removal efficiency of MB dye is low at 

a low pH range but is known to increase at a high pH range. The minimum removal efficiency of 

MB dye was observed between pH 1.5 and pH 3. However, no significant change in the removal 

efficiency of MB dye was observed at higher pH values. The lower removal efficiency of MB 

dye at low pH may be due to the availability of excessive H
+
 ions that may compete with the 

cationic dye for adsorption sites as reported by [50], on Moroccan clay. 

2.4.3.3. Effect of contact time  

Adsorption of dye was found to extend with a rise of your time over bentonite adsorbent. The 

quantity of dye adsorbed on clay was found to be fast at the initial period of contact time then 

become slow and stagnant with the rise in contact time; the mechanism of adsorbate removal is 
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often described within the migration of the dye molecule from the solution to the adsorbent 

particle and diffusion through the surface [51]. 

2.4.3.4. Effect of adsorbent dosage  

The amount of bentonite dosage significantly affects the adsorption capacity of dyes from the 

aqueous solution. With increasing the dosage, the removal efficiency was found to increase due 

to the increased availability of adsorbent surface sites during increased adsorbent particles. The 

effect of the adsorbent dosage estimates the adsorption capacity of the adsorbate [52].   

2.4.4.5. Effect of temperature  

With the rise in temperature, the removal efficiency of cationic dyes increases [53]. By 

increasing temperature, the adsorption of dyes over adsorbent increased due to the increased 

kinetic energy of molecules. When the temperature of the solvent increased, the number of 

adsorbent pores also increased with temperature, and therefore the adsorption procedure is 

positively affected [54]. 

2.4.5. Adsorbents  

2.4.5.1. Definitions of adsorbents and it's characteristics 

The adsorbent is a solid substance that sometimes adsorbs gas, liquid, or dissolved substance on 

its surface. They’re utilized in the shape of spherical pellets, rods, moldings, or monoliths. 

Adsorbents must have high abrasion resistance, high thermal stability, and little pore diameters, 

which ends up in a higher exposed area and hence the high capacity for adsorption of substance 

on its surface. In recent years, the utilization of clay materials to exchange commercially 

available adsorbents has attracted much attention due to their low cost, availability in every 

place, high specific surface area, lack of toxicity, and potential for the natural process [55]. Their 

particular properties like high specific surface area, and surface chemistry, a spread of surface, 

and structural properties, chemical, and mechanical stabilities give these materials have many 

applications [56]. Characteristics of good adsorbents [57] include:- 

 It’s locally available. 

 Its cost must be economic.  

 It does not give other side effects after the operation.  

 It must be a simple operation.  
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 It should readily acceptable by the users. 

2.4.5.2. Adsorbents for removal of organic dyes from wastewater 

The adsorbent is an insoluble sponge-like porous material with the capacity to trap adsorbate 

elements onto its surface. Natural materials and sometimes waste materials are used as 

adsorbents for the removal of dye from textile wastewater [58]. Some high adsorption efficiency 

and low-cost materials are often used as adsorbents for dye removal from wastewater as listed in 

Table 2.  

Table 2: Advantages and disadvantages of different adsorbents for adsorption of organic dyes 

from textile wastewater 

Adsorbent Advantages Disadvantages References 

Activated carbon High specific surface area High cost [59] 

Bio-sorbents High adsorption capacity High market cost [60] 

Agricultural and 

industrial by-products 

Available in abundance Sorption properties 

depend on the origin 

[61] 

Bentonite High specific surface area, 

high cation exchange 

capacity, and low-cost 

Needs modification 

for adsorption of 

anionic dye 

[62] 

Zeolite High ion exchange capacity 

and specific surface area 

Complex sorption 

mechanism 

[63] 

2.5. Bentonite clay and its structure 

Bentonite clay, mainly composed of montmorillonite (MMT), with a 2:1 structural sheet i.e., two 

tetrahedral silica sheets sandwiching a central octahedral alumina sheet (TOT). The clay surface 

layers have a negative crystal charge due to an isomorphic substitution within the layers (e.g., 

Al
3+

 for Si
4+

 in the tetrahedral sheet and Fe
2+

or Mg
2+

 for Al
3+

 within the octahedral sheet) which 

is balanced by exchangeable cations such as Na
+
, K

+
, Ca

2+
 within the interlayer alongside water 
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molecules bonded by ion-dipole forces [64]. This ensures the great performance of clay during 

adsorbing cationic pollutants via cationic exchange. These inorganic cations are often substituted 

for a cationic surfactant or hydroxy metal, producing materials like organo-bentonite and pillared 

bentonite. 

Bentonite features a great affinity towards the cationic dye due to the attraction of negative 

charges on the surface of the bentonite adsorbent and positive charges on the adsorbate. Different 

properties are obtainable in bentonites like the high specific surface area, swelling capacity, and 

cation exchange capacity [65]. Bentonite is mainly composed of SiO2, Al2O3, CaO, Na2O, K2O, 

MgO, Fe2O3, FeO, MnO, and TiO2. The cation contents between the interlayer divide the 

bentonite into; either Na or Ca bentonite. sodium bentonite (has swelling properties), has a single 

water layer containing Na
+
 as exchangeable ions, and calcium bentonite (a non-swelling mineral) 

with a double water layer containing Ca
2+

 exchangeable ions [66]. Ca-bentonite is an efficient 

adsorbent of ions not only in solution but too in fats and oils. Na-bentonite, when added to water; 

adsorbs several times as its dry mass find in water and become larger when it is wetted, it's vital 

due to its extremely good colloidal properties. It’s utilized for environmental and geotechnical 

study via drilling fluid for gas wells and oil [67]. On the other hand, Na-bentonites have different 

applications due to their layered structure, high CEC, ability to swell, and their high platelet 

ratio. Inorganic cations are present on the basal plane of montmorillonite layers, which makes 

them hydrophilic. However, cation-exchange reactions are traditionally employed as a way to 

exchange these inorganic cations with organic surfactant cations, which intercalate into the clay 

layers resulting in a rise within the basal space diameter. This not only changes the surface 

properties to hydrophobic but also facilitates penetration of the polymer between the clay layers 

[68].  

Bentonite has the chemical composition and formula of the extreme montmorillonite unit cell of 

the series (Al3.33Mg0.67) Si8O20 (OH) 4 M
+

0.67, where M
+
 may be a monovalent cation. This 

formula indicates that the unit cell has a negative electric charge due to the isomorphic 

substitution of Al
3+

 by Mg
2+

. The M
+
 cation that balances the negative charge is called an 

exchangeable cation, since it is often reversibly exchanged for other cations (depending on the 

cation) [69]. The structure of bentonite is indicated in Figure 7.  
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Figure 7: Structure of bentonite clay [70] 

2.5.1. Bentonite clay in Ethiopia  

Bentonite clay resources are found within the Afar, and Southern, Nations, Nationalities, and 

People’s Regional States. The Afar Regional State bentonite occurrences are easily accessible, as 

they are located near the main road. Most occurrences in Afar are located at Warssiso, Hadar, 

Gewane, and Ledi. The Warssiso bentonite deposit is located at 500 Km from Addis Ababa to 

Semera main roads and 0.7 Km-3.0 Km towards the north, between Badona River and Warseiso. 

Gewane is located 376 Km northeast of Addis Ababa to Semera main road, Gewane bentonite 

deposit on 15 Km Gewane town [71].  

Table 3: Location of bentonite deposits (source: www.mome.gov.et (Ministry of Mines of 

Ethiopia)) 

Area 

(province) 

Location of 

deposits 

Easting Northing Resource (million tons) 

Afar Gewane Bentonite 40° 38' 05"E 10° 17' 50"N 126 

Sidamo Gidicho Bentonite 37° 56' 00"E 06° 24' 00"N 5 

Afar Warsissa Bentonite 40° 39' 00"E 11° 22' 20"N 10.5 

2.5.2. Properties of bentonite clay  

Bentonites are lamellar aluminosilicate possessing a good range of physicochemical properties 

like swelling, adsorption, ion exchange, and surface acidity [72]. It’s a heterogeneous rock 

formed highly from the colloidal and plastic smectite group, composed mainly of 

Tetrahedral 

Octahedral 

Tetrahedral 

Interlayer 

space 

file:///C:/Users/User/AppData/Roaming/Microsoft/Word/www.mome.gov.et
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Montmorillonite (MMT) [73]. Minerals of the smectite group have exchangeable cations, which 

are easily substituted with other cations which create adsorption capability on sheet surfaces 

these cations can be replaced reversibly. Montmorillonite, the most component of bentonite, 

feature a high cation exchange capacity, which is small suffering from particle size [74]. 

2.5.2.1. pH of bentonite clay 

The pH of soils and clays is commonly determined by electrometric measurement of the pH 

value of a clay suspension or clear supernatant after centrifugation or filtration. The pH of a clay 

suspension strongly influences its technical applications and some essential properties including, 

adsorption and rheological properties [75].  

The pH value of clay can be used to predict the dominant cations on soil-cation exchangers pH 

2-3 indicates the free mineral acids, pH 4-5 indicate the exchangeable Al
3+

 and Fe
3+

, pH > 5.5 

indicates the Al hydroxide ions/polymers, pH 7.6-8.3 indicates the presence of CaCO3, and pH > 

9 indicates the presence of Na2CO3 in clay minerals. This classification refers mainly to Al 

speciation and the presence of carbonates does not take into account, possible effects of Na
+
 ions 

compared to Ca
2+

 ions at the surfaces of swelling clay minerals. The pH of bentonite suspension 

is decided by a minimum of two parameters. The effect of carbonate dissolution on the pH of a 

solution is well familiar and calculated easily. In addition, Ca
2+

 is known to be more acidic than 

Na
+
, due to hydrolysis [76].  

The hydrolysis of montmorillonite, caused by an exchange of Na
+
 for H

+
 from water molecules, 

leaves OH
-
 in solution and thus increases the pH. Also, the type of interlayer cation of swelling 

clay minerals (particularly Na
+
) is more important concerning pH than the carbonate content 

[77]. The typical pH of Ca-bentonite suspensions ranges from seven to eight (7-8) in contrast to 

Na-bentonites with pH values starting from nine to ten (9 to 10). This trend is not mattered 

regardless of the carbonate concentration. Generally, the effect of the type of clay mineral, or to 

be more precise, the exchangeable cations, on pH at high solid-liquid ratios (e.g. 2% w/w 

suspension) dominates over the effect of carbonate content. 

2.5.2.2. Cation exchange capacity (CEC) of bentonite clay 

Cation exchange capacity is a measure of the clay's ability to hold positively charged ions. 

During the process, cations bound to clay particles are dissolved in clay water. Then cations in 
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clay water are attracted and bound to clay particles, due to the surface of clay were negatively 

charged and attract positive cation. This process is called the cation exchange process. The clay 

minerals and a few organic materials found in clay materials can carry adsorbed cations and 

anions which are exchangeable for other ions by simple treatment, usually an aqueous solution. 

This sorption from solution is generally considered an easy exchange process [78].  

The physical properties of clay materials depend to some extent on the character of the adsorbed 

or exchangeable ions carried by the clay mineral components. Hence, sodium bentonite is 

probably possessing different plastic properties than calcium bentonite. This difference is going 

to be great or small counting on the CEC of the clay. Also, the relative abundance of the 

adsorbed ions present is vital in determining their properties. The very fact that adsorbed ions 

can significantly alter the properties of clay provides a possible way of altering those properties 

to suit a specific function [79]. The stacking of the structural layers of clay is governed by 

relatively weak polar and Van der Waals forces and, between these layers, there are gaps called 

galleries or intermediary layers during which the exchangeable cations, like Na
+
, Ca

2+
, and Li

+
, 

are fixed electrostatically. The main ions associated with CEC in clays are the exchangeable 

cations like calcium (Ca
2+

), magnesium (Mg
2+

), sodium (Na
+
), and potassium (K

+
), and are 

generally referred to as the base cations. 

There are different methods for the determination of the CEC of clays. Most of the methods 

involve natural cation exchange with the clay minerals include cationic species like ammonium, 

K
+
, Na

+
, methylene blue, Co (III) hexamine complex, Ba, Mg, Ag thiourea complex, Cu (II) 

complex of ethylene diamine, followed by the removal of their excess species [80]. There are 

four most known methods to determine and evaluate the CEC of clays: (a) conventional NH4-Na 

exchange, (b) methylene blue capacity with MB acid, (c) CEC of tetrasodium pyrophosphate 

(TSPP), and (d) MB-water filter paper spot test titration methods [81].  

The values of CEC depend upon the used method. However, the determination of CEC values is 

usually tough and time-consuming within the process to realize an ideal cation exchange. But, 

the utilization of a much simpler and time-saving method methylene blue test is used to 

characterize the CEC, swelling potential, specific surface area, and smectite content of clay 

deposits [82]. MB is a large polar organic molecule with a positive charge that's adsorbed onto 

the negatively charged surfaces of the adsorbent. Its high selectivity for adsorption by smectite 
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and is additionally adsorbed by the smectite component of mixed-layer clays but is essentially 

unaffected by other clay minerals [79]. The exchangeable cation contents in clay are expressed in 

milliequivalents (meq) of the cation per 100 g of clay. It is determining by Equation (2.1); 

CEC = 100 ∗
VMB

ms
∗ NMB                                                                                                               (2.1)       

Where CEC is the cation exchange capacity of the soil (meq/g), ms is the mass of the clays 

adsorbent used (g), VMB is the volume of methylene blue (L), and NMB is the normality of the 

methylene blue (meq/100g). 

The previous work done by [83] indicates the montmorillonite sandwich clay with the 2:1 layer 

linkage, has a high cation exchange capacity (CEC) ranging from 70 to 130 meq/100 g, most of 

which is due to the isomorphous substitution of its main cations, Si
4+

 and Al
3+

 within the 

structure with cations of lower valence, but a lesser amount is due to the charges at the edge of 

the sheets. These substitutions mainly take place in the octahedral sheets and may induce an 

enormous change in the physicochemical properties of clay minerals. The CEC for bentonite 

clays was done by different researchers and methods as shown in Table 4. 

Table 4: Cation exchange capacity of bentonite clay with different methods 

Adsorbent CEC in (meq/g) Methods Reference 

Raw bentonite 61.44 Ethylene di-amine copper complex 

(Cu(EDA)2Cl2) 

[84] 

Raw bentonite 41.67 Methylene blue titration spot test [85] 

Raw bentonite 95 - [86] 

Raw bentonite 67.32 Methylene blue titration spot test [87] 

Raw bentonite 108 NH4OAc [88] 

Clay 145  Methylene blue titration spot test [89] 

Activated bentonite 

by Na2CO3 (AB5) 

137.5 Methylene blue titration spot test  This study 

2.5.3. Activation of bentonite  

Bentonite adsorbent extremely has a rough surface, formed from volcanic ash. It has different 

applications in different areas such as in wastewater treatment. There are two types of bentonite 
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either Na-bentonite or Ca-bentonite. Abundantly presented bentonite is calcium bentonite, which 

has hydraulic conductivity above sodium bentonite. The properties of calcium bentonite are often 

modified to some extent by processing like removing impurities or ‘activating’ by additives. 

Additives include dispersants, flocculants, or gelling agents [90]. The abundantly available 

calcium bentonite is treating with different sodium compounds like NaOH, NaCl, Na2CO3, and 

Na2SiO3 to obtain Na-bentonite. The obtained Na-bentonite has preferable properties for the 

adsorption of pollutants from wastewater. The exchangeable Na
+
-bentonite imparts many 

beneficial properties, including water absorption, dispersion, and sealing, all these properties 

make sodium bentonite particularly fitted to use in different applications. Na-bentonite is 

employed as a component of prefabricated liners due to its high swelling and low permeability. 

The very low permeability of Na-bentonite is obtained due to its small particle size, shape, and 

subsequent micropores, and enormous negative surface charge [90]. 

On the other hand, polycationic bentonite clays are often changed to Na-bentonite by a reversible 

double-exchange reaction using Na2CO3, since the interlamellar distance within the bentonites is 

higher when the lamellae have their charge compensated by the sodium ion, of lower valence, 

allowing the penetration of a greater amount of water within the space between the lamellae. 

This explains why the expansion capacity of sodium bentonite is far above that of calcium 

bentonite [69]. The bentonite activation process by Na2CO3 is often simply expressed by an 

Equation (2.2): 

Ca
2+

 - MMT + 2 Na
+
 ↔ 2 Na

+
 - MMT + Ca

2+ 
                                                          (2.2) 

From the point of view of the economy, the widely available sodium carbonate (Na2CO3) is used 

for activation of Ca-bentonite to get Na-bentonite. Multivalent (Ca
2+

, Mg
2+

) less hydrated cations 

operate coagulating while on the contrary, the monovalent hydrated cations (Na
+
) operate 

dispersingly, i.e., they prevent the agglomeration of particles (increasing swelling). Among the 

main reasons why the Na2CO3-activation are important includes: 

a) High swelling – more swelling bentonite features a higher strength within the water 

condensation zone (wet tensile strength) what allows to scale back the bentonite content. 

b) The susceptibility of bentonite mixtures to over moistening decreases (higher resistance 

to a dry). 
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c) The reduction of warmth stress of the mold from braked thermal expansion of the bottom 

sand (SiO2). During dehydration, the montmorillonite clays begin to shrink under lower 

temperatures (the reduction of stress and therefore the increase of the resistance to defects 

caused by stress). 

d) The growth of the binder thermostability (temperature of the clay dihydroxylation [91]. 

2.6. Application of bentonite clays and their composites 

Bentonite is widely utilized in various industrial products and processes like pharmaceuticals, 

cosmetics, and drilling fluids to switch the rheology and control the steadiness of systems [92]. 

Bentonite is used as a plasticizer in ceramics, as an emulsifying agent in asphaltic substances, as 

thickener and extender for paints, as adhesive in concrete mixtures, horticultural sprays, and 

insecticides, also used as the adsorbent for removal dyes and heavy metals from wastewater, and 

bleaching clay in refining oils and fats [93]. 

2.6.1. Bentonite clay as adsorbent of waste pollutants from wastewater 

Bentonite is the most extensively used adsorbent [94]. It exhibits different exclusive properties 

like high cation exchange capacity, adsorption capability, porosity, high specific surface area, 

and structural properties. It’s impermeable, plastic, and highly viscous when suspended within 

the water. Bentonite clay is usually utilized in applications of water decontamination. It’s 

available in most regions of the planet [62]. Natural bentonite clay is employed for the removal 

of various contaminants from wastewater due to its low cost, easy availability, and eco-friendly 

nature [95]. Several cationic dyes were adsorbed through bentonite clay, due to its negative 

surface charge [96]. So far, bentonite clay could probably be utilized for the dye’s removal 

because of its capacity, abundance, obtainability, and economic benefits. 

2.6.2. Bentonite clay nanocomposites for wastewater treatment 

Composites are materials made up of two or more materials with significantly different physical 

and chemical properties which remain separate and distinct at the microscopic or macroscopic 

scale within the material. Composites are synthesized to mix the specified properties of the 

materials within the composite. In nanocomposite, nanoparticles like clay, metal, nanotube, etc. 

act as fillers during a matrix. Nanoparticles are particles that have 1-100 nm in diameter that 

exhibit new or enhanced size-dependent properties compared with larger particles of equivalent 
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material. Clay nanocomposites are materials during which a serious component of the material is 

clay together with other materials like metals, polymer. Minimal additions of nano-clay enhance 

mechanical properties, thermal properties, dimensional, and barrier performance significantly 

because of the massive contact area between polymer and clay on a nanoscale [97]. Bentonite-

nanocomposites are used as adsorbents for the removal of waste pollutants from wastewater by 

different researchers as shown in Table 5.  

2.6.2.1. Fe3O4/clay nanocomposites in wastewater treatments 

Magnetite (Fe3O4), the foremost commonly studied material due to the outstanding properties 

they exhibit on a nanometric scale, including high specific surface area, super-para magnetism 

[98]. Materials that have 1-100nm dimensions are often developed to enhance the standard and 

functionalize the surfaces to be used in applications for environmental and biomedical. Also, 

magnetic nanocomposites are developed for sensor, adsorption, catalytic, and photocatalytic 

applications. 

Magnetic iron oxide nanoparticles (MNPs) could also be good candidates to be used within the 

development of high-capacity adsorbents and photocatalyst. With their saturation magnetization, 

magnetic iron oxide-based nanocomposites provide a low-price approach for adsorption and 

photocatalysis through their reusability and simple regeneration. A material’s selectivity or 

affinities for a specified contaminant are often enhanced by modifying its surface and mixing it 

with features of solid supports. MNPs conducted in biomedical and biological applications due to 

the material's property are often tailored by setting synthesis parameters [99]. Some solid 

supporters like zeolite, biochar, clay, carbon nanotube, and mesoporous silica are reported as 

supporters of magnetic nanoparticles. The clay and clay minerals have potential supports and 

materials which were combined with magnetic properties and MNPs. The clay features a high 

adsorption capacity and it attracts and holds cations, like heavy metals and cationic molecules 

[100]. 

Properties of magnetic iron oxide/clay nanocomposites (MICNCs) depend upon their source, 

minerals contents, and the parameters governing their synthesis [101]. The silicate layer of clay 

structure, CEC, and pore size distribution of nanocomposites affect critical features for specified 

purposes in water treatment. In wastewater treatment, MICNCs are widely used for the removal 

of pollutants from aqueous solutions, either by adsorption, photo-oxidation, or chemical 
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oxidation processes. The reduction and removal of contaminants, including chemical 

constituents, like dye, heavy metals, and other organic pollutants from water, are reported [102].  

2.6.2.2. Treatment of wastewater by using magnetic iron oxide/clay nanocomposites via 

adsorption 

The use of MICNCs for the treatment of wastewater via adsorption is more dominant than 

photocatalysis and advanced oxidation processes (AOPs). The component of the adsorptive 

properties of clay minerals with the magnetic properties of MNPs to supply novel MICNCs 

adsorbents is a promising technique for the removal of pollutants from water [102]. The surface 

of materials needs modifications to reinforce the adsorption capability of MICNCs, mainly 

through surface functionalization. The appliance of surfactants, polymers, and other compounds 

containing functional groups onto nanocomposites is effective for attracting the adsorbate. The 

adsorption behavior, studies have adopted adsorption isotherm models, including the Langmuir, 

Freundlich, and Temkin models. The following are the main mechanisms for the adsorption of 

organic dyes [102]. 

1. π-π interactions: are available for surface-modified MICNCs, especially by the surfactant. 

Additionally, chemical bond formation between MICNCs and double bonds of the 

organic dyes is typically both present together. 

2. Hydrogen bonding: is corresponding to the interaction between the hydrogen of the 

hydroxyl (-C (O)-OH) in dyes and the oxygen atoms within the tetrahedral layer of the 

montmorillonite surface. Hydrogen bonding dominates when there's an adsorbed material 

electrophilic element within the functional group, like the nitrogen, for instance, -N 

(C2H5)2 or the oxygen atom. 

3. Lewis’s interaction: is occurs when the nitrogen atom within the dye, which acts as the 

Lewis bases and combines with the Al
3+

 and Fe
3+ 

ions which acts as the Lewis acid on the 

MICNC surface. This molecular dynamic of this interaction is simulated by Ouachtak for 

the adsorption of rhodamine B and has also been found within the adsorption of picloram 

herbicide by pillared montmorillonite. 
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2.6.3. Bentonite clay and its nanocomposites for removal of methylene blue dye from 

wastewater 

Pollutants are removed from wastewater using different types of adsorbents in the past decades 

and nowadays. Bentonite’s clay can extensively use for the removal of cationic dyes due to its 

strong adsorption and complexation capability. Bentonite is the most recognized and best from 

clay utilized in water purification. Table 5 shows some previous studies on adsorption by 

bentonite clay adsorbent to get rid of methylene blue from the wastewater. 

Table 5: Removal of methylene blue dye from aqueous solution by bentonite clay adsorbent and 

its nanocomposites by a different researcher 

Adsorbent Pollutants 

Removed 

Adsorptio

n capacity 

(mg/g) 

pH Con. 

(mg/L) 

Cont. 

time 

(min) 

Temp 

(ºC) 

Ref. 

Fe3O4/ bentonite nano 

composites 

MB 1666.7 5 - 150 25 [103] 

Na-bentonite MB 198.71 10 - - 25 [104] 

TiO2-WO3-bentonite 

composite 

MB 70.9 11 - - 35 [105] 

hybrid activated 

bentonite/ alginate 

composites 

MB 780 7 100 - 25 [106] 

lignocellulose-g-

poly(acrylic acid)  / 

montmorillonite (LN Cg-

PAA/MMT) hydrogel 

nanocomposites 

MB 1994.38 5 2,500 120 30 [107] 

Cationic surfactant 

(HDTMACl) organoclay 

MB 399.74 

μmol/g 

9 - - - [108] 

Acid activation Clay MB 500 -    [109] 

5% Na2CO3 activated / 

100g bentonite 

MB 114.90 7 230 30 25 

 

This 

study 

ZnO/bentonite 

nanocomposites  

MB 39.93 7 80 30 25 This 

study 

2.6.4. ZnO/bentonite nanocomposites in wastewater treatment  

There are different developments in nanoscience or nanotechnology in which nanoscale 

materials are synthesized with the capacity to change harmful pollutants into less/non-harmful 
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shown pollutants. Heterogeneous photocatalysis being free from toxic, highly efficient, and 

effective technology is regarded as showing great potential technology to address environmental 

challenges in past years [17].  

2.6.4.1. ZnO/ nanocomposites as photocatalyst 

Photocatalysis is one of the advanced oxidative processes whose principle involves the activation 

of a catalyst through sunlight or artificial light. The process consists of the absorption of photons 

with energy higher than the bandgap energy of the semiconductor that generates electron/hole 

(𝑒−
/ℎ

+
) pairs in the conduction (CB) and valance bands (VB) of the semiconductor. The 

photogenerated 𝑒−
/ℎ

 +
 pairs will take part in the redox reactions to produce the final products 

[110].  

Different semiconductor metal oxides like ZnO have a higher bandgap for the excitation of 

electrons from the valence band (VB) to the conduction band (CB) and require high-energy 

Ultraviolet radiation. ZnO is interesting as a photocatalyst for the degradation of organic 

pollutants from aqueous solution under Ultraviolet radiation, due to its non-toxic nature, 

comparatively high photocatalytic ability, chemical, and thermal stability, and have simple 

preparation process [111]. But the instability in acidic media, photo-corrosive nature, 

spontaneous growth, and aggregation restrict their application in wastewater treatment. Due to 

the above drawback, the ZnO has been incorporated into various porous materials like clay, 

activated carbon, Zeolite, and silica. Natural clays are widely used as adsorbents and catalyst 

supporters because of their capability in adsorption and catalytic activities. Clay-based catalysts, 

i.e., metal oxide supported clays, are frequently utilized in heterogeneous photocatalytic 

applications. The good dispersion of photocatalytic nanoparticles over porous media enables to 

construction more active surface. The porous materials make the concentrate pollutants 

incorporated into the catalyst surface. When the contact between pollutants and catalyst sites 

increased, the photodegradation performance was high. ZBC (Zinc oxide/clay nanocomposites) 

catalysts are employed within the photocatalytic degradation of organic pollutants like organic 

dyes, phenol, and some phenolic derivates, and other persistent compounds [112].  

The previous researcher investigated that the porous structure and high specific surface area of 

bentonite were beneficial to photoactivity via enhancing adsorption, which is that the 

determining step within the heterogeneous photocatalytic reaction. Therefore, a combination of 
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adsorption and heterogeneous photocatalysis makes photo-oxidation easier for the removal of 

dye compounds from wastewater [113]. 

2.6.4.2. Green synthesis of ZNPs and ZnO/bentonite (ZBC) nanocomposites  

ZNPs prepared from the starting materials such as zinc acetate dihydrate, zinc nitrate 

hexahydrate, zinc chloride, zinc sulfate and zinc acetylacetonate using physical or chemical 

methods are either in pure form or anchored on a suitable matrix. The limitations of ZNPs 

include low surface area, rapid agglomeration, and small particle size, which make recovery 

from the aqueous phase very difficult. Additionally, the discharge of ZNPs into the environment 

could pose potential health and environmental risks. Therefore, the incorporation of ZNPs on a 

suitable matrix could help to blocks these problems [114]. 

The synthesis of ZBC is carried out by incorporating ZNPs into aluminosilicate layers of clay to 

get a hybrid with discrete and uniformly distributed photo-active sites on a matrix with a wider 

surface area as shown in Figure 9. The ZnO was synthesized from zinc acetate precursor since 

acetates (Ac) are good complexing ligands for Zn (II) [115]. ZnO was attached to bentonite clay, 

using zinc acetate as a starting material to produce ZnO/bentonite nanocomposites. Due to 

bentonite has a low price, available everywhere, having good adsorption properties, free from 

sludge after usage, it's been successfully applied for the immobilization of some photocatalysts 

[116]. 

                          Zn − OAc + HOH/𝑂𝐻− ↔ Zn − OH +  HOAc/𝐴𝑐𝑂−                            (2.3)                              

                          Zn − OH +  Zn − OAc ↔  Zn − O − Zn +  HOAc                                  (2.4) 

                          Zn − OH +  Zn − OAc ↔  Zn − O − Zn + HOAc                                   (2.5) 

                          𝑍𝑛 − 𝑂𝐻 + 𝑍𝑛 − 𝑂𝐴𝑐
∆
→ 𝑍𝑛𝑂                                                                       (2.6) 

        

Na
+
 exchanged bentonite                             ZnO incorporated into bentonite (Phot-Zn-Bent)         

Figure 8: Synthesis of ZnO/bentonite nanocomposites from precursor [116] 
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2.6.4.2. Wastewater treatment by ZnO/bentonite nanocomposites via photodegradation 

Natural clay is used for the elimination of different organic pollutants from wastewater by 

adsorption process due to its easy availability and low cost. The incorporation of clay with 

semiconductor photocatalyst forms photocatalyst/bentonite nanocomposites which are 

effectively used for the degradation of organic pollutants from wastewater due to they have 

enhanced photocatalytic activity. Also when the clay is introduced with semiconductors causes 

an increase in basal space and cation exchange capacity and these are responsible for the increase 

in photocatalytic activity [117].  

Semiconductors like ZnO have unique electrical and optical properties. It has good 

photocatalytic properties and is found to be the promising substrate for the degradation of 

organic pollutants under ultraviolet light due to ZnO has a large bandgap between CB and VB 

[118]. The process of degradation of organic pollutants by ZnO/bentonite nanocomposites 

occurred by adsorbing organic pollutants on the surface near the ZnO particles, with the presence 

of UV light, and the photocatalytic degradation process happen. The degradation process is 

initiated by the excitation of an electron from the VB of the ZnO catalyst to the CB, as a result of 

generating a hole (h
+
) in the VB and make hydroxyl radical when attacks with H2O. After that, 

the hydroxyl radical attacks the organic pollutant molecule and the degradation process happens. 

After the degradation of organic pollutant molecule was finished, some of the degradation 

product was released to water, and some possibly remain attached to the surface of the adsorbent. 

This process continues up to the product of degradation covers the surface of ZnO particles and 

becomes deactivated. However, if organic pollutant molecules are adsorbed on the surface far 

from the location of the ZnO particle, the photocatalytic degradation process did not occur [26]. 

2.7. Adsorbents regeneration  

The adsorbent is employed for the removal of various pollutants from the wastewater. However, 

spent adsorbent loaded with pollutants is a challenge for the environmental problem due to the 

toxicity of methylene blue or adsorbate leaching [119]. Regeneration of adsorbents is vital by 

employing a proper technique that assists to improve the removal efficiency of pollutants from 

the adsorbent; the cost of the treatment process reduces the generated waste from the 

environment and blocks the harmful matter. The common and widely used regeneration 
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techniques for clay-based adsorbents are chemical, thermal, supercritical extraction, 

photocatalytic, and biological methods [120]. 

2.7.1. Thermo-chemicals method 

The regeneration of pollutant-loaded adsorbents improves the general cost of treatment, 

alleviates the disposal problem of adsorbents, and reduces the prospect of sludge formation. The 

foremost widely used predominant regeneration methods for different adsorbents are chemical 

and thermal regeneration. In chemical regeneration, different solvents like acid, base, or salt 

mixed with spent adsorbents are used to extract adsorbate. The regeneration efficiency of 

exhausted adsorbents in chemically modified regeneration technique depends on the solubility of 

adsorbate in solvents and it's going to alter the structure of the adsorbent whereas, in thermal 

regeneration, the regeneration efficiency depends upon the heating temperature of the solvent 

[121]. During regeneration of adsorbent, the combination of two regeneration methods are used, 

thermal regeneration followed by chemical regeneration (named as thermo–chem).  

The boiling point of MB is 110 ˚C at this point there is no peak appeared. The interaction 

between MB and clay adsorbent is an electrostatic [122], which thereby fails to desorb MB dye 

at 110 ˚C (the boiling point of MB is 110 ˚C). According to the report by [122] pointed out in 

Table 6 desorption results of MB from bentonite adsorbent were affected by the change in 

temperature. 

Table 6: Desorption efficiency of MB dye at different heating temperatures [122] 
Heating Temperature (˚C) Desorption Efficiency (%) 

150 8.03 ± 1.07 

160 8.14 ± 0.5 

170 8.39 ± 0.67 

190 8.99 ± 1.12 

Other studies [123], [124], and [125] also indicate the desorption efficiencies of MB performed 

with a 3:1, 1:1, and 1:3 ratios of HCl to C2H5OH heated at 60 ˚C for both chemical 

regenerations, and the combination of thermal and chemical regeneration. The desorption 

capacity of the dye using different ratios of HCl and C2H5OH mix was found to be shown in 

Figure 10 [124]. 
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Figure 9: Effect of solvents for desorption of methylene blue dye from the adsorbent coated 

[125] 

2.7.2. Mechanism of desorption of methylene blue dye from the spent adsorbent 

The desorption mechanism of MB dye from spent adsorbent was indicated in Figure 11 is a 

combined effect of the concentration, temperature, and contact time. The temperature 

destabilizes adsorptive forces followed by reorientation of the molecules then kinetic energy. 

The solvating power of the solvent and concentration gradient helps within the diffusion or 

migration of MB dye molecules from the solid to the liquid phase or solvents. In other words, the 

extension of desorption is proportional to the temperature and concentration followed by the 

exposure time of the adsorbed molecules to the equilibrating solutions. In this way, all three 

factors affect the desorption of the adsorbed molecules. Another factor could be the area of the 

adsorbent, i.e., the higher the surface areas the faster desorption. In other words, desorption was 

inversely proportional to the particle size of the adsorbent, because the surface area decreased 

with a rise in particle size [125].   
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Figure 10: Schematic mechanism for desorption of the adsorbed MB dye from spent adsorbent 

[125] 
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CHAPTER THREE 

 MATERIALS AND METHODS 

3.1. Apparatus and instruments 

The materials used during this research study included: conical flask, measuring cylinder, 

volumetric flask (100, 250, 500, and 1000 ml), crucibles, funnel, beaker, burette, sieve (125m, 

m), mortar and pestle, dropper, ball milling, Whatman no 1 filter paper, pH meter, analytical 

balance, universal drying oven, muffle furnace, and magnetic stirrer with the hot plate. 

3.2. Chemicals and reagents  

The chemicals and reagents used in this study were: hydrochloric acid (HCl), distilled water, 

acetone, ethanol, sodium hydroxide (NaOH), sodium carbonate (Na2CO3), Zinc (II) nitrate 

hexahydrate (Zn (NO3)2.6H2), Methylene blue dye (C16H18N3ClS). All chemicals and reagents 

used for the study were analytical grades and purchased from the Fine Chemical industry and 

trading (Addis Ababa). All aqueous solutions were prepared using distilled water. 

3.3. Sampling and Sample collection area 

Bentonite was taken from the Gewane area, Afar Region, Ethiopia, and kept in ASTU, at the 

physical chemistry laboratory. The H. Abyssinica (local name Koso) was taken from Karsa, East 

Arsi zone, Oromia Regional, Ethiopia and dried in ASTU, at physical chemistry laboratory. 

3.4. Experimental procedures 

3.4.1. Purification of natural bentonite 

The purification process was carried out by taking a 300 g of natural bentonite and crushed, 

milled, and screened by m sieve, and washed with distilled water several times to remove 

impurities likes: quartz, carbonates, calcites, and compounds of iron, then dried at 105 °C in the 

oven for 12 hr to remove moisture contents and volatile organic compounds. The dried sample of 

purified bentonite was milled again using mortar and pestle and sieved by (200 meshes) which 

has a particle size (75 μm) was retained, weighed, and preserved in an air-tight plastic bag for the 

next step [126]. 
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Figure 11: Physical treatment of natural bentonite 

3.4.2. Activation of purified bentonite by sodium carbonate (Na2CO3) 

Activation of bentonite was carried out to reducing the residual sludge volume and the oil loss in 

the sludge by [127] with little modification. The first 100 g of purified bentonite was dispersed 

into 1 L boiled for 1 hr distilled water. Then, different amounts of Na2CO3 (2.5, 5, 7.5, and 15g) 

were added to each suspension of bentonite in 1 L boiled distilled water in the beaker. The 

suspension was stirred vigorously with a magnetic stirrer and boiled for 1hr. After, 1hr the 

suspension was cooled down to room temperature and diluted with distilled water in three 

beakers (1 L) in each beaker added bentonite suspension equally. After that added distilled water 

up to 1 L mark and waited for 24 hrs. Repeatedly, the dilution continuous up to clear supernatant 

appeared above the settlement. After clear supernatant appeared decant the supernatant and dry 

the solid in the beaker in the oven at 105 °C for 12 hrs. 

 

Natural bentonite Powdered bentonite 

Sieved powder bentonite with (m) 

Bentonite suspension 

(a) (b) 
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Figure 12: Bentonite activation process by Na2CO3 

3.4.3. Preparation of extract 

The extraction of the leaf of H. Abyssinica (local name Koso) was carried out using 25 g of dried 

leaf and added into 500 mL distilled water and heated for 1hrs at 60 °C. Then cool down the 

solution and separated the solid from the solution using a centrifuge, then filter using filter paper, 

and kept the filtrate for further use [128].  

3.4.4. Synthesis of ZnO/bentonite nanocomposites by green method 

The synthesis of ZnO/bentonite nanocomposites with different ratios of ZnO to bentonite 

(ZBC12, ZBC11, and ZBC32) was carried out as followed procedure. 33, 67, and 100 mL 0.2 M 

of Zn (NO3)2.6H2O and 4 g of activated bentonite (AB5) were vigorously stirred for 30 min at 

room temperature. Then 200 mL aqueous extract of the Koso leaf which is used as a capping and 

reducing agent for the synthesis of ZnO NPs was added drop by drop to stirring solutions at room 

temperature for 30 min. During the time of addition, the color of the solution changed from white 

to light brown. After 30 min, the light brown precipitations were centrifuged at 3000 rpm, 

washed with distilled water, and dried at room temperature. Then, the dried sample was calcined 

in the furnace at 450 °C for 1 hr [129]. 

AB5 

AB7.5 

Dried activated bentonite (AB5)  
Activation of bentonite by Na2CO3  

(a) (b) 



  

38 
 

3.5. Preparation of stock solutions 

3.5.1. Preparation of stock solution of 1g/L MB dye 

The preparation of 1 g/L stock solution of MB dye was performed by dissolving 1 g of 

commercial-grade MB dye in a 1 L volumetric flask by filling distilled water up to mark at room 

temperature. Then, the prepared solution of MB dye was protected from light by aluminum foil 

due to it is light sensitive. Then the solution was analyzed using the UV-Vis spectrum [130]. 

3.5.2. Preparation of stock solution of 1M NaOH 

The preparation of 1M stock solution of NaOH was performed by dissolving 40 g of 

commercial-grade NaOH in a 1 L volumetric flask by filling distilled water up to mark at room 

temperature. Then, the prepared solution of NaOH was diluted to the appropriate concentration. 

3.5.3. Preparation of stock solution of 1M of HCl 

The preparation of 1M stock solution of HCl was performed by taking 22.6 mL HCl (35%)  of 

commercial-grade in a 1L volumetric flask by filling distilled water up to mark at room 

temperature. Then, the prepared solution of HCl was diluted to the appropriate concentration. 

3.5.4. Preparation of stock solution of 0.2M of Zn (NO3)2.6H2O 

The preparation of 0.2 M of Zn(NO3)2.6H2O was performed by dissolving 59.5 g of Zn 

(NO3)2.6H2O in a 1 L volumetric flask by filling distilled water up to mark at room temperature.  

3.6. Proximate analysis of bentonite adsorbent 

3.6.1. Determination of moisture content  

The moisture content of natural and activated bentonite (AB5) was determined by drying 2g of 

bentonite clay in an oven at 105°C until the mass became constant for 12 hrs and cooled down to 

room temperature [131]. Then after cooling, the moisture content was determined using Equation 

(3.1). 

%W =
W1 − W2

W1
∗ 100                                                                                                                     (3.1)        

Where: - %W is the percentage of moisture in the sample, W1 is the weight of the wet sample (g) 

and W2 is the weight of the dry sample (g). 
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3.6.2. Determination of bulk density by (ASTM D 1895-96) 

The bulk density was determined [127], with little modification. First, the mass of the empty 

measuring cylinder (5 mL) was measured and recorded. Then a known amount of natural and 

activated bentonite (AB5) was transferred to the empty cylinder. The cylinder was tamped using 

a rubber pad while the sample was being added until there was no further settling produced. 

After all, the sample was transferred; the final mass of the cylinder was weighed (mass of sample 

plus cylinder) and recorded. Finally, the bulk density of bentonite was calculated by Equation 

(3.2): 

ρB =
Msc − Mec

Vc
                                                                                                                        (3.2) 

Where 𝜌B is bulk density of bentonite in g/mL, M𝑠𝑐 is mass of sample and cylinder in g, M𝑒𝑐 is 

mass of empty cylinder in g, and 𝑉𝑐 is the volume of the cylinder in ml. 

3.6.3. Determination of pH  

The pH of natural and activated bentonite (AB5) was determined by soaking 2.5 g of bentonite in 

25 mL of distilled water for twelve hours. Then the mixture was stirred vigorously, the pH of the 

bentonite suspension was measured using a pH meter to know the bentonite was either basic or 

acidic behaviors [132].  

3.6.4. Determination of pH at point of zero charges (pHpzc)  

The pH at the point of zero charges (pHpzc) for natural and activated bentonite (AB5) was 

determined using 0.1 M NaCl solution. Then, 0.1 g of natural and activated bentonite (AB5) was 

added to the conical flask that contains 20 mL of 0.1M NaCl with different initial pH. The initial 

pH (pHi) of the NaCl solution was adjusted between 2-11 pH by using 0.1M HCl and NaOH on 

a digital pH meter. The final pH (pHf) of the solution was measured after 24 hrs. The graph was 

drawn by plotting the final pH values against ∆pH. From the plotted graph, the pHpzc of the 

adsorbent was determined [133]. 

3.6.5. Determination of swelling index by (ASTM D 5890-95)  

The free swelling index was determined for natural and activated bentonite (AB5) after drying to 

constant weight in the oven at 105°C and grounded using mortar and pestle to pass through a 75 

m sieve by using the following procedure. 2g of powdered sample was weighed and added into 
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a clean 100 mL graduated cylinder that contains 90 mL of distilled water. Then, not more than 

0.1g increment of the sample was removed with a volumetric spoon from weighing paper and 

carefully dusted over the entire surface of the water in the graduated cylinder for approximately 

30 sec. Then the inserted natural bentonite and AB5 were allowed to wet, hydrate, and settle to 

the bottom of the graduated cylinder for a minimum period of 10 min. The procedures were 

continued until the entire 2g sample was completed. After the final increment, distilled water was 

added until it reached the 100 mL mark. After 24 hrs hydration period from the last increment 

addition, the volume level was recorded the swell volume of the bentonite defined by the 

interface between the sediment and the supernatant was measured and recorded in mL/2g [134].  

3.6.6. Determination of cation exchange capacity (CEC) and specific surface area (SSA) 

The CEC and SSA of natural and 5% Na2CO3 activated bentonite (AB5) were determined by the 

methylene blue test [79], [135]. 1g of dried sample of natural bentonite and AB5 was transferred 

into a beaker separately which contains 50 mL distilled water and stirred for titration with 

standard 0.0125M (4g/L) MB solution separately in each beaker. Then small quantities of the 

methylene blue solution were gradually added from a burette to the stirred bentonite suspension 

in the beaker and stirred for 1min on the magnetic stirrer. Take out drops of the suspension with 

a glass rod on a filter paper, then the colorless waterfront distributes in a circle on the filter 

paper, whereas the blue-colored clay in the center stuck to the paper. At the endpoint, a light blue 

halo appeared around the center. The clay suspension was then stirred for two more minutes and 

the dotting test was carried out to show whether a blue halo was shaped again or not. When a 

blue halo appeared again, this marked the endpoint of the test. Otherwise, further titration was 

carried out carefully until the halo did not disappear any longer after 2 min. Finally, the CEC and 

SSA of bentonite were calculated by Equations (3.3) and (3.4). 

CEC =
E ∗ V

m
∗ 100                                                                                                                 (3.3) 

Where CEC is the cation exchange capacity in (meq/100 g clay), E is milliequivalents of 

methylene blue per milliliter, V is milliliters of methylene blue solution required for the titration, 

and m is the mass of dry material in grams. 

SSA =
mMB

MMB
∗ AN ∗ AMB ∗

1

ms
                                                                                              (3.4)      
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Where, SSA is Specific Surface Area, ms - is the mass of the bentonite adsorbent used, MMB - is 

the molecular weight of methylene blue dye which is 319.87g/mol, Av - is Avogadro’s number 

(6.02 *10
23

/mol) and AMB - is an area covered by one methylene blue molecule which is 130Å² 

(1𝐴°= 0.1nm). 

3.7. Characterization of adsorbent 

3.7.1. XRD analysis  

The mineralogical composition of purified bentonite (PB), activated bentonite (AB5), and 

calcined ZnO/bentonite nanocomposites (CZBC11 and CZBC12) was conducted by taking a 

small number of powder samples packed with a standard sample holder and analyzed using X-

ray Diffraction (XRD-700 Shimadzu Co., Japan, λCuK1 = 0.15406 nm, tube voltage 40 kV, 

current 30 ma). X-ray diffractograms of PB, AB5, CZBC11 and CZBC12 powders were obtained 

for the 2θ angles ranging from 0˚ to 80˚ with scans step 0.02˚. All the experiments were 

performed at room temperature, with a scans speed of 3˚/min, an angular step of 0.02˚, and a 

counting time of 0.40 sec [136]. This XRD analysis was performed in ASTU, at the Department 

of Material Engineering. 

3.7.2. FT-IR analysis  

Structural analyses of purified bentonite, activated bentonite (AB5) after adsorption, after 

desorption, and ZnO/bentonite (CZBC11 and UZBC11) were performed by FT-IR transmission 

spectra using the KBr pellets disc technique. The analysis was carried out on (PerkinElmer, 

Spectrum 65 FT-IR) in the wavenumber range of 400–4000 cm
-1 

at a resolution of 4 cm
-1

, with 

number of scans 4. This FT-IR analysis was performed at Addis Ababa University, at the 

Department of Chemistry.  

3.7.3. Scanning Electron Microscope (SEM) analysis  

Morphological analyses of the activated bentonite before (AB5) and after adsorption (AB-MB) 

were analyzed using SEM (SEM, JCM-6000). Before scanning, the AB5, AB-MB was coated 

with gold using a sputter coater, and subsequently, the SEM images were taken. This SEM 

analysis was performed in ASTU, at the Department of Applied Biology.  
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3.7.4. Complete silicate analysis of bentonite  

0.1 gram of natural bentonite and activated bentonite was added to 1.5 grams of LiBO2 and the 

mixture was heated in a furnace for 45 min at 950 C. After it cooled overnight the mixture was 

stirred with a magnetic stirrer, washed, and transferred to a round bottom flask by adding 

lanthanum chloride. The prepared solutions were used for AAS to determine metals like Ca, Al, 

K, Mg, Fe, Na, etc. The amount of silica was determined by taking 0.1 g of bentonite, 3 mL of 

hydrochloric acid (HCl), and 2 mL of boric acid (H3BO3) directly read by AAS, and the amount 

of TiO2 and P2O5 was determined by UV-Vis spectroscopic method at the Ethiopian geological 

survey. 

3.8. Adsorption experiment  

Adsorption experiments were carried out using the procedures reported [137] with, little 

modification. 0.1 g of bentonite sample was mixed with 50 ml of methylene blue dye aqueous 

solution having an initial concentration of 80 mg/L in a 250 ml beaker at constant parameters 

like pH = 7, at a temperature of 25˚C, and mixing speed at 300 rpm for 30 min. After 30 minutes, 

the aqueous phase was separated from the solid by filtration using Whatman no 1 filter paper and 

the filtrate was analyzed using UV-Vis spectroscopy (Double Beam Spectrophotometer, SM-

1600, India) at a maximum wavelength of 663nm, for the determination of the residual 

concentration of MB dye in the filtrate. Then the adsorption efficiency (%) and adsorption 

capacity of MB dye qe (mg/g) was calculated using Equation (3.5) and (3.6). The adsorbent 

loaded with MB dye after adsorption carried out was dried in an oven at 70°C for 4 h and used 

for the desorption study: 

% removal =
Co − Cr

Co
∗ 100                                                                                                  (3.5) 

qe =
𝐶𝑜 − 𝐶𝑟

m
∗ V                                                                                                                      (3.6) 

Where Co is the initial concentration of MB dye (mg/L), Cr is the residual concentration of MB 

dye (mg/L), m is mass of adsorbents (g), V is the volume of MB dye solution taken during 

adsorption (L) and qe is adsorption capacity (mg/g). 
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3.8.1. Optimization of activated bentonite for removal of MB dye from aqueous solution 

Optimization of activated bentonite by different amounts of Na2CO3 for removal of MB dye 

from aqueous solution was carried out by the following procedure. 0.1 g of activated bentonite 

(AB2.5, AB5, AB7, and AB15) was added into the beaker which contains 50 mL of MB dye 

solution with an initial concentration of 80 mg/L at constant parameters like pH=7, at a 

temperature of 25˚C and mixing speed at 300 rpm for 30 min. After 30 min filter, the suspension 

using Whatman No 1 filter paper and the filtrate were analyzed using UV-Visible spectroscopy 

at wavelength 663 nm. Then, the adsorption capacity and residual concentration in the filtrate of 

MB were calculated. 

3.8.2. Optimization of adsorbent for removal of MB dye from aqueous solution 

Optimization of adsorbent for removal of MB dye from aqueous solution was conducted on 

natural bentonite, purified bentonite, activated bentonite, and ZnO/bentonite nanocomposites 

with different ratios of ZnO: bentonite to identify the best adsorbent that has the best removal 

efficiency. The experimental work was carried out by taking 0.1 g of each adsorbent in each 250 

ml beaker that contains 50ml of MB dye with an initial concentration of 80 mg/L at constant 

parameters like pH = 7, at a temperature of 25 ˚C, and mixing speed at 300 rpm for 30 min. After 

30 min the suspension was filtered using Whatman No 1 filter paper and the filtrate was analyzed 

using UV-Visible spectroscopy at wavelength 663nm. Then, the adsorption capacity and residual 

concentration in the filtrate of MB were calculated. 

3.9. Effect of different factors affecting the removal efficiency of MB dye 

Optimization of different parameters was carried out based on previous work [137] with, little 

modification to identify the optimized parameter at which the best removal efficiency of MB dye 

was observed. The effects of major parameters like adsorbent dosage, initial dye concentration, 

temperature, contact time, and pH were evaluated. 

3.9.1. Effect of pH  

The effect of pH on the removal of MB dye from aqueous solution was determined by 

performing the adsorption experiments at different initial pH (4, 7, 9, and 11) of the solution by 

adjusting the pH of the mixture using 0.1M HCl and 0.1M NaOH. Then 0.1 g of AB5 was added 

into 50 mL of MB dye solution with an initial concentration of 80 mg/L, at a temperature of 25 
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°C and mixing speed at 300 rpm for 30 min. The solid particles were removed from the solution 

by filtration using Whatman No 1 filter paper and the remaining concentration of dye in the 

filtrate was measured using UV-Visible spectroscopy at wavelength 663nm. Then, the adsorption 

capacity and residual concentration in the filtrate of MB dye were calculated. 

3.9.2. Effect of adsorbent dosage 

The experimental work was carried out to know the effect of AB5 dosage on the removal 

efficiency of MB dye. It was studied by using 0.1, 0.5, 1, and 1.5g of activated bentonite (AB5) 

added into 50 mL of MB dye solution with an initial concentration of 80 mg/L at pH = 7, at 

temperature of 25°C, and mixing speed at 300 rpm for 30 min. The solid particles were removed 

from the solution by filtration using Whatman No 1 filter paper and the remaining concentration 

of colorant in the filtrate was measured using UV-Visible spectroscopy at a maximum 

wavelength of 663nm. Then, the adsorption capacity and residual concentration in the filtrate of 

MB dye were calculated. 

3.9.3. Effect of initial concentration  

0.1 g of AB5 was added to 50 ml of the prepared initial concentrations of MB dye (80, 130, 180, 

and 230) mg/L. The effect of initial concentration on adsorption of MB dye was conducted in an 

aqueous solution by keeping the pH = 7, at temperature of 25 °C, and stirring suspension at 300 

rpm for 30 min. Then the solid was separated from the solution by filtration using Whatman No 

1 filter paper and the filtrate was analyzed. The ability of the AB5 to adsorb methylene blue dye 

was analyzed using UV-Visible spectroscopy at a maximum wavelength of 663 nm. Then, the 

adsorption capacity and residual concentration in the filtrate of MB dye were calculated. 

3.9.4. Effect of temperature  

The effect of temperature on removal of MB dye from aqueous solution using AB5 was 

determined at 25 °C, 30 °C, 40 °C, and 50 °C. Then 0.1 g of AB5 was added into 50 mL MB dye 

solution with an initial concentration of 80 mg /L at pH = 7 and mixing speed at 300 rpm for 30 

min. The solid particles were removed from the solution by filtration using Whatman No 1 filter 

paper and the remaining concentration of dye in the filtrate was measured using UV-Visible 

spectroscopy at wavelength 663nm. Then, the adsorption capacity and residual concentration in 

the filtrate of MB dye were calculated. 
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3.9.5. Effect of time  

The influence of contact time on the removal of MB dye from aqueous solution using AB5 was 

carried out at 30, 45, 60, and 90 min. Then 0.1g of AB5 was added into 50 ml of MB dye 

solution with an initial concentration of 80 mg/L at 25°C, pH = 7, and mixing speed at 300 rpm. 

Then the adsorbent was separated from the solution by filtration using Whatman No 1 filter 

paper and the filtrate was analyzed by UV-Visible spectroscopy at wavelength 663 nm. Finally, 

contact time versus removal efficiency was plotted to describe the adsorption behavior of the 

adsorbent at each contact time.  

3.10. Adsorption isotherms models 

Adsorption isotherm is a fundamental property in adsorption studies; numerous studies have 

been conducted to determine the number of species adsorbed under a given set of conditions. To 

optimize the design of an adsorption system for MB dye removal from aqueous solutions, it is 

important to find the most appropriate correlation for the equilibrium curve [138]. In the present 

study, three adsorption isotherm models were done to the experimental equilibrium data to verify 

which model presented the best adjustment were tested for their ability to describe the 

experimental results, namely the Langmuir, Freundlich, and Temkin isotherm models.  

3.10.1. Langmuir adsorption isotherm model 

Langmuir’s model of adsorption indicates the existence of monolayer coverage of the adsorbate 

at the outer surface of the adsorbent. The isotherm equation further assumes that adsorption takes 

place at specific homogeneous sites within the adsorbent, which indicates that all adsorption sites 

are identical and energetically equivalent. Theoretically, the adsorbent features a finite capacity 

for the adsorbate. Therefore, a saturation value is reached beyond which no further adsorption 

can occur [139]. The saturated or monolayer capacity is often represented as the known 

Langmuir equation: 

Ce

qe
=

1

KL ∗ 𝑞𝑚𝑎𝑥
+ (

1

𝑞𝑚𝑎𝑥
) ∗ Ce                                                                                                  (3.7) 

Where Ce is the equilibrium concentration, qe is equilibrium adsorption capacity, qmax is 

maximum adsorption capacity. 
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The Langmuir constants qmax and KL were determined from the plotted graph the slope and 

intercept of the plot. The essential characteristics of the Langmuir isotherm are often expressed 

in terms of a dimensionless constant separation factor RL that’s given by  

RL =
1

1 + KL + CO
                                                                                                                      (3.8) 

Where; Co- is that the highest initial concentration of adsorbate (mg/L) and KL (L/mg) is 

Langmuir constant. 

3.10.2. Freundlich adsorption isotherm model  

The Freundlich isotherm model of adsorption indicates the existence of multi-layer coverage of 

the adsorbate at the outer surface of the adsorbent. It is an empirical equation employed to 

explain heterogeneous systems. This model proposes an exponential decrease in the adsorption 

energy upon completion of the sorption centers of the sorbent [140]. The linear form for the 

Freundlich model is often expressed by the following Equation (3.9).  

Lnqe = LnKf + (
1

n
) ∗ LnCe                                                                                                      (3.9) 

Where KF (and) and n are Freundlich constants, 1/n is the adsorption capacity of the sorbent, and 

n indicating how favorable the adsorption process is.  

The magnitude of the exponent, 1/n shows the favorability of adsorption. The Value of KF and n 

are calculated from the intercept and slope of the plotted graph. 

3.10.3. Temkin adsorption isotherm model  

This model considers that the adsorption heat of all molecules decreases linearly with the 

increase in coverage of the adsorbent surface and that adsorption is characterized by a uniform 

distribution of binding energies, up to maximum binding energy [141].  

The Temkin isotherm has been utilized in the following form: 

           qe = B ∗ lnA + B ∗ lnCo                                                                                                     (3.10) 

Where B = R ∗
T

KT
                                                                                                                             (3.11) 

KT is the Temkin constant related to the heat of sorption (J/mol), A is the Temkin isotherm 

constant (L/g), R is the gas constant (8.314 J/mol °K), and T: the absolute temperature (°K). 

By plotting, qe vs ln Ce, the constants A and B can be determined. 
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3.11. Adsorption kinetics models  

The mechanism of adsorption and potential rate determining-steps, different kinetic models are 

accustomed to test experimental data obtained from the variables (initial MB dye concentration). 

The sorption dynamics of the adsorption by AB5 were tested with the Lagergren pseudo-first-

order model, proposed in 1898, and the chemisorption’s pseudo-second-order model [142]. 

3.11.1. Pseudo-first-order model  

The adsorption kinetics is often described by a pseudo-first-order equation as suggested by 

Lagergren. 

dq

dt
= K2 ∗ (qe − qt)                                                                                                                       (3.12) 

Where; K1 (min
-1

) is that the rate constant of the pseudo-first-order model and qe and qt are 

expressed by (mg/g) and indicate sorption capacity at equilibrium and at time t, respectively. 

When integrating the above Equation (3.12): 

ln(qe − qt) = lnqe − K1 ∗ t                                                                                                              (3.13)     

Log (qe – qt) values were linearly correlated with t 

K1 and qe are often determined from the slope and intercept of the plot 

3.11.2. Pseudo-second-order model 

In this model, the rate-limiting step is that the surface adsorption that involves chemisorption, 

where the removal from a solution is due to physicochemical interactions between the two 

phases. The pseudo-second-order equation can be written as: 

dq

dt
= K2 ∗ (qe − qt)2                                                                                                                   (3.14)   

When integrate Equation (3.14) the following equation for the boundary conditions t= 0 to t = t 

and q = 0 to q = qe gives: 

1

qe − qt
=

1

qe
K2 ∗ t                                                                                                                       (3.15) 

In the linear form, the above Equation (3.15) looks like the following Equation (3.16) 
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t

qt
=

1

K2 ∗ qe2
+

1

qe
∗ t                                                                                                                (3.16) 

From this equation, K2 and qe can be obtained from the intercept and slope plotting t/qt vs t. 

3.12. Thermodynamic parameters 

A very important factor affecting the adsorption of MB dye on the surface of AB5 was 

temperature. The ∆G° (standard free energy change) is the fundamental criteria to determine the 

process occurs spontaneously or is nonspontaneous. For a given temperature, a phenomenon is 

considered to be spontaneous when ∆G° has a negative value and nonspontaneous when ∆G° has 

a positive value. Moreover, when ∆H° (standard enthalpy change) is positive and larger the 

process is endothermic and ∆H° is negative and lower, the process is exothermic. For the 

determination of ∆H° and ∆S°, the relationship between adsorption equilibrium constant Ka and 

Gibbs free energy was considered at any temperature [140]. The influence of temperature on the 

adsorption behavior of MB dye onto activated bentonite (AB5) was explained by determining the 

thermodynamic parameters such as standard enthalpy change (ΔH°), standard free energy change 

(ΔG°), and standard entropy change (ΔS°) [143], using Equation (3.17) & (3.18): 

ΔG   ° = −RTlnKa                                                                                                                             (3.17) 

lnKa =
∆S°

R
−

∆H°

RT
                                                                                                                             (3.18)  

Where: - R is the gas constant (8.31451 J/mol K), T is the temperature in kelvin, and the values 

of Ka are estimated from temperature by plotting ln qe/Ce vs qe and extra plotting qe to zero. 

The values of ΔS° and ΔH° are calculated from the intercept and slope of the straight-line plot 

between ln Ka and 1/T, respectively.  

3.13. Desorption of methylene blue from exhausted bentonite and recyclability 

of it 

Desorption of MB dye from the adsorbent coated by MB dye (AB-MB) was carried out by 

Momina et.al. [125] with, little modification. Desorption of MB dye from the dried AB-MB was 

performed using thermo-chemicals regeneration methods. The spent adsorbent coated by MB 

dye was heated at 200˚C in a muffle furnace for 1hr. Then the heated AB-MB dipped in heated 

solvents (ethanol, acetone, and distilled water) at 25, 35, and 40 ˚C then stirred on the magnetic 

stirrer for 2hrs. After two hours the concentration of MB dye desorbed in solvents was measured 
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using UV-Visible spectroscopy at wavelength 663 nm.  Then desorption capacity and desorption 

efficiency of the MB dye was determined using Equation (3.19) and (3.20) respectively:                 

                    qe, desorption (
mg

g
) = V (

Cf

M
)                                                                                     (3.19)   

Where qe: is desorption capacity, m is that the weight of spent adsorbent (g), V is the volume of 

the solvent (L), Cf is the MB dye concentration in the solvent (mg/L). 

Desorption efficiency is defined as the amount of dye desorbed per gram of spent adsorbent at 

equilibrium.         

% Desorption =  (
qe, desorbtion

qe, adsorption
) ×  100                                                             (3.20) 

3.14. Optimization of ZnO/bentonite nanocomposites for removal of MB dye 

from aqueous solution  

Optimization of calcined and uncalcined ZnO/bentonite nanocomposites (UZBC12, UZBC11, 

UZBC32, CZBC12, CZBC11, and CZBC32) for removal of MB dye from aqueous solution was 

carried out at constant parameters like pH = 7, at a temperature of 25˚C. Then 0.1g of UZBC12, 

UZBC11, UZBC32, CZBC12, CZBC11, and CZBC32 was added into 50 ml MB dye with an initial 

concentration of 80mg/L. Then the suspension in the beaker was stirred at 300 rpm for 30 min. 

After 30 min the suspension was filtered using Whatman No 1 filter paper and the filtrate was 

analyzed using UV-Visible spectroscopy at wavelength 663nm. Then determine the residual 

concentration in the filtrate and calculate the adsorption capacity and adsorption efficiency of 

MB dye. 

3.15. Photocatalysis experiments  

The experimental study on ZnO/bentonite nanocomposites for photodegradation of MB dye was 

done by Haithem Bel Hadjltaief,  et al. [112], with little modification. The experiment was 

carried out in a photocatalytic reactor, containing 400W mercury lamps. A cooling water jacket 

was used to maintain the inside temperature of the reactor. Then 1 g of ZnO/bentonite 

nanocomposites (CZBC12, CZBC11, and CZBC32) was added into 50 mL MB dye solution with 

an initial dye concentration of 80mg/L at pH of solution = 8. Then the mixture was placed in a 

photocatalytic reactor, and an adequate amount of the sample was withdrawn at 60 min. After 

that, the taken suspension was centrifuged and filtered; the residual MB dye concentration 
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present in the filtrate was determined using UV-Visible spectroscopy at wavelength 663nm. 

Then calculate the degradation capacity and degradation efficiency of MB dye using Equation 

(3.21).    Degradation (%) = (
Ao−At

Ao
) ∗ 100                                                          (3.21) 

Where, A0 is the initial absorbance of dye solution, and At is the dye solution absorbance at a 

certain reaction time. 
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CHAPTER FOUR 

 RESULT AND DISCUSSION 

4.1. Proximate analysis  

The proximate analyses of bentonite samples were done based on (ASTM D 5890-95) for 

swelling index determination, (ASTM D 1895-90) for bulk density determination. The result of 

the proximate analysis was presented in Table 7. The detailed calculation part is also included in 

the appendix. 

4.1.1. Determination of moisture content of bentonite clay 

Moisture content is the important properties of clay minerals that determine the adsorption 

properties of clay. According to Wiedermann (1981) clay contains 8% - 18% moisture content. 

The higher moisture content of clay was due to the large void space on the surface of the clay. 

The moisture in the void space on the surface of bentonite was released at high temperatures and 

makes the void space large. Therefore, the removal of the moisture from the bentonite clay 

increases the void space of bentonite. This makes the bentonite have a different application in 

different areas such as in the adsorption of pollutants from water. As indicated in Table 1A in the 

appendix part the determination of moisture content of natural bentonite, and activated bentonite 

was conducted three times and the moisture content of natural and activated bentonite (AB5) was 

9.67% and 9.17% as showed in Table 7. Approximately similar results have been observed by 

other studies [127], [144]. 

4.1.2. Determination of bulk density of natural and activated bentonite (AB5) by (ASTM D 

1895-90) 

Bulk density is one of the important properties of clay which is considered in the design of 

adsorption towers for use either in pilot plants or large commercial applications. It affects the 

overall ability of the adsorption process. It is proportional to the particle size and defined as the 

mass of particles of the material divided by the total volume that materials occupy. From this, the 

higher bulk density provides greater volume activity i.e. when the bulk density is high adsorption 

capacity of the clay is also high. From the present study, the bulk density of natural bentonite, 

and activated bentonite were 1.40 g/cm
3
 and 1.45 g/cm

3 
respectively as shown in Table 7. 
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4.1.3. Determination of pH of natural and activated bentonite 

The pH of bentonite was strongly affecting the application and its properties like adsorption and 

its rheological properties. The pH of bentonite was determined using pH meter measurement by 

taking the clear supernatant of bentonite after filtration. The result indicates that the pH of 

natural bentonite and activated bentonite (AB5) was 10.013 and 10.49 respectively. From these 

results, the activated bentonite was more basic than raw bentonite this shows the activated 

bentonite by sodium carbonates has dominants by Na
+
 ions in the bentonite structure. As shown 

from the result the pH of clay is used to indicate the dominant cations on clay structure [76].  

4.1.4. Determination of cation exchange capacity (CEC) and specific surface area (SSA) of 

adsorbent by methylene blue test method 

In this study, the CEC of natural and activated bentonite (AB5) was carried out by the methylene 

blue test method. During CEC determination by this method, the suspension of bentonite sample 

in the beaker was titrated against MB dye from burette and stirred for 1min. After 1min take out 

the suspension in the beaker by dropper and put it onto the filter paper. The appearance of the 

unadsorbed MB dye forms a permanent blue halo around the bentonite aggregate spot onto the 

filter paper; this indicated that the MB has replaced cations in the double layer and coated the 

entire surface as indicated in Figure 2B appendix. The result showed that the MB
+
 cations in the 

process bond to negatively charged surfaces of, bentonite clay. The bond between MB dye and 

bentonite clay was strong enough to displace almost all of the exchangeable cations bound on 

bentonite clay. The CEC of natural and activated bentonite was 113.63 and 137.5meq/g 

respectively. From this result, AB5 has high CEC than raw bentonite due to it contains higher 

Na
+
 contents than raw bentonite. Based on, this reason the mass of dry clay and CEC of the clay 

in nature, being able to allow a greater basal spacing by the greater amount of Na
+
. This makes 

the penetration of a greater amount of water in the space between the sandwich of bentonite and 

greater adsorption of methylene blue dye molecules happened. This was explaining the cause of 

the increase of the CEC by the additive samples concerning them in the natural state. The result 

of this study was similar to the previous work by [145].  

Also, specific surface area (SSA) for natural and activated (AB5) was determined by methylene 

blue test method the result indicates the activated bentonite by sodium carbonate was shows the 

higher SSA than natural bentonite as indicated in Table 7.  
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Table 7: Proximate analysis and physicochemical characterization of natural and activated 

bentonite 

 

Parameters 

 

Units 

Result 

Natural bentonite AB5 (activated bentonite) 

Moisture content % 9.67 9.17 

Bulk density g/cm
3
 1.40 1.45 

Cation exchange capacity meq/g 113.63 137.5 

Specific Surface Area  m
2
/g 879 1076 

pHpzc  9.47 9.0 

4.1.5. Determination of pH at point of zero charges (pHpzc) of bentonite 

pHpzc is the pH value at which the charge on the surface of the adsorbent is zero. From the 

present study, the result of pHpzc for natural bentonite, and 5% Na2CO3 activated bentonite 

(AB5) was 9.47 and 9.0 respectively. This indicates the bentonite operates well for adsorption at 

this value of pHpzc. Due to this result, the evaluated pH of bentonite adsorbent generally falls in 

the basic and slightly neutral region. The values of pHpzc < 9.47 and < 9.0 show the dominancy 

of acidic groups over basic groups for natural and activated bentonite (AB5) respectively. And 

values of pHpzc > 9.47 and > 9.0 show dominance of basic groups over-acidic groups for raw 

and activated bentonite (AB5) for the present study respectively. The net surface charge of the 

bentonite under pHpzc is positive, while it is negative above pHpzc. Therefore, knowledge of 

pHpzc value helps in deciding which pH value should work during adsorption studies.  

 

Figure 13: Plot of ∆pH vs. final pH of the adsorbent to determine the zero-point charge 
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4.1.6. Free swelling index of bentonite by (ASTM D 5890-95) 

The free swelling index is used to identify the swelling capacity of the bentonite. The swelling 

capacity of bentonite within the presence of water is a sign of the standard bentonite. Na2CO3 

was used as an activator to increase the swelling index of bentonite clay. In the present study, the 

swelling index of the bentonite clay was done for NB, AB2.5, AB5, and AB7.5. The result 

shows, as the amount of Na2CO3 increases for activation of bentonite the swelling volume of 

bentonite also increases. This indicates the progressive replacement of exchangeable Ca
+2

 by 

Na
+
, facilitates the swelling capacity of bentonite. This was due to the weak electrostatic 

interaction between the Na
+
 ions and the negatively charged bentonite layer, which allows the 

entrance of excess water molecules between the layers. In this study, the maximum possible 

replacement of Ca
+2

 observed at AB7.5 was 17.1ml/2g as shown in Table 8, nearly similar result 

was reported previously by [146].  

Table 8: The free swelling index of natural, 2.5%, 5%, and 7.5% activated bentonite 

Type of sample Natural bentonite 2.5% 5% 7.5% Reference 

 

Free swell (ml/2g 

16 16.5 17.9 19.2 [146] 

14.6 15.7 16.3 17.1 Present study 

Variation of the free swell of bentonite indicates smaller ions have greater hydration energies, 

due to this reason the interlayer of bentonite can attract more water than large ions. This shows 

why Na-bentonite has greater swelling properties than Ca-bentonite. The degree of attraction to 

the bentonite surface of Na
+
 is less, so Na

+
 is more conductive to swelling when present at the 

clay surface because adjacent negatively charged layers are often made to repel each other during 

the absorption of water into the interlayer. On the other hand, Ca
2+

 saturation results in only 

limited swelling because the attraction of the cation for an adjacent surface is stronger. Figure 16 

shows the increasing swelling capacity of bentonite by the addition of additive agents Na2CO3. 
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Figure 14: Variation in free swell of activated bentonite by different amounts of Na2CO3 

4.2. Calibration plot of initial concentration of methylene blue dye 

The calibration plot for MB dye at 663 nm was used to determine the residual concentration in 

the filtrate after adsorption of MB dye using adsorbent from an aqueous solution. The obtained 

data from the calibration plot were given in Table 9. 

Table 9: Calibration data of MB dye 

The initial concentration of MB in g/L (x) Absorbance in (%) (y) 

0.08 0.000 

0.13 0.010 

0.18 0.015 

0.23 0.021 

 

Figure 15: Calibration plot of absorbance in a.u (y) vs concentration in g/L (x)  
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From the graph, the slope was found to be 0.1369. Thus, equilibrium concentration at the time‘t’, 

was determined as the given formula Ce = (absorbance)/ (0.1369). 

4.3. Characterization of adsorbent 

4.3.1. XRD characterization  

The mineral compositions of purified bentonite and activated bentonite (AB5) samples were 

identified by XRD patterns. In the present study, the XRD analysis was used to know the 

chemical composition of bentonites. The presence of minerals in bentonite clay was determined 

by or d-spacing values. As shown in Figure 18 (a) the presence of diffraction peaks 

corresponding to angles 2θ (19.79º, 26.63º, 35º, and 61.44º), confirming the presence of 

montmorillonite (MMT) in the sample of purified bentonite. The data also indicates the presence 

of impurities such as Muscovite (17.88º), Cristobalite (22.12º), Hematite (24.26 and 55.15º), 

Feldspar (28.01º), and Quartz (21.03º, 26.67º, 36.5º, 51.68º, 60º, 68.2º, and 75.8º) evaluated in 

purified bentonite. Similar results were reported by [147], [127] on Afar bentonite. The 

crystalline structure of the bentonite has a small change after activating by Na2CO3, which is 

observed in Figure 18 (b) below. Generally from, the characterization of XRD patterns the local 

Gewane bentonite indicates the presence of Montmorillonite (MMT), Quartz (Q), Muscovite 

(Mu), Cristobalite (Cr), Hematite (H), and Feldspar (F) as a major phase.  
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Figure 16: X-ray diffraction patterns for (a) purified bentonite, (b) activated bentonite (AB5), 

and (c) photocatalyst ZnO/bentonite nanocomposites (CZBC12 and CZBC11) 

The crystalline structure and phase of the synthesized ZnO/bentonite nanocomposites with the 

ratio of ZnO to bentonite (CZBC12 and CZBC11) were analyzed using XRD. Figure 18 (c) 

shows the XRD patterns of the as-synthesized ZnO/bentonite nanocomposites with different 

ratios of ZnO and bentonite (1:1 and 1:2). The result from XRD patterns was indicated, the 

synthesized CZBC12 and CZBC11 samples showed a different patterns. The diffraction peaks 

located at (1 0 1), (1 0 0), (0 0 2), (1 0 2), (1 1 0), and (2 1 1) at 2θ values of 36.12º, 31.68º, 

34.42º, 47.38º, 56.0º, and 8.87º respectively, were consistent with standard of (JCPDS Card 

No.75- 1533) [148]. This indicates that the peaks belong to the hexagonal wurtzite structure of 

ZnO. The other diffraction peaks located at (2 1 1), (2 2 0), (3 2 1), (4 0 0), (3 3 2), (4 4 0), and 

(6 4 0) at 2θ values of 8.87˚, 16.02º, 19.89º, 26.23º, 34.95º, 36.13º, and 47.80º respectively were 

indicates the bentonite characteristic peaks. A similar result was reported by [149].  

Generally, from XRD analysis Scherer’s equation (Equation 4.1) was applied to calculate the 

average crystallite size of purified bentonite, activated bentonite, and ZnO/bentonite 

nanocomposites [150].  𝐷 =
kλ

βcosθ
                                                                                                 (4.1)    
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where D:- crystallite size, k is Scherer’s constant, which is 0.9, λ is the wavelength of the X-ray 

radiation which is 0.15406 nm, β is peak width at half maximum (radians), and θ is Bragg’s 

angle. Hence, the average crystallite for all samples was calculated and reported in Table 10. 

 Table 10: Crystallite size for purified and activated bentonite from the XRD data 

 

The raw bentonite and 5% Na2CO3 activated bentonite (AB5) adsorbent used in this work have 

particle sizes 24.63 nm, and 30.18 nm respectively. From the XRD result and Table 10, the d- 

spacing or interlayer spacing of activated bentonite (AB5) is higher than the purified bentonite.  

This is due to the activated bentonite (AB5) contain more Na
+
 ions than purified bentonite. The 

Na
+
 ion is smaller in size than Ca

+2
 and it tends to have greater hydration energies, and thus 

within the interlayer of bentonite clay can attract more water than large ions.  

 

 

 

Sample 

code 

No. 
2θ θ 

d (A) FWHS (hkl) D (nm) D (Average) 

in nm 

 

 

PB 

1 19.79 9.89 4.48 0.57 1 0 0 13.73  

 

24.63 

 

 

2 26.63 13.31 3.34 0.16 1 0 1 48.31 

3 29.45 14.72 3.03 0.20 1 0 1 38.61 

4 27.68 13.84 3.22 0.55 1 1 1 14.02 

5 34.74 17.37 2.58 0.78 2 2 0 9.72 

6 61.44 30.72 1.51 0.29 2 1 1 23.55 

 

 

 

AB5 

1 26.61 13.31 3.35 0.16 1 0 1 48.31  

 

 

30.18 

 

2 19.72 9.86 4.50 0.45 1 0 0 17.39 

3 29.41 14.71 3.03 0.18 1 0 0 42.68 

4 27.70 13.85 3.22 0.46 1 0 1 16.76 

5 27.50 13.75 3.24 0.33 2 0 0 23.39 

6 61.44 30.72 1.51 0.21 2 1 1 32.52 
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 Table 11: Crystallite size for ZnO/bentonite nanocomposites with different ratios of ZnO to 

bentonite (CZBC12 and CZBC11) from the XRD data 

 

 

4.3.2. FT-IR characterization of the adsorbent 

The functional groups of bentonites and their composites ZnO/bentonite were characterized 

using FT-IR spectra in the range 4000 - 400 cm
-1

. In the present study, the FT-IR was used for 

analyzing the bentonite before adsorption, after adsorption, and after desorption of MB dye as 

indicated in Figure 19 (a). Also, calcined and uncalcined ZnO/bentonite (CZBC11 and UZBC11) 

was analyzed using FT-IR. This technique has been significantly used to understanding the 

structure, bonding, and reactivity of clay minerals.  

The result for this study is shown in Figure 19 (a) which gives information on fundamental 

vibrational modes of the constituent units of bentonite clays. From the Figure 19 (a), there are 

four main absorption regions: 3600-2900 cm
-1

, 2900-2850 cm
-1

, 1630-1440 cm
-1

 and 1030-462 

cm
-1

. The FT-IR spectrum indicates that montmorillonite was the dominant mineral phase in 

bentonite clay. The KBr curve for purified bentonite was characteristic of montmorillonite with a 

single sharp band at 3620 cm
-1

. This spectrum indicates the stretching vibration of -OH of water 

coordinated to octahedral Al
3+

 cations. And broadband at 3435 cm
-1

 indicates the stretching 

Sample 

code 

No. 
2θ θ 

d (A) FWHS (hkl) D (nm) D (Average) 

in nm 

 

 

CZBC11 

1 36.12 18.06 2.48 0.59 1 0 1 12.80  

 

12.97 

2 31.68 15.84 2.82 0.52 1 0 0 14.70 

3 34.42 17.21 2.60 0.79 0 0 2 9.61 

4 47.38 23.69 1.92 0.41 1 0 2 17.74 

5 56.04 28.02 1.62 0.70 1 1 0 10.02 

 

 

CZBC12 

1 8.87 4.44 9.95 1.19 2 1 1 6.65  

 

9.74 

2 26.23 13.12 3.39 0.65 4 0 0 11.90 

3 34.96 17.48 2.56 1.28 3 3 2 5.92 

4 16.02 8.01 5.53 0.56 2 2 0 14.05 

5 19.89 9.95 4.46 0.77 3 2 1 10.16 
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vibration of -OH groups for the water molecule of hydration, which is adsorbed on the bentonite 

surface. The -OH deformation mode of water was indicated at 1630 cm
-1

 absorption band. The 

absorption band indicated at 1020 cm
-1

 was montmorillonite that has a strong band at bonding to 

the Si-O stretching vibration of bentonite mineral, which gives strong evidence for a silicate 

structure. The other band at 690 cm
-1

 corresponded to coupled Al-O and Si-O out-of-plane 

vibrations. Quartz was present as indicated by the bands at 522 cm
-1

 vibrations of Si-O-Al 

(Octahedral) and Cristobalite at band 785 cm
-1

 similar result was reported previously by [151], 

and the band at 462 cm
-1

 corresponds to Si-O-Si bending. 

FT-IR was sensitive to the structural changes which occur in the clay upon soda activation and 

the IR data recorded in this study was suggested that both the octahedral and tetrahedral sheets 

were not influenced by soda attack. The intensity of stretching bands observed at 3620 cm
-1

 for 

purified bentonite (Al-OH-Al along with the Al-Mg-OH stretching vibrations) was the same as 

activated bentonite by sodium carbonate. Activation of bentonite by Na2CO3 has changed the 

peaks of the bands associated with the absorbed water at 3435 cm
-1

 (H-O-H stretching). Also, the 

activation of bentonite by Na2CO3 decreases the peaks of the bands associated with the absorbed 

water at 1630 cm
-1 

(H-O-H bending). Changes in the intensities of these bands were explained as 

due to loss of water molecules as pure bentonite to activated bentonite. After desorption of MB 

dye from the adsorbent, the intensity band at 1440 cm
-1

 disappeared. On the other hand, after 

soda activation, the intensity band at 1020 cm
-1

 increases due to the formation of three–

dimensional networks of amorphous Si-O-Si units. But the intensity of the band at 690 cm
-1

 for
 

(Al-OH-Si bending) almost disappeared with soda activation, signifying the partial dissolution of 

aluminum ions present in the octahedral sheet of bentonite. The intensity of the band at 522 cm
-1 

after desorption of MB dye from the spent adsorbent becomes bending. The result observed in 

this study indicates that the pattern of the spectra differs for the bentonite coated by methylene 

blue and purified bentonite and after desorption of MB at the region 1700 - 500 cm
-1

 were 

changes a certain band. In this region, interaction can occur between bentonite clay and 

secondary amines functional group of methylene blue in Figure 19 (a).  
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Figure 17: FT-IR spectra for (a) purified bentonite, bentonite after adsorption, and after 

desorption of MB, (b) uncalcined and calcined ZnO/bentonite nanocomposites 

As indicated in Figure 19 (b) calcined and uncalcined ZnO/bentonite nanocomposites (CZBC11 

and UZBC11) showed broadband absorption between 3400–3700 cm
−1

, representing stretching 

vibration of the O-H group of Zn-OH and Si-OH interacted with water molecules to form a 

hydrogen bond, but small deformation of Zn-OH and Si-OH formed in calcined CZBC11. The 
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spectra of calcined and uncalcined ZnO/bentonite nanocomposite exhibited the intensity band at 

2843 and 2920 cm
−1

, which indicated the stretching vibration of the C-H bond in CH2 and CH3 

groups respectively. It also appears a peak of Si-O-Zn at 1024 cm
-1

. The absorption peaks at 460 

cm
-1 

and 400 cm
-1

 in both calcined and uncalcined ZnO/bentonite nanocomposites are assigned 

to Zn-O bond similar to another study [152] that the vibration of Zn-O appeared in the range of 

540-426 cm
-1

.  

4.3.3. Scanning electron microscope (SEM) analysis  

The surface morphology of activated bentonite (AB5) before and after adsorption was analyzed 

using SEM (JEOL, JCM-6000Plus) at different magnification levels and results were shown in 

Figure 20 (a-f). The availability of pores and the internal surface is displayed in the SEM image 

of the AB5 before adsorption in Figure 20 (a, c & e), this shows the surface of activated 

bentonite (AB5) before adsorption was rough. The coverage of the surface and pores by the 

adsorbed methylene blue is indicated in Figure 20 (b, d & f) this, shows the surface activated 

bentonite (AB5) after adsorption was smooth. The porous structure that appeared in Figure 20 (a, 

c & e), became unclear as shown in Figure 20 (b, d & f) because of adsorption of MB dye and 

covers the surface.   
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Figure 18: SEM image of (a, c, & e) activated bentonite powder and (b, d, & f) activated 

bentonite powder after adsorption (AB5-MB) at different magnifications 

(a) (b) 

(e) (f) 

(c) (d) 
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4.3.4. Complete silicate analysis of bentonite 

Raw bentonite and 5% Na2CO3 activated bentonite (AB5) are analyzed by complete silicate 

analysis. For this characterization natural and activated bentonites having 75 µm sizes were 

analyzed by LiBO2 fusion, HCl attack, gravimetric, colorimetric, and AAS analytical methods, 

and the results are listed in Table 12. 

Table 12: Complete analysis of raw bentonite and AB5 

Oxides % Natural bentonite Activated bentonite (AB5) 

SiO2 55.54 55.14 

Al2O3 12.65 12.25 

Fe2O3 7.75 6.96 

CaO 3.15 <0.01 

MgO 2.8 2.71 

Na2O 1.41 5.92 

K2O 0.98 0.95 

P2O5 0.64 0.57 

TiO2 1.35 1.36 

H2O 4.38 5.32 

LOI 9.75 8.82 

Previously major and minor oxide composition of Gewane area bentonite was reported by 

(Mesfin Tessema, 2012) i.e., SiO2 (54.2 %), Al2O3 (12.65 %), Fe2O3 (7.75 %), TiO2 (1.35 %), 

CaO (4.15 %), Na2O (1.85 %), K2O (1.35 %), MnO (0.1%). As indicated in Table 12 the present 

results revealed that the Gewane area bentonite is Ca-bentonite. But for the present study when 

natural bentonite which is Ca-bentonite was activated by Na2CO3 it changes the oxide contents 

and becomes Na-oxides. 

For instance, the sodium oxide and calcium oxide present in the natural bentonite before 

activation were analyzed and the results show the Na2O of raw bentonite was lower than AB5 as 

presented in Table 12. The percentage of CaO decreases consistently and the percentage of Na2O 

increases, with the percentage increase in a mass ratio of sodium compounds. This indicates the 

Ca
2+ 

of the raw bentonite was replaced by Na
+ 

during activation. The percentage of Na2O 
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increase is much higher than the percentage reduction in CaO hence the divalent ions other than 

Ca
2+

 like Mg
2+

 also got replaced by Na
+
. Na2O percentage is maximum when treated with 

Na2CO3 the result was similar to the previous study [153].  

4.4. Optimization of adsorbent in the removal efficiency of MB dye from 

aqueous solution 

4.4.1. UV-Vis spectrum of MB dye solution (80mg/L) 

The max (663 nm) absorbance observed on UV-Vis spectrum obtained for 80 mg/L solutions 

indicated in Figure 14, confirmed the stock solution is MB dye [130]. As indicated in Figure 14 

Methylene blue has two absorbance peaks at 609 and 668 nm.  

 π-π* of the benzene ring  and a band at low energy around 660-670 nm (moving 

according to the pH of the solution) and  

  n-π* transitions (n is the free doublet on the nitrogen atom of C=N bond and free doublet 

of S atom on S=C bond) at 605nm. 
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Figure 19: UV-Visible spectrum of MB dye 
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4.4.2. MB dye sorption from aqueous solution with activated bentonites 

The activated bentonite with different amounts of Na2CO3 (2.5, 5, 7.5, and 15g) per 100g of 

bentonite clay was used to remove methylene blue dye from an aqueous solution. The 

experimental work was carried out by keeping the parameters constant like AB dosage = 0.1g of 

(AB2.5, AB5, AB7.5, and AB15), pH= 7, at a temperature of 25 ˚C, initial concentration of MB 

dye = 80mg/L, and mixing speed at 300 rpm for 30min. The result from this experiment shows 

the removal efficiency of MB dye increase from AB2.5 to AB5, and the maximum removal 

efficiency observed by AB5. However, the removal efficiency of MB dye from aqueous solution 

decrease after AB5 as indicated in Figure 21. This was due to activated bentonite by 5g 

Na2CO3/100g bentonite has very low permeability when compared with AB2.5, AB7.5, and 

AB15, this was AB5 has a very small particle size, shape, and subsequent micropores, and large 

negative surface charge. A high negative charge on the surface of activated bentonite by (AB5) 

makes the attraction of opposite charge MB dye highly on its surface. Also, the AB5 has higher 

Na2O contents in the layer than AB2.5, AB7.5, and AB15 as reported by [90]. The higher 

amount of Na-in bentonite makes the removal efficiency of MB dye from aqueous solution was 

higher, but the lower amount of Na-in bentonite makes the removal efficiency of MB dye from 

aqueous solution was lower for AB2.5, AB7.5, and AB15. Due to the above reason, the high 

removal efficiency of MB dye occurred by AB5 when compared to AB2.5, AB7.5, and AB15.  

Table 13: Effect of amount of Na2CO3 for activation of bentonite on removal efficiency of MB 

Activated bentonite 

by Na2CO3 

Remaining concentration 

of MB (mg/L) 

Adsorption 

capacity qe (mg/g) 

% Removal 

efficiency of MB 

2.5% 0.055 39.972 99.93 

5% -2.37E-05 40.000 100.0 

7.5% 0.056 39.971 99.92 

15% 0.114 39.940 99.85 
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Figure 20: Effect of Na2CO3 for the activation of bentonite on removal efficiency of MB dye 

4.4.3. MB dye sorption from aqueous solution with ZnO/bentonite nanocomposites 

The experimental study for removal of MB dye from aqueous solution was carried out by taking 

0.1g of calcined and uncalcined (ZBC12, ZBC12, ZBC32) ZnO/bentonite nanocomposites into 

each beaker contains 50ml of MB dye solution with an initial concentration = 80mg/L. Then the 

suspension was mixing with the speed of 300 rpm for 30 min at constant parameters like pH = 7, 

the temperature of 25 ˚C. The result from this study indicated the calcined ZBC with different 

ratios of ZnO to bentonite has higher removal efficiency of MB dye from aqueous solution than 

the uncalcined ZBC as showed in Table 14. This was due to the H
+
 group in the ZnO structure 

that competed with MB
+
 is absent where it was calcined at 450 ˚C, this makes the calcined ZBC 

shows the highest removal efficiency of MB dye from aqueous solution. 

The CZBC32 has the highest removal efficiency equal to 99.94%. This might be due to zinc ions 

in CZBC32 were high which yields a more porous composite texture. That means, by increasing 

the loading of zinc ions, the distance between nanoparticles increases. When the distance 

between nanoparticles increases it produces more porosity. If the porosity of composites is high 

easily adsorbed pollutants on its surface makes the adsorption of pollutants was high. The other 

reason for CZBC32 has the highest removal efficiency of MB was due to its negatively charged 

surface. Because of this, the surface charge of ZnO/bentonite nanocomposites plays a significant 
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role in the adsorption of positively charged MB molecules. Or to enhance the adsorption of MB
+
 

by coating the pure ZnO with a substance that carries a permanent negative charge such as the 

negative surface bentonite clay to produce ZnO/bentonite nanocomposites. Hence, the presence 

of bentonite onto the surface of ZnO will act as a Lewis acid, which can interact with a Lewis 

base such as MB
+
, which donating electron density via the nitrogen lone pair of electrons [154]. 

ZnO/bentonite nanocomposites dramatically enhanced the adsorption rate of the MB
+
 in both 

acidic and basic media. 

Table 14: The effect of ZnO/bentonite nanocomposites on the removal efficiency of MB dye 

Sample 

code 

Remaining conc. of MB 

dye (mg/L) 

Adsorption capacity qe 

(mg/g) 

% Removal 

of MB dye 

UZBC12 0.71 39.65 99.12 

UZBC11 0.81 39.60 98.99 

UZBC32 0.19 39.90 99.76 

CZBC12 0.05 39.97 99.92 

CZBC11 0.21 39.89 99.74 

CZBC32 0.047 39.98 99.94 

4.4.4. Removal of MB dye from aqueous solution with different adsorbents 

The optimization tests for adsorbents were carried out to know the best adsorbent for the removal 

of MB dye from an aqueous solution. For this experiment, RB, PB, AB5, and CZBC32 were 

used for the removal of MB dye from the aqueous solution. The adsorption test was carried out at 

constant parameters like adsorbent dosage = 0.1g, pH of solution =7, initial concentration of MB 

dye 80mg/L, the temperature at 25˚C, and mixing speed 300 rpm for 30 min. From this 

experiment, the results showed the 5% Na2CO3 activated bentonite (AB5) has high removal 

efficiency for MB dye removal from aqueous solution than RB, PB, and CZBC32 as indicated in 

Table 15. This was due to the Na-activated bentonite has a more negative surface than other 

adsorbents. The more negative surface charge of Na-bentonite makes the best removal of 

cationic dye from an aqueous solution. The other reason for AB5 with high removal efficiency 

was due to the interactions between the negative charge of Si-O and the positive charge of 

methylene blue ion (MB
+
), ionic exchange with the Na-bentonite. 
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Table 15: Removal of MB dye from aqueous solution on NB, PB, AB5, and calcined ZBC32 

Sample code Remaining conc. Of MB dye (mg/L) 

 

Adsorption 

capacity qe (mg/g) 

% Removal of 

MB dye 

NB 0.055 39.97 99.93 

PB 0.84 39.58 98.95 

AB5 -2.37E-05 40.00 100.0 

CZBC32 0.047 39.98 99.94 

On the other hand, the result shows the PB has the lowest removal efficiency as indicated in 

Table 15; this was due to the purification of bentonite clay has effects on the mineralogical 

composition of the raw material and related properties; that is, organic matter is leached out and 

feldspar can be partly attacked (or dissolved). This process causes an increase in surface area and 

surface acidity and introduces permanent mesoporosity and also removes metal ions from the 

crystal interlayer, which partially delaminated the clay [155]. The other reason why the purified 

bentonite has the lowest removal efficiency of MB dye was due to after purification bentonite it 

was dried but the moisture content cannot be lost from the bentonite. The moisture in bentonite 

makes the pore sizes on the surface of bentonite was filled with water.  

4.5. Investigation of the effect of different parameters on adsorbent (AB5) 

4.5.1. Effect of adsorbent dosage on adsorption efficiency 

The effect of adsorbent dosage (AB5) was carried out by keeping all parameters constant like pH 

= 7, initial dye concentration = 80mg/L, contact time = 30min, at a temperature of 25°C, mixing 

speed 300 rpm, and volume of MB dye = 50ml. But, varied the amount of AB5 dosage to know 

the effects of dosage regarding the amount of MB dye concentration. The result observed from 

this study after the adsorption process indicates the removal efficiency of MB dye increases as 

AB5 dosage increases. This might be due to the presence of more adsorption sites present on the 

AB5 surface as adsorbent dosage increases. As shown in Figure 22 (a) there is a slow increase of 

adsorption efficiency between 0.1 and 0.2g then, above 0.2g increase sharply in the adsorption 

efficiency but reaches almost a no change after onwards and the increase in removal efficiency 

was very small similar result was reported previously by [156] on organo-modified nano clay. As 

the adsorbent dosage increase the adsorption capacity of MB dye was decreased as shown in 
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Figure 22 (b). The negative sign showed for the residual concentration of MB dye after 

adsorption of MB dye from aqueous solution indicates the excessive adsorbent site because of 

high adsorbent dosage. 

Table 16: Effect of AB5 dosage on removal efficiency of MB dye 

Doges of AB5 (g) Remaining concentration 

of MB dye (mg/L) 

Adsorption capacity 

qe (mg/g) 

% Removal 

efficiency of MB dye 

0.1 0.00031 39.9998 99.9996 

0.5 1.03E-06 8 99.9999 

1 -0.002940 4.0001 100.002 

1.5 -0.003058 2.6607 100.0019 
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Figure 21: (a) Effect of AB5 dosage on removal efficiency of MB dye and (b) adsorption 

capacity of MB dye 

4.5.2. Effect of initial concentration of MB dye 

The experimental study of the effect of initial concentration on removal efficiency of MB dye 

was carried out by keeping all parameters constant AB5 dosage = 0.1g, contact time for 30min, 

pH = 7, at a temperature of 25˚C, mixing speed of 300 rpm, and volume of solution = 50 ml, 

except the initial concentration of MB dye which was varied from (80, 130, 180, and 230) mg/L. 
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From the present study, the result indicates, as the initial concentration of MB dye increases from 

80mg/L to 230mg/L the removal efficiency of MB dye decreases as shown in Figure 23 (a). This 

implies the removal efficiency is inversely proportional to adsorbent surface loading. The 

reduction of removal efficiency of MB dye was due to the increased concentration of the 

methylene blue dye in the solution for the same number of AB5 sites and on the same surface of 

the AB5. In other words, the decrease in the removal efficiency of MB dye was attributed to the 

lack of sufficient surface sites to accommodate much more methylene blue dye concentrations 

present in the solution. At lower concentrations, all dye molecules present in the solution could 

interact with binding sites and thus be higher than those at higher concentrations. Thus, the 

removal efficiency of MB dye decreases as concentration increases, similar observations were 

reported by [140] for natural Saudi Red Clay.  

Table 17: Effect of initial concentration of MB dye on removal efficiency of MB dye 

Initial concentration of 

MB dye (mg/L) 

Remaining concentration of 

MB dye (mg/L) 

Adsorption capacity 

qe (mg/g) 

% Removal of 

MB dye 

80 - 7.01E-05 40.0 100.0 

130 0.098 64.95 99.92 

180  0.154 89.92 99.91 

230  0.209 114.89 99.909 
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Figure 22: (a) Effect of MB dye initial concentration on removal efficiency and (b) adsorption 

capacity of MB dye 

4.5.3. Effect of pH  

During the adsorption process, the pH of the aqueous solution plays an important role [157]. The 

effect of pH on the removal of MB dye was carried out by keeping all parameters constant like 

temperature = 25˚C, AB5 dosage = 0.1g, initial concentration of MB dye = 80 mg/L, and mixing 

speed 300 rpm for 30 min. But the pH of the solution was varied from 4, 7, 9, and 11 to know the 

optimum pH of MB dye solution which had the best removal efficiency of MB dye. The result of 

this study indicates the removal efficiency of MB dye increase slightly with an increase in pH of 

solution uptake has been observed up to pH 7 thereafter, slightly a decrease in the removal of 

MB dye has been observed as shown in Figure 24. This was due to the surface of bentonite is 

negatively charged in acidic media; H
+
 ions competed with MB

+
 for activating bentonite sites 

and lead to minimal adsorption of MB dye onto AB5 at low pH of the solution. The other reason 

why the removal of MB dye increase as an increase in pH was due to the dissolution of MB dye 

into the water, the amine group in the MB dye structure enters the aqueous solution makes the 

dye has an overall positive charge and attracted to the negatively charged AB5 adsorbent. With 

the increase in pH, the number of H
+
 ions decreased and the adsorbent surface carried a more 

negative charge resulting in greater attraction between the adsorbent and the cationic form of the 

adsorbate [50]. A similar result was reported for pH 7 by the previous researcher [158] on 

Kaolin. 

Table 18: Effect of pH on removal efficiency of MB dye 

pH of 

solution  

Remaining concentration of MB 

dye (mg/L) 

Adsorption capacity 

qe (mg/g) 

% Removal 

efficiency of MB dye 

4 0.30 39.85 99.60 

7 -7.01E-05 40.0 100.0 

9 0.299 39.85 99.63 

11 0.92 39.54 98.85 
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Figure 23: Effect of solution pH on removal efficiency of MB dye 

4.5.4. Effect of temperature  

The experimental study on the effect of temperature for the removal of MB dye was carried out 

by keeping all parameters constant such as pH = 7, initial concentration of MB dye = 80mg/L, 

contact time = 30 minutes, AB5 dosage = 0.1g, and mixing speed 300 rpm at a different 

temperature range of 25°C-50°C. The result indicates the removal efficiency of MB dye using 

AB5 was observed to increase with increasing temperature as shown in Figure 25. This was due 

to the increase in the kinetic energy and entropy of the system resulting in more collisions and 

activities at the boundary between the activated bentonite and MB dye, similar result was 

reported previously by [140] on natural Saudi Red clay. 

Table 19: Effect of temperature on removal efficiency of MB dye 

Temperature (°C) Final concentration of 

MB dye (mg/L) 

Adsorption capacity 

qe (mg/g)  

% Removal efficiency 

of MB dye 

25 0.0084 39.995 99.980 

30 0.0046 39.997 99.994 

40 0.0032 39.998 99.996 

50 0.0013 39.999 99.998 
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Figure 24: Effect of temperature on removal efficiency of MB dye 

4.5.5. Effect of contact time  

The effect of contact time on removal efficiency of MB dye from aqueous solution was carried 

out at constant parameters like pH = 7, initial concentration of MB dye = 80mg/L, AB5 dosage = 

0.1g, mixing speed at 300 rpm, and at a temperature of 25˚C, for different contact time from 30 

min to 90 min. The result of this study indicates the effect of contact time on the removal of MB 

dye from an aqueous solution was increase as the contact time increase. As shown in Figure 26 

the removal efficiency of MB dye increase with contact time and the maximum adsorption of 

MB dye takes place in the first 30 minutes, this refers to the adsorption was spontaneous. After 

the first 30 minutes, a small increase in adsorption of MB dye and reached nearly equilibrium. 

But, during the first 30 minutes, the adsorption of dye was very fast.  This may indicate the 

availability of the negatively charged surface sites of activated bentonite (AB5) which caused 

fast electrostatic attraction of methylene blue dye from the aqueous solution. A similar result was 

reported by [159] on modified bentonite. 
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Table 20: Effect of time on removal efficiency of MB 

Time 

(min.) 

Residual concentration of 

MB (mg/L) 

Adsorption capacity qt 

(mg/g)  

% Removal efficiency 

of MB 

0 0 0 0 

30 -7E-05 40.00 100.0 

45 0.0096 39.99521 99.98802 

60 0.0098 39.99512 99.98781 

90 0.0099 39.99504 99.98760 
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Figure 25: Effect of contact time on removal efficiency of MB 

4.6. Adsorption isotherms 

Adsorption isotherm describes the qualitative information on the nature of the adsorbent surface 

interaction as well as the specific relationship between the concentration of adsorbate and its 

degree of accumulation onto the adsorbent surface at a constant temperature. Adsorption 

isotherms are critical in optimizing the utilization of adsorbents, and therefore the analysis of the 

isotherm data by fitting them to different isotherm models is a crucial step to find the suitable 

model that can be used for design purposes [160]. Hence, three well-known isotherms were 

selected for the present study, namely Langmuir, Freundlich, and Temkin isotherms. 
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4.6.1. Langmuir adsorption isotherm model 

The Langmuir isotherm model works based on the assumption of a monolayer and uniform 

energies of adsorption. In this Langmuir constant (KL) and the maximum adsorption capacity 

(qmax) were respectively obtained from the slope and the intercept of a linearized Langmuir 

equation [161].  

The values of qmax (mg/g) and KL (L/mg) was determined from the plot of Ce Vs Ce/qe. The 

adsorption capacity is often correlated with the variation of the area and porosity of the 

adsorbent. Higher surface area and pore volume resulted in higher adsorption capacity [162]. The 

essential characteristics of the Langmuir isotherm are often expressed by a dimensionless 

constant called the equilibrium parameter, RL. 

 

Figure 26: Langmuir adsorption isotherm curve 

The Langmuir adsorption was indicated by maximum adsorption capacity (qmax) which 

represents the saturated monolayer adsorption at equilibrium. The result shown in Table 13 

indicates the Langmuir adsorption isotherm parameters qmax (76.5 mg/g) and R
2 

was 1 which is 

a strong correlation coefficient. The correlation coefficient was obtained from a graph of Ce/qe 

versus Ce plotted and linearity was determined from the correlation coefficient (R
2
) as indicated 

in Figure 27. From the correlation coefficient R
2
 of Langmuir, the adsorption isotherm indicates 

the adsorption study of MB dye on activated bentonite was best fits the Langmuir isotherm 

model than that of Freundlich and Temkin isotherm models. The Langmuir isotherm study 
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indicates the value of RL decided the shape of the isotherm was favorable due to the value of RL 

for this study was found in between 0 & 1 that means (0<RL< 1) [142]. 

4.6.2. Freundlich adsorption isotherm model  

The Freundlich equation is an empirical equation employed to describe adsorbate on the surface 

of the heterogeneous adsorbent that is characterized by the heterogeneity factor 1/n, describes 

reversible adsorption, and is not restricted to the formation of the monolayer. The affinity 

between the adsorbate and adsorbent might be indicated by the heterogeneous factor, 1/n. The 

isotherm parameters result is presented in Table 21. The saturated adsorption capacities at 298 

˚K for AB5 were 39.90 mg/g. The Freundlich parameter, of 1/n, was between 0 & 1 which 

indicates the favorability of MB dye adsorption on activated bentonite. This means the value of n 

is greater than 1 which indicates the bond between the MB dye and bentonite adsorbent was 

strong. The correlation coefficient R
2
 of Freundlich was 0.712 this lower than the Langmuir 

isotherm, this indicating it does not fit the experimental data. 

 

Figure 27: Freundlich adsorption isotherm curve 

In Figure 28 the line does not touch all the dots. So, this model was not fit for this experimental 

data. The binding of MB molecule to one site on bentonite might facilitate the adsorption of 

subsequent molecules towards the active sites. 
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4.6.3. Temkin adsorption isotherm model  

The Temkin adsorption isotherm model shows the adsorption heat of all molecules in the layer is 

assumed to decrease linearly with coverage of the adsorbent surface due to a decrease in the 

interactions between the adsorbent and adsorbate.  

 

Figure 28: Temkin adsorption isotherm curve 

Temkin isotherm model does not fit the experimental data and its parameters were obtained from 

a graph of qe vs. ln Ce plotted in Figure 29. Its linearity was determined from the correlation 

coefficient (R
2
). As it was observed in Table 21 Temkin adsorption isotherm parameters are KT 

(320.29), B (6.92), and correlation coefficient R
2
 = 0.713 which is a weak correlation coefficient. 

From this point of view adsorption of MB dye on activated bentonite is not packed with a similar 

structural arrangement. 
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Table 21: Isotherm models parameters for adsorption of MB from aqueous solution at constant 

parameters contact time = 30 min, at a temperature of 25˚C, mixing speed at 300rpm, the dosage 

of adsorbent =0.1 g, and at different initial dye concentration = 80-230 mg/L. 

Isotherm models Parameters Values  

 

Langmuir model 

qmax (mg/g) 76.5 

KL 0.521 

RL 0.0234, 0.0145, 0.0105, 0.0083 

R
2
 1 

 

Freundlich model 

1/n 0.107 

KF (mg/g) 39.90 

R
2
 0.712 

 

Temkin model 

BT (KJ/mol) 6.92 

KT (L/mg) 320.29 

R
2
 0.713 

4.7. Adsorption kinetics models 

The adsorption kinetics describes the solute uptake rate, which in turn governs the residence time 

of the sorption reaction. Pseudo-first-order and pseudo-second-order models were applied to 

analyze the kinetics study of MB dye adsorption. It was one of the important characteristics in 

defining the efficiency of sorption. In the present study, the kinetics study of MB dye removal 

was carried out to understand the behavior of the prepared low-cost adsorbent activated 

bentonite. The corresponding data was given in Tables 22 for pseudo-first-order and pseudo-

second-order respectively, which indicates the pseudo-second-order kinetic model fit well for 

MB adsorption data on activated bentonite than the pseudo-first-order kinetic model.  

4.7.1. Pseudo-first-order and pseudo-second-order kinetic models   

The pseudo-first-order kinetic model specified that the speed of occupation of adsorption sites is 

proportional to the number of unoccupied sites. The values of log (qe-qt) were linearly correlated 

with t. The values of K1 and qe were calculated from the slopes and intercepts of log (qe-qt) 

against the t plots and the different parameters of pseudo-first-order kinetics are given in Table 

22.  
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The result for the present study shows the pseudo-first-order model with a correlation coefficient 

(0.36) was not fit the experimental data as indicated in Figure 30 (a). While the pseudo-second-

order model fitted very well with R
2
 equal to a unit (R

2
 = 1) as shown in Figure 30 (b). The MB 

dye adsorption on activated bentonite can be described as the pseudo-second-order model, which 

indicated that the adsorption of MB dye on activated bentonite can be described as chemical 

adsorption. The kinetic model for the present study results reveals that the adsorption of MB dye 

onto activated bentonite could be well explained by a pseudo-second-order kinetic model. This is 

good agreement with the work of the present study that was similar result was previously 

reported by [163] on activated red mud. The results of pseudo-first-order and pseudo-second-

order kinetic models are summarized in Table 22.  

 

Figure 29: (a) Pseudo first-order kinetic and (b) Pseudo second-order kinetic model curve  

Table 22: Parameters of pseudo-first-order and pseudo-second-order kinetics models for MB dye 

adsorption 

 

Time (min) 

The initial concentration of MB  80 mg/L 

qt Log(qe-qt) 

30 39.994 -5.66 

45 39.999 3.23 

60 39.999 3.91 

90 39.999 4.32 

 Adsorption kinetics parameters 
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Pseudo-first-order kinetics Intercept K1(1/min) qe Cal (mg/g) R
2
 

-1.99001 -0.00058 0.1367 0.36 

4.8. Thermodynamic study 

Adsorption processes are influenced by temperature; thus in the present study, the effect of 

temperature was carried out in the temperature range of 298 °K to 323 °K. The thermodynamic 

parameters for the adsorption of MB dye on bentonite adsorbent were calculated to determine the 

thermodynamic feasibility of the thermal effects of the adsorption; the Gibbs free energy (∆G°), 

the entropy ∆S° and the enthalpy (∆H°) were calculated using Equation (4.2).  

ln𝐾𝑑 =
ΔS°

R
−

ΔH°

RT
= −

ΔG°

RT
                                                                                                               (4.2) 

where Kd is the distribution coefficient of adsorption and equal to the ratio between adsorption 

capacity (qe) to the equilibrium concentration (Ce), ΔH
o
 (KJ/mol) and ΔS

o
 (J/mol) are 

respectively, the changes in Enthalpy and Entropy; T is the absolute temperature in kelvin (
o
K) 

and R is the gas constant (8.314 J/mol/K). The values of ΔH
o
 and ΔS

o
 were obtained from the 

plot of ln (Kd) vs 1/T. The plot of ln (Kd) as a function of 1/T should give a linear relationship 

with a slope of ∆H°/R and an intercept of ∆S°/R. Then the Gibbs free energy change (ΔG
o
), 

indicating the spontaneity of the adsorption process, was calculated. 

The result for the present study indicates the negative values of ΔG° show the adsorption process 

on the activated bentonite (AB5) was spontaneous. The increase in negative value with 

increasing temperature indicates that the adsorption process on activated bentonite becomes 

more favorable at higher temperatures as shown in Table 23. Also, the ΔG° values are in the 

range between -30 KJ/mol and -20 KJ/mol shows the physisorption was likely the mechanism of 

the study as reported by [164]. 

The standard enthalpy of adsorption ΔH° = 56.55 KJ/mol indicates an endothermic process and 

the positive value of ΔS° reflects the affinity of activated bentonite for MB and suggests an 

increase in disorder/randomness at the adsorbate-adsorbent interface i.e., some structural changes 

in dye and activated bentonite which agrees with the observations. 

 

Pseudo-second-order 

kinetics 

Adsorption kinetics parameters 

Intercept Slope qe qe
2
 K2 R

2
 

-1.06362E-5 0.025 40 1600 -0.00031 1 
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Figure 30: Thermodynamic parameters from adsorption of MB removal as a function of 

temperature 

Table 23: Thermodynamic parameters of adsorption of MB onto activated bentonite 

Adsorbent Temperature 

(°K) 

Kd ΔG° 

(KJ/mol) 

ΔH° 

(KJ/mol) 

ΔS° 

(J/mol) 

R
2
 

 

 

AB5 

298 4755.65 -20.98  

 

56.55 

 

 

260.61 

 

 

 

0.95 

 

303 8564.67 -22.81 

313 12534.63 -24.56 

323 31770.75 -27.84 

4.9. Recyclability of adsorbent & its composites 

4.9.1. Desorption of MB dye from the exhausted adsorbent by thermo-chemicals method 

The desorption study of MB dye from the exhausted adsorbent is important to investigate the 

retention stability of AB-MB and validate their reliability for regeneration purposes. This 

desorption of MB dye from the exhausted adsorbent was carried out by thermochemical method 

using different solvents. For this study, the dried adsorbent coated by MB dye after adsorption of 
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MB dye from an aqueous solution was used for the desorption study using distilled water, 

ethanol, and acetone.  

The result for the present study shows desorption of MB dye from the exhausted adsorbent using 

distilled water (DW) was better when compared with ethanol and acetone as indicated in Figure 

32 and Table 24. The desorption of MB from the spent adsorbent by ethanol and acetone was 

low, but the previous study by [125] shows the ethanol was a good solvent for desorption of MB 

dye next to inorganic acid HCl by thermochemical methods. However, the low desorption 

efficiency of MB dye from adsorbent might be due to a strong electrostatic attraction of MB with 

the adsorbent and requires higher energy to get rid of the dye within the chemical regeneration 

method. Strong adsorbent-adsorbate (AB-MB) interaction was necessary to ensure no leaching of 

MB dye adsorbed on activated bentonite occurred during the adsorption process makes the 

desorption of MB dye from the spent adsorbent low. On the other hand, efficient desorption of 

MB dye from exhausted adsorbent is the crucial step to allow the adsorbent to be regenerated 

[158]. After the desorption of MB dye from the exhausted adsorbent, the adsorbent was used for 

recyclability for the removal of MB dye from an aqueous solution. 

Table 24: Desorption of methylene blue dye from the exhausted adsorbent (AB-MB) using 

thermo-chemicals method 

Desorption of MB dye from 

AB-MB by  

Contact 

time (min) 

Concentration of MB in 

solvent (mg/L) 

desorption capacity 

(mg/g) 

Heating at (200 °C)  

 

 

120 

 

2.25 1.13 

Without heating  1.83 0.91 

Ethanol (35°C) 0.12 0.06 

Acetone (35°C) 0.08 0.04 

Distilled water (25°C) 1.27 0.64 

Distilled water (35°C) 2.47 1.21 

Distilled water (45°C) 2.09 1.04 
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Figure 31: Desorption of MB from the spent adsorbent (AB-MB) by thermo-chemicals method 

4.9.2. Recyclability of adsorbent after usage 

After the adsorption study, the adsorbent was coated with the MB dye. Discharge of the spent 

adsorbent with MB dye to the environment is environmentally not good because the MB dye on 

the adsorbent is toxic and carcinogenic. Due to this reason recycling adsorbents after usage was 

one of the most important for reducing dyes that are discharged to the environment and water 

bodies.  

In the present study, the recyclability of adsorbent for removal of methylene blue dye from 

aqueous solution was carried out by spent adsorbent after desorption of MB dye in distilled water 

at 35°C for 2hrs. The result for this recyclability study indicates the removal efficiency of MB 

dye from aqueous solution by reused adsorbent for the first, second, and third cycles were 

(71.89%), (66.71%), and (59.40%) respectively as shown in Table 25. The decreasing removal 

efficiency of MB dye from an aqueous solution of adsorbent might be due to the low desorption 

efficiency of MB dye from the active sites on the surfaces of adsorbent (AB5). As shown in 

Figure 33 the removal efficiency of MB dye after recycling of adsorbent for the first cycle has 

high removal efficiency than the second and third cycles similar results were reported by [29] on 

the removal of methylene blue dye from wastewater using periodiated modified nanocellulose. 
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Table 25: Removal of MB dye by AB5 adsorbent after different cycles (1
st
, 2

nd
, and 3

rd
)  

Cycles Residual concentration (mg/L) qe (mg/g) % Removal efficiency of MB 

1
st
 22.49 28.76 71.89 

2
nd

 26.63 26.68 66.71 

3
rd

 32.48 23.76 59.40 

 

 

Figure 32: MB dye removal efficiency versus the number of recyclability of AB5 adsorbent 

4.9.3. Photodegradation of MB dye by ZnO/bentonite nanocomposites (ZBC) 

As shown in section 4.9 the desorption results of the adsorbent and methylene blue are very low, 

and the disposal of exhausted adsorbent to the environment will create another problem. 

However, different research reports revealed the high degradation efficiency of organic 

contaminates with zinc oxide immobilized on bentonite clay surface [115]. Modified bentonite 

clay increases the adsorptive capacity of organic contaminant (MB dye) and will improve the 

photocatalytic rate of nano zinc oxide [165], [166]. For this reason, in this work, the photo-

degradation test of methylene blue using zinc oxide-bentonites was carried out and the results 

obtained were discussed below. 

Photodegradation of MB dye using ZnO/bentonite nanocomposites for the removal of MB from 

the aqueous solution was carried out using UV light. The result for this study showed CZBC12 

composite has better degradation efficiency (99.53%), as revealed in Table 26 and Figure 34.  
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Table 26: Absorbance, concentration, and photodegradation efficiency of MB dye after 

degradation 

Sample Absorbance 

(a.u) 

Concentration of MB dye 

after photodegradation (mg/L) 

Degradation efficiency 

(%) 

CZBC12 0.112 0.376 99.53 

CZBC11 0.272 0.91 98.68 

CZBC32 1.896 6.38 92.02 

 

 

Figure 33: Bar graph revealing photocatalytic degradation of methylene blue dye using 

ZnO/bentonite nanocomposites with different ratios 

Figure 34 shows the photodegradation efficiency of MB dye using ZnO/bentonite 

nanocomposites (CZBC12, CZBC11, and CZBC32) with the aid of UV-Visible spectroscopy to 

identify the degradation of methylene blue dye. The summary of the result of this study indicates 

that the CZBC32 (3:2) ZnO/bentonite nanocomposites showed better removal efficiency 

(99.94%) of MB, but CZBC32 lower degradation efficiency relative to the other tested 

composites (92.02%). On the other hand, the CZBC12 has higher photocatalytic activity for 

degradation of MB from aqueous solution (99.53%) as indicated in Table 26 and Figure 34.  
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5. CONCLUSIONS AND RECOMMENDATIONS 

5.1. Conclusions 

For the development of Green or environmentally friendly adsorbent; bentonite was collected 

from Afar regional state, dried, ball-milled, sieved, purified, and activated with sodium carbonate 

with different percentages. The bentonite activated with 5% Na2CO3 (AB5) has 100% removal 

efficiency of the targeted organic dye (i.e., methylene blue) from an aqueous solution. The batch 

adsorption experiments were conducted using AB5 to optimize the variables like temperature; 

pH, initial concentration, adsorbent dosage, and contact time. The results of the optimized 

parameters for this study are pH=7, contact time = 30 min, initial concentration of dye = 80 

mg/L, at a temperature of 25 C°, and mixing speed 300 rpm. The adsorption isotherm studies 

result shows the removal of MB from aqueous solution using activated bentonite by Na2CO3 was 

best fits the Langiumer adsorption isotherm model with the correlation coefficient R
2
 = 1. The 

kinetic adsorption study was best fits the pseudo-second-order model with the correlation 

coefficient R
2
 = 1. The thermodynamic study conducted in the temperature range of 298 °K to 

323 °K results with the negative values of ΔG°, which indicates the adsorption process on the 

developed adsorbent(AB5) was spontaneous. The standard enthalpy of adsorption ΔH° = 56.55 

KJ/mol determined, indicates an endothermic process and the positive value of ΔS° reflects the 

affinity of activated bentonite for MB dye. Desorption tests of MB from exhausted adsorbent 

(AB5-MB) after adsorption using the thermo-chemical method were carried out to reuses both 

the adsorbent and the dye. The highest result of the desorption study of MB dye in distilled water 

from exhausted adsorbent obtained is about 50%. Because of this low desorption result, the 

photocatalytic degradation test conducted using ZnO/bentonite nanocomposites synthesized for 

the MB dye degradation showed better results (99.53%) efficiency. 

5.2. Recommendations 

The low desorption efficiency of the exhausted adsorbent is the major limitation to reuse the 

adsorbent and adsorbate. Hence, more investigation work is needed on the photo-degradation of 

organic dyes like methylene blue by using metal oxide bentonite nanocomposites as a result of 

the high adsorption capacity of bentonite (adsorbent) but low desorption efficiency through 

thermochemical methods. 
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APPENDICES 

 Appendix A: Experimental data 

1) Moisture content calculation for raw bentonite and activated bentonite (AB5) 

%𝑀𝑐 =
𝑊1−𝑊2

𝑊1
∗ 100                                                                                         

Where; %Mc is the percentage of moisture in bentonite, W1is weight of the wet bentonite, W2 is 

the weight of the dry bentonite; W3 is Mass of empty crucible 

%𝑀𝑐 =
2 − 1.81

2
∗ 100 

%Mc = 9.5%  For RB trial 1 

For trials 2 & 3 the moisture content was done in the same manner as the above. 

Table A1: Determination of moisture % content of bentonite 

Type of Sample 

 

Trail 

 

Mass of dry 

(g) 

Mass of 

wet  (g) 

% Moisture 

content 

Average of  % 

moisture content 

 

Raw bentonite 

1 1.81  

2 

 

9.5  

9.67 2 1.80 10 

3 1.81 9.5 

 

Activated 

bentonite (AB5) 

1 1.82  

2 

9  

9.17 2 1.82 9 

3 1.81 9.5 

2) Determination of bulk density for bentonite 

ρB =
Msc − Mec

Vc
                                                                                                            

Where 𝜌B= Bulk density of bentonite in g/ml, M𝑠𝑐 is mass of bentonite plus cylinder in g, M𝑒𝑐 

is mass of empty cylinder in g, and 𝑉𝑐 is the volume of the cylinder in ml. 

a) Bulk density for raw bentonite      

BρRB =
34.059 − 27.044

5
 

BρRB = 1.40 g/cm3 
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c)  Bulk density of 5% Na2CO3 activated bentonite 

BρAB5 =
34.41 − 27.044

5
 

BρAB5 = 1.45 g/cm3 

Table A2: Result of bulk density of bentonite sample 

Sample  Mec (g) Vc (ml) Trail Msc (g) Bulk density (g/cm
3
) Average bulk density 

RB  

 

 

27.044 

 

 

 

5 

1 34.070 1.405  

1.40 2 33.997 1.391 

3 34.110 1.413 

 

AB5 

1 34.230 1.437  

1.45 2 34.440 1.479 

3 34.260 1.443 

Table A3: Determination of pH of raw bentonite and activated bentonite (AB5) 

Trial Mass of Raw 

bentonite (g) 

Volume added 

water (ml) 

pH of RB pH of AB5 

1 2.5 25 10.03 10.49 

2 2.5 25                                 10.01 10.48 

3 2.5 25 10.00 10.50 

Average of   pH  10.013 10.49 

3) Determination pHzpc  

∆pH = pHf –pHi 
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Table A4: Determination of zero-point charge of the raw and activated bentonite 

Initial pH  pH final of RB ∆pH of RB pH final of AB5 ∆pH of AB5 

2 4.52 2.52 2.22 0.22 

3 8.58 5.58 8.38 5.38 

4 9.37 5.37 8.98 4.98 

5 8.88 3.88 8.89 3.89 

6 9.44 3.44 8.92 2.92 

7 9.42 2.42 9.04 2.04 

8 9.07 1.07 9.00 1 

9 9.47 0.47 9.00 0 

10 9.57 -0.43 9.11 -0.89 

11 9.93 -1.07 8.85 -2.15 

4) Calculation of specific surface area (SSA) and cation exchange capacity (CEC) determined by 

methylene blue test  SSA =
mMB

MMB
∗ AN ∗ AMB ∗

1

ms
                                                                 

                                  CEC = 100 ∗
VMB

ms
∗ NMB                                                                            

Where; mMB is the mass of the adsorbed methylene blue at the point of a complete replacement 

in gram, ms is the mass of the bentonite adsorbent used in gram, MMB is the molecular weight of 

methylene blue dye which is 319.87g/mol, Av is Avogadro’s number (6.02 *10
23

/mol), AMB is an 

area covered by one methylene blue molecule which is 130Å² (1𝐴°= 0.1nm=10
 -10

 m), VMB is the 

volume of methylene blue added to the suspension in the beaker and, NMB - is the normality of 

the methylene blue (meq/100g). 

 A mole of MB is calculated as follows; nMB =
mMB

MMB
  => nMB =

4g

319.87g/mol
=

0.0125mol   

                                                                      C =
n

V
=> 0.0125 mol/L 

                                                             NMB = Z ∗ C = 1eq/mol ∗ 0.0125mol/L = 0.0125eq/L 

     Where: - Z- is the valence of methylene blue which is equal to 1eq/mol. 



  

109 
 

 To calculate mMB adsorbed at the endpoint of a complete replacement, first calculate mole 

of methylene blue adsorbed from methylene blue solution and added volume to the 

suspension. 

A) A mole of Raw bentonite; C =
nMB

VMB
=>, n = C ∗ VMB = 0.0125

mol

L
∗ 0.09L =

0.001125mol 

 Then the mass of adsorbed MB was calculated as follows;   mMB = n ∗ MMB =>

0.001125mol ∗ 319.87
g

mol
= 0.36g 

B) A mole of activated bentonite (AB5);  C =
nMB

VMB
  , n = C ∗ VMB = 0.0125

mol

L
∗ 0.11L =

0.001375mol 

 Then the mass of adsorbed MB was calculated as follows; mMB = n ∗ M. 0.001375mol ∗

319.87
g

mol
= 0.44g 

 Determination of specific surface area and CEC of adsorbent from the determined values 

1) The specific surface area of RB and AB5 was calculated as follows:- 

SSARB            SSA =
mMB

M
∗ AV ∗ AMB ∗

1

ms
 

SSARB= [(0.36g)/319.87g/mol]*(1.3*10
-18

) *6.02*10
23 

= (1.123*1.3*6.02) *10
-3-18+23 

= 8.79*10
2
 = 879 m

2
/g 

 SSAAB5,  SSA =
mMB

M
∗ AV ∗ AMB ∗

1

ms
 

SSAAB5 = (0.44g)/319.87g/mol * (1.3*10
-18

) *6.02*10
23 

= (1.375*1.3*6.02) *10
-3-18+23 

= 10.76 *10
2 

= 1076 m
2
/g

 

2) Cation Exchange Capacity (CEC) 

a) Cation Exchange Capacity (CEC) for Raw bentonite;  

CEC = 100 ∗
VMB

ms
∗ NMB                                                                           

CEC = 100 ∗
0.09L

1g
∗

0.0125eq

L
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CEC = 0.1136 eq = g113.63 meq/g 

b) Cation Exchange Capacity (CEC) for 5% Na2CO3 Activated Bentonite (AB5) 

CEC = 100 ∗
VMB

ms
∗ NMB 

CEC = 100 ∗
0.11L

1g
∗

0.0125eq

L
 

CEC = 0.1375 eq/g =137.5 meq/g 

Table A5: Cation exchange capacity and specific surface area of raw and activated bentonite 

No. Sample 

item 

Added volume of 

MB Vi (ml) 

Total added volume 

of MB (ml) 

CEC (meq/g) SSA (m
2
/g) 

1 RB 5 90 113.63 879 

2  AB5 5 110  137.5 1076 
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Appendix B: Experimental Pictures 

 

                                       

                                                                                                                

 

                                                                      

 

 

                  

 

Figure B1: Experimental flow charts from the raw materials to the end product 

 

After removal 

of MB 

RB during grinding 

During purification 

Raw bentonite 

AB5-MB 

Purified bentonite 

after dried 

During grinding of PB MB solution + 

bentonite adsorbent 

Dried at 105˚C for 12hrs 
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Figure B2: Spot test for the endpoint (a) by MB titration for (b) raw bentonite and (c) activated 

bentonite  

 

  Figure B3: Desorption of MB by distilled water 

                                

Figure B4: (a) Photodegradation of MB by ZnO/Bent nanocomposites before photodegradation 

(b) after photodegradation 

CEC of RB CEC of AB5 

(a) (b) 

(a) (b) (c) (d) (e) 

(b) (c) (a) 

1g bentonite sample + 

50mLdistilled water  

4g/L MB 
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