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ABSTRACTS 

The presence of an excess nitrate ion in the human body leads to various health problems. 

The increased nitrate level may be a result of different human activities such as the huge 

amount of fertilizer in agriculture activities, industrial and household wastewaters. 

Therefore, the removal of nitrate ions to the lowest concentration in drinking water and 

wastewater is crucial. Physical and Biological technologies have been used for nitrate 

removal. However, those treatment technologies have limitations regarding cost and 

complex operations in achieving the required concentration level. The adsorption process 

is the best among other technologies due to simple design, versatile, lowest cost for 

instrumentation, easy operation, sludge free, environmentally friendly, and regeneration. 

Hence, the aim of this work was synthesis and characterization of Fe3O4 loaded CSH 

composite for removal of nitrate ion from water. XRD, FTIR, SEM, BET, and TGA were 

used to characterize the crystalline structure, specific functional groups, morphological 

properties, specific surface area, and thermal stability. The chemical composition and 

structure of Fe3O4 loaded CSH and the successful surface loading of hydroxyl functional 

groups were confirmed. The BET specific surface area of CSH and Fe3O4 loaded CSH 

composite are determined to be 91m2/g and 163 m2/g respectively. Adsorption increase 

with the increase in the surface area of the adsorbent.  Moreover, the optimization effects 

of adsorption parameters such as contact time, adsorbent dose, pH, and initial nitrate 

concentration have been carried out. The result confirmed that 92.71% of nitrate ion was 

removed from wastewater at optimum 150 min, 2.4 g adsorbent dose, the pH level of 6.3, 

and 85 mg/L of initial nitrate concentration. Furthermore, the adsorption parameters such 

as equilibrium isotherm, kinetics, and thermodynamic properties were conducted. The 

adsorption isotherm data were best fitted to the Langmuir with a maximum adsorption 

capacity of 27.93 mg/g. In addition, the result of the kinetic model proved that pseudo-

second-order provided a good description of the experimental data with a maximum R2 of 

0.999. The result of the thermodynamic parameters demonstrated that the adsorption 

process is spontaneous and endothermic. The removal efficiency of 68.73% of nitrate ion 

was found after 4 cycles of desorption/adsorption cycles, which indicates wonderful 

reusability of the adsorbent. The result illustrates that Fe3O4 loaded CSH is an excellent 

promising adsorbent for the removal of nitrate ions. 

Key Words: Adsorption, Magnetic calcium silicate hydrate, Kinetics, Isotherm, nitrate  
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CHAPTER ONE 

INTRODUCTION 

1.1. Background 

Water is the greatest plentiful compound, which plays a substantial role in maintaining the 

well-being and welfare of human beings (Abegaz & Midekssa, 2021). Water is one of the 

foremost necessary substances on earth. All plants and animals should have water to 

survive. If there were no water, there would be no life exists on earth. It covers 71% of the 

Earth’s surface, and is important for all famed kinds of life. However solely 2.5% of the 

Earth’s water is freshwater (Rajasulochana & Preethy, 2016). However, its quality and 

appropriateness for use can be determined by its sense of taste, odor, color, and the 

concentration of organic and inorganic substances that originate in it.    

The foundations of water contamination might be geological, industrial, and agricultural 

activities. In another way, these contaminants are further categorized as microorganisms, 

inorganics, organics, and radionuclides. They can disturb the quality of water and then 

human health before appropriate treatment. (Abegaz & Midekssa, 2021). Water bodies are 

those centered easily polluted by using the industries. Industrial effluents are the number 

one purpose for the pollution of water. Wastewater is not only best harmful to aquatic 

lifestyles but also even more dangerous to human existence. So, they are in a kingdom to 

be effectively handled before letting into the environment (Velusamy et al., 2021).  

The increment in the world population growth, development of industrialization, 

agricultural activities, and excessive use of chemical products provide the environmental 

pollution. Organic, inorganic, and biological waste produced by human activities has 

resulted in a huge amount of water contamination which directly harms human and other 

living things (Sadegh et al., 2019). Since the end of the last century, there have been many 

products, such as medicines, laundry detergents, surfactants, pesticides, dyes, paints, 

preservatives, food additives, and personal care products, which have been released from 

chemical and pharmaceutical industries threatening the environment and human health.  

The removal of emerging contaminants of concern is now, as ever important in the 

production of safe drinking water and the environmentally responsible release of 

wastewater (Grassi et al., 2012). The major sources of nitrates in both surface and 

groundwater include using fertilizers for agricultural activities, industrial and household 
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wastewaters (Battas et al., 2019). Nitrate contamination of drinking water sources, 

particularly groundwater, primarily from agricultural activities (including excessive use of 

nitrogen fertilizers and manure), wastewater treatment, and the oxidation of nitrogen waste 

in human and animal waste, including septic tanks, has become an important global 

problem(Rezvani et al., 2019). Ground and surface water are extremely polluted by 

different nitrogen compounds like nitrites and nitrates. The contamination of groundwater 

by nitrate has become a serious environmental problem that has increased since 1970 (El 

Ouardi et al., 2015).   

Over the years, many parts of the world have faced the problem of environmental nitrogen 

pollution. As you know, the main forms of nitrogen are ammonia (NH3), nitrate (NO3
-), 

and nitrite (NO2). The huge release of nitrogen compounds into the environment is one of 

the greatest problems of this time. Nitrogen compounds such as nitrogen oxides and 

ammonia pollute the environment in many complex ways and threaten human health. 

Eutrophication and acidification of nitrogen are contributing factors to the loss of 

biodiversity. Atmospheric nitrogen oxides contribute to surface ozone, forming ammonia 

and harmful particulates that will directly affect human health. Nitrates in beverages and 

food pose a threat to human health. Nitrosamine is suspected to be carcinogenic. Nitrous 

oxide destroys the ozone layer and leads to climate change (German et al., 2015).  

Nitrate is the most stable form of nitrogen in the water, so almost all aqueous nitrogen 

sources tend to be converted to nitrate. Nitrate (NO3
-) is the most concerned topic in the 

world. Due to its high solubility in water, Nitrate may be the most widely distributed 

groundwater pollutant in the world, posing a serious threat to the drinking water supply 

and promoting eutrophication. The increased NO3
- level may be related to various human 

activities, especially the large-scale use of chemical fertilizers in agriculture, leading to 

high nitrate contamination of ground and surface water sources (Ganesan et al., 2013).  

Nitrate ions are needed to nourish plants, but when they occur excessively, they present 

serious environmental problems. Eutrophication may be accelerated in the presence of 

high concentrations of nitrate in groundwater and surface water together. Eutrophication is 

the excessive nutrient enrichment of rivers and lakes that stimulates the growth of birds 

and aquatic plants with roots. Eutrophication can alter the overall aquatic ecosystem, 

reducing light penetration into the water, and reducing vegetation in deeper waters. The 

higher concentration of nitrate in the water, the more the dissolved oxygen tends to 
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decrease. Therefore, it has a negative impact on the lives of aquatic organisms such as fish 

and shrimp, and requires oxygen in the water(Hai & Bui, 2013). 

Protecting the environment is the first preoccupation for every society. Specifically, the 

problems of water contamination have become the task of all professionals, researchers, 

industry, scientists as well as national and international decision-makers. The 

contamination of water by various pollutants like nitrates calls for numerous treatment 

methods which are not only technologically feasible but also effective and economical 

(Crini et al., 2019). Adsorption process is considered to be the best method of water 

purification process due to its very simple design, ease of operation, convenient 

maintenance, easy repair, and advances in construction technology for high-capacity 

adsorbents (Asl et al., 2016). 

1.2. Statement of the Problem 

The occurrence of huge concentrations of nitrate in potable water has gotten to be a 

genuine concern around the world. In water it creates inorganic compounds; mainly nitrate 

ions, nitrite, and ammonium. In these forms, it occurs in drinking water as well as in the 

surface or underground water (Gierak & Łazarska, 2017). The presence of nitrogen ions in 

excess in different forms results in negative effects on the ecosystem, and can damage 

human health, and even kill (Ganesan et al., 2013). It leads to various health problems 

such as cancer, stomach problem, gastrointestinal, birth defects, abortion, 

methemoglobinemia or blue baby syndrome, increase infant mortality, and deterioration of 

immune system (Brindha et al., 2017). If babies under six months of age drink water with 

a high content of nitrate, this nitrate could be reduced to nitrite, and nitrite will combine 

with hemoglobin in the blood to form methemoglobin. This in turn leads to a health 

condition commonly referred to as "Blue Baby Syndrome"(Ruiz-Beviá & Fernández-

Torres, 2019).   

As a result, numerous organizations have set allowable contamination level for the nitrate 

content material in drinking water. For example, the United States of America 

Environmental protection agency (USEPA) has installed a maximum contaminant level 

(MCL) of 10 mg nitrate-nitrogen (NO3− –N)/L. In the other case, the world Health  

Organization (WHO) and European Economic Network (EEC) have set up 11.3 mg NO3
− 

–N/L limit (Rezvani et al., 2019). The study of nitrate in the drinking water showed 

maximum concentration of 69.6 and 327.3 mg/L in spring and well water in Addis Ababa 
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respectively. In addition, groundwater contamination by nitrates at African scale reported 

that 117-260 NO3
- (mg/L) concentration at central and south east of Ethiopia (Temesgen 

Getahun, 2019).   

Different physiochemical techniques have been employed to remove nitrates from the 

water. Adsorption proved to be the best technique among all due to its low cost, ease of 

operation, highest removal efficiency, fantastic reusability performance, and efficient 

method (Alagha et al., 2020). Nowadays, Fe3O4 loaded calcium silicate hydrate is used as 

a functional material, particularly adsorbent because of their high specific surface area and 

huge structural sites with porous structures. Previous studies reports the magnetic Calcium 

Silicate Hydrate synthesized using a Tetraethyl orthosilicate (TEOS), white carbon black 

(SiO2), and sodium silicate purchased from the market as a source of silicate material. In 

addition, Magnetic calcium silicate hydrate adsorbent was used for phosphate, and 

uranium removal from aqueous systems (Zhang et al., 2015), (Peng et al., 2017). 

However, in this work Aluminium sulfate solid waste residue of Awash Melkassa 

Chemical Factory was used as a silicate source, which is low-cost, abundant, and locally 

available. There is no work reported on Fe3O4 loaded CSH composite for nitrate removal 

from water. 

1.3. Basic Research Questions 

1. Is it possible to convert Aluminium sulfate solid waste residue of Awash Melkassa 

Chemical factory into valuable products particularly adsorbent? 

2. What is the best Fe3O4 to CSH composite composition to develop a novel adsorbent that 

gives maximum nitrate removal from wastewater? 

3. Is loading of Fe3O4 to Calcium Silicate Hydrate adsorbent become helpful for nitrate 

removal from water? 

4. What are the optimum parameters such as pH, adsorbent dose, contact time, and initial 

nitrate concentration for nitrate removal? 

1.4. Objectives 

1.4.1. General Objective 

The main objectives of this thesis was synthesis and characterization of Fe3O4 loaded 

Calcium Silicates Hydrate composite as an Adsorbent for Nitrates removal from water. 
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1.4.2. Specific Objectives 

 Synthesis and Characterization of CSH using XRD, FTIR,BET, and SEM   

 Investigation of the effect of adsorbent dose, initial Nitrate concentration, pH of 

the solution, and contact time on nitrates removal using calcium silicate hydrate 

adsorbent.  

 Synthesis and characterize Fe3O4 Loaded calcium silicate hydrate composite using 

XRD, BET, SEM, TGA, FTIR and investigate adsorption capacity for nitrate 

removal  

 Explore the adsorption kinetics, equilibrium isotherm, and thermodynamics effect 

using batch adsorption experimental data 

 To study adsorbent regeneration, and coexisting of ions within nitrate in 

wastewater 

1.5. Significance of the Study 

Industrial waste residue, produced during the manufacturing of Aluminium sulfate (alum) 

from kaolin by the presence of sulfuric acid is highly acidic (pH about 3) and is considered 

hazardous. A large amount of solid waste residue is estimated as 4500-5000 tonnes of 

waste accumulated in Awash Melkassa Chemical Factory, Ethiopia(Nigussie et al., 2007).   

The advantage of this research was converting this byproduct to valuable products, 

particularly adsorbent.  

In this study aluminium sulfate solid waste residue, which exists in Awash Melkassa 

Chemical Factory, is used as raw material to produce calcium silicate hydrate as an 

adsorbent. Fe3O4 loaded CSH composite adsorbent was produced by utilizing Alum 

factory solid waste residue, which has an excellent removal efficiency and adsorption 

capacity of nitrates that can exist in waters. The study provides basic information about the 

adsorption of nitrate ions from water. The removal of nitrate ions by using low-cost 

adsorbents from industrial waste residue is found to be promising in the long term due to 

the adsorbent product obtained from material locally and abundantly available in Ethiopia. 

The other benefit of this study is replacing the expensive commercial adsorbents with 

easily available and low-cost adsorbents. 
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1.6. Scope of the study  

This thesis focused on the synthesis and characterization of Fe3O4 loaded calcium silicate 

hydrate as an adsorbent for the removal of nitrates from water. The XRD, SEM, TGA, 

BET, and FTIR were used to characterize the Fe3O4 loaded calcium silicate hydrate. 

Furthermore, adsorption studies of various effects such as adsorbent dose, initial nitrate 

concentration, pH, and contact time on nitrate removal by CSH were investigated. In 

addition, adsorption kinetics, adsorption isotherm, adsorption thermodynamics, and 

regeneration were conducted. Not only the effect of co-existing ion within nitrate ion but 

also the performance of Fe3O4 loaded calcium silicate hydrate composite for real 

wastewater studied in this work. 
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CHAPTER TWO 

LITERATURE REVIEW 

 2.1. Nitrate ions 

Nitrates are inorganic compounds that occur in a variety of conditions in the environment, 

both in nature and synthetically. Nitrate is made up of one nitrogen atom (N) and three 

oxygen atoms (O), and the chemical symbol for nitrate is NO3. Nitrite (NO2) is formed 

from nitrates by a chemical process called reduction. The anion is the conjugate base of 

nitric acid, producing one central nitrogen atom surrounded by three similar bonded 

oxygen atoms in a triangular planar arrangement. The nitrate ion has a type -1 charge. This 

charge arises from the combination of the formal charge carrying the three oxygen +2/3 

charges, but with the nitrogen +1 charge, all this becomes the formal charge of the 

polyatomic nitrate ion (Dey et al., 2021). 

Nitrate is an example of a worldwide pollutant because it is repelled by negatively charged 

colloids and has high solubility. If its concentration is not appropriate for water resources, 

it poses many health and ecological threats (I. Ibrahim & Bsharat, 2018). Nitrates are one 

among the most common groundwater pollutants in rural areas. The quality of drinking 

water is primarily prescribed because excessive amounts can cause methemoglobinemia or 

"blue baby" disease. Nitrates in groundwater mainly come from fertilizers, septic tanks, 

fertilizer storage, or diffusion operations. Potential cancer risks from nitrates (or nitrites) 

in water and food have been reported. Nitrates can react with amines or amides in the body 

to form nitrosamines, which are known to cause cancer. Nitrate must be converted to 

nitrite before forming nitrosamine. The magnitude of cancer risk from nitrates in drinking 

water is unknown. As Nitrate, Phosphate affect the growth of aquatic plants, it has the 

same effect on water quality. Plant and algae are stimulated to feed the fish. This has the 

potential to increase the fish population. However, with severe algae, the oxygen level in 

the water decreases along with the growth, and the fish die (Dey et al., 2021). 

Pollution with nitrite (NO2
-) and nitrate (NO3

-) predominantly arises from the overuse of 

ammonia-primarily based totally fertilizers for meals production. Because of their 

agricultural use and the water-soluble nature of nitrate, the worst nitrate pollutants are in 

rural areas, wherein ingesting water structures are small-scale or man or woman 

groundwater wells. Nitrate run-off in floor waters contributes to eutrophication and the 
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boom of massive algal blooms, which damage water quality, make contributions to 

cyanobacteria boom, effect leisure activities, and creates hypoxic lifeless zones (Heck et 

al., 2019). Nitrate contamination in both surface and groundwater is a serious problem all 

over the globe (Sun et al., 2020). Due to its high-water solubility, it is widespread as a 

groundwater contaminant in the world which imposes a threat to drinking water supplies, 

and promotes eutrophication (El Ouardi et al., 2015). The natural nitrate in groundwater 

depends on the nature of the soil and geology (Fewtrell, 2004). 

2.2. Major Uses and sources of Nitrates  

The main sources of nutrient contamination are fertilizer, animal manure, wastewater from 

sewage treatment plants, detergents, storm water runoff, breakdowns in automobiles and 

power plants, septic tanks, and pet excrement. Nitrate is mainly used for inorganic 

fertilizers and in the production of oxidants and explosives, and refined saltpeter 

(potassium nitrate) is use in the production of glass. Sodium nitrite is especially used as a 

food preservative for preserved meat. In addition, sometimes nitrate can  be added to food 

and acts as a reservoir for nitrite. Nitrate occurs naturally in plants, which are the main 

nutrients. Nitrates and nitrites formed endogenously in mammals, including humans. 

Nitrate is salivated and converted to nitrite by the oral microbial flora(Velusamy et al., 

2021). 

Meat products make up less than 10% of the nitrates in the diet, but between 60 and 90% 

of the nitrites are consumed. This is mainly due to the addition of sodium nitrite to foods 

such as hot dogs, bacon, and ham. Fruits, grains, and dairy products give very little nitrates 

and nitrites to people's diets. It is often difficult to specify a source of nitrate because there 

are so many possibilities. Sources of nitrogen and nitrates can include runoff or infiltration 

from fertile farmland, municipal and industrial wastewater, garbage disposal plants, 

animal septic tanks, private sewage purification systems, municipal wastewater, and 

decaying plant debris. Stratum and groundwater flow direction also affect nitrate 

concentration(Dey et al., 2021). 
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Figure 2. 1: Four main sources of wastewater  

Domestic wastewaters encompass wastes, which can be generated in all sorts of family 

works along with washing, cleaning, bathing, sewage machine, septic device, and trash 

scrapyards. Business wastewaters include effluents coming from industries together with 

mining and smelting, pigment and dye, metallurgy, tannery, electroplating, galvanizing, 

paint, petrochemical, pharmaceutical, biochemical, textile, leather-based, steel completing, 

processing of meat and dairy merchandise, nuclear and car exhaust and construct 

structures. Moreover, agricultural wastewaters come from animal waste, irrigation, fodder 

used for animals, manures, use of fertilizers, pesticides, herbicides, insecticides on stay 

inventory farms, and food flora and wood preservatives(Velusamy et al., 2021). 

Atmospheric deposition consists of the decomposition of decaying organic matters and 

hurricane runoffs. 

Nitrogen is plenteous on soil, making up about 80 % of our air as N2 gas and most plants 

cannot utilize nitrogen in a vaporous frame. Nevertheless, Bluegreen algae and vegetables 

have the capacity to convert N2 gas into nitrate (NO3
-), which can be utilized by plants. 

Plants utilize nitrate to construct protein, and animals that eat plants to utilize natural 

nitrogen to build protein. When plants and creatures kick the bucket or excrete squander, 

this nitrogen is discharged into the environment as NH4
+ (ammonium). Ammonium is 

eventually oxidized into nitrite (NO2
-) by microbes, and at that point into nitrate, which is 

         Waste Water  
Agriculture (fertilizers, 

pesticides, insecticides) 

Domestic (septic 

tank, kitchen 

laundry) 

Atmospheric 

Deposition 

         (rain, soil) 

Industry (mines, 

nuclear, food, 

semiconductors) 
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liberally found in a freshwater oceanic biological systems. US EPA gives 10 mg/L as the 

greatest concentration permitted in human drinking water, As per BIS IS 10500: 2012, of 

India, the worthy constrain of nitrate in drinking water is 45 mg/L and no unwinding for 

nitrate within the nonattendance of substitute sources. The World Wellbeing organization 

and the European Standards have endorsed 50 mg/L of acceptable nitrate levels in 

drinking water (Rakshitha R, 2017). 

2.3. Health effects of Nitrate 

Nitrates are a wide range of contaminants for their high solubility and pose a threat to 

human health. High concentrations of nitrates can cause several health problems, including 

blue baby syndrome in infants and methemoglobinemia, bloody or urinating, abdominal 

pain, weakness, mental depression, vomiting, diabetes, diarrhea, high blood pressure, 

disruption of the immune system, and increased infant mortality. There are also 

spontaneous abortions and respiratory infections In addition, Elevated nitrate levels in 

drinking water can also cause various types of cancer in humans (Nabhan, 2019). 

2.4. Nitrate Pollution in Ethiopia 

The highest concentration of nitrate in the water samples could be due to contamination 

from agricultural runoff, refuse dumps, human and animal waste. These days, nitrate 

contamination in groundwater has become a widely worried environmental problem in 

Ethiopia and the spatial distribution of nitrate indicated that the southeast and south part of 

the study area has the most nitrate concentration of 88 mg/L at Dire Dawa city 

administration (Temesgen Getahun, 2019). The highest concentration of nitrate was found 

in the water samples collected from Dire Dewa, Harari, Afar and some water samples 

collected from Addis Ababa, Amhara, and Oromia. Nitrate concentration in the water 

samples reached the maximum level of 1295.00 mg/L throughout the country (Teklu, 

2018).  

2.5. Methods of nitrate removal 

Removing nitrates from drinking water using traditional treatment methods such as 

coagulation and filtration is nearly impossible due to the high stability and solubility of 

nitrates and the low likelihood of coprecipitation or adsorption in water. Industrial 

techniques for saltwater treatment include the removal of dissolved salt ions from 

wastewater, as different types of pollution of water and wastewater require different 
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strategies to remove the pollution. These techniques, known as separation-based methods 

and applied to remove nitrates from other types of water. However, these techniques 

cannot remove all ions in the medium and selectively remove nitrates. Industrial bio 

nutrient removal (called removal technology), which is applied to remove biodegradable 

organic matter from wastewater, can also be used as a method for selectively removing 

nitrates during the multipurpose treatment of water (Rezvani et al., 2019). World Health 

Organization (WHO) has suggested biological denitrification and IX as nitrate removal 

methods; whereas the US EPA endorses IX, RO, and ED are the Best Available 

Technologies (BAT) to treat NO3
− sullied water. Nevertheless, currently available 

advances for NO3
− expulsion have their own quality and restrictions, which are found to be 

expensive, less effective, and create extra byproducts. However, these traditional 

technologies do not illuminate the issue related to the excess of NO3
- within the 

environment; in turn, they generate NO3
− concentrated squander streams that pose a 

transfer issue due to the high saline substance (Rakshitha R, 2017). 

2.5.1. Separation-based technologies for nitrate removal 

Different techniques have been applied to remove nitrate. The traditional methods of 

removing nitrogen from wastewater are biological denitrification processes, ion exchange 

(IX), reverse osmosis (RO), Electrodialysis (ED), and chemical denitrification. The first 

four of these methods have been applied to the industry(Hai & Bui, 2013). 

2.5.1.1. Reverse osmosis 

Reverse osmosis (RO) can be used to simultaneously combat multiple contaminants, 

including ionic (nitrate, arsenic, sodium, chloride, fluoride, etc.), particulate (such as 

asbestos and protozoan cysto), and organic components (such as some pesticides). In this 

process, water is forced through the semipermeable membrane under pressure and allows 

water to pass through the membrane without selection obstructs contaminants. The 

required pressure depends on the concentration of solute in the water supply. However, the 

collected concentrate contains high levels of nitrates and other rejected components (salt) 

and requires proper disposal (Rezvani et al., 2019). 

Reverse osmosis (RO) is a physical process that removes contaminants by passing water 

molecules through a semipermeable membrane while retaining most of the dissolved 

minerals in raw water by applying pressure. For low-pressure (less than 100 psi) 

applications, only 10 to 25 percent of the raw water is produced as a finished product. 



12 
 

High-pressure systems can achieve more than 85% water efficiency, but this level of 

efficiency requires dedicated pumps and significant energy. RO is one of the most 

expensive forms of intensive care, removing multiple contaminants and the demand for 

beverages is very low. 

In reverse osmosis (RO), water begins to go with the flow inside the reverse path with the 

application of pressure (750 psi) better than the price of osmotic pressure. The pressure 

required to force the permeation via the membrane is dictated by the osmotic pressure of 

the feed stream. Membranes are normally manufactured from materials consisting of 

cellulose acetate, polyamides, and composite materials. In actual practice, the process has 

been set with difficulties usually due to membrane fouling, high-priced power, large 

capital costs, and calls for treatment or disposal of concentrate. Similarly, some nitrate and 

phosphate ions escape through the membrane (performance approximately 65–95 %). The 

benefits of this technique are proper for waters with excessive TDS content, not by using 

merchandise, non-unfavorable (Ranjan et al., 2016). 

2.5.1.2. Ion exchange 

Conventional ion exchange (IX (the most common method of nitrate removal)) uses a 

strong base anion (SBA) exchange resin. During this process, the raw water is pretreated 

to remove suspended solids and other components that can contaminate the resin column. 

The receiving process flow enters the ion exchange vessel. After contact with the resin, the 

nitrates displace the chlorides in the surface area and remove the nitrates from the water. 

The drained resin is regenerate using a concentrated solution of sodium chloride or baking 

soda(Rezvani et al., 2019). 

Ion exchange technology is technically simpler than other common methods, and has the 

advantage of being able to efficiently remove even trace impurities from the solution, 

enabling high processing power, high removal efficiency, and high-speed kinetics. It can 

be applied to various industrial wastewaters to remove harmful substances. Ion exchange 

techniques depend on toxic or unwanted ions, which are replace by other ions. There are 

two types of ion exchange, which can classified as cation exchange and anion exchanger. 

Ion exchange is a natural or synthetic resin with an active site on its surface. Synthetic 

resins are widely preferred because of their ability to remove heavy metals from 

wastewater. Several resins are most commonly used to remove harmful ions from 

wastewater, including zeolites, sodium silicates, acrylics, and metha-crylic resins. 
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Reversible processes and low energy requirements are the most important advantages of 

this method. This method can reduce organic and inorganic pollutants by about 95%, but if 

the wastewater contains oil or grease, pretreatment may be required (Ince, 2019). 

2.5.1.3. Electrodialysis 

Electrodialysis (ED) is a desalination process driven by a potential difference between two 

oppositely charged electrodes. ED combines the advantages of selectivity and lower 

chemical demand than RO chemical demand. Like RO, ED cannot selectively isolate 

nitrates and requires post-treatment for remineralization. Removal of nitrate is 

accomplished by applying an electrical current through a series or stack of anion and 

cation exchange membranes, as result of which nitrate ions move from the feed solution 

into the concentrated waste stream. The voltage applied to the membrane cell determines 

the degree of desalination and removes nitrates. Although ED can be used to produce 

drinking water in nitrate-rich water, high concentrations of nitrogen nitrate remain in the 

process (Rezvani et al., 2019). 

In the Electrodialysis (ED) process, ions migrate via ion-selective semipermeable 

membranes due to electrically charged membrane surfaces. A positive electrode (cathode) 

and a negative electrode (anode) are used to fee the membrane surfaces and entice 

oppositely charged ions. Through this process, ions consisting of nitrate are eliminated 

from the uncooked water. In Electrodialysis Reversal (EDR), the fee at the membranes is 

reversed periodically to decrease scale development. Several methods have been used to 

remove various ions and other contaminants from wastewater that seriously affect the 

environment. Electrodialysis technology may be one of the most effective of these 

techniques for recent advances in membrane technology. Electrodialysis, a membrane 

separation technique, relies on a potential difference used to promote the movement of 

ions towards an oppositely charged electrode. In this process, water-soluble ions are 

passed through the membrane as an ion exchange material under the influence of an 

electric current. Removal of dissolved solids requires attention to certain factors such as 

the nature of the contaminant, the applied amperage, temperature, pH, etc. This method 

was used to produce drinking water in cardinal numbers and reduce water sources (Ince, 

2019).    
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2.5.2. Elimination-Based Technologies for Nitrate Removal 

2.5.2.1. Chemical denitrification process 

Denitrification is one of the key techniques in the organic nitrogen elimination (ONR) 

from water and wastewater. Through denitrification, oxidized forms of nitrogen, together 

with NO3
− and nitrite (NO2

−), are transformed to dinitrogen (N2) and, to a lesser quantity, 

N2O gasoline. Denitrification is an anaerobic procedure that is achieved via denitrifying 

microorganism, which converts nitrate to dinitrogen in the subsequent sequence. 

Chemical methods for degrading nitrates can be divided into two groups: non-specific 

methods and methods designed for nitrate decomposition. There is no easy chemical way 

to reduce nitrates to nitrogen gas at low temperatures and pressures. It is relatively easy to 

reduce nitric acid to ammonia, but it is much more difficult to stop the reduction with 

molecular nitrogen. Many metals like magnesium, manganese, Zn, chromium, iron, 

cadmium, tin, aluminum, and lead reduce nitrates. The final reduction product is affected 

by temperature, pH, and the metal used (Ince, 2019). 

2.5.2.2. Biological denitrification process 

The biological denitrification process has been used for many years in wastewater 

treatment. Biological denitrification is highly selective for the removal of nitric acid. The 

efficiency of the process is very high and can reach almost 100%. This is incomparable to 

other methods that can be used to reduce nitric acid. The main drawback is the potential 

bacterial contamination of treated water. This risk is very legal and requires subsequent 

treatment and disinfection to meet current drinking water standards. Many heterotrophic 

bacteria can switch to using nitrate as an alternative electron acceptor if no dissolved 

molecular oxygen is available for respiration. This process of desorption obtains the result 

that nitric acid is reduced to the next nitrogen gas that was first reduced to nitrite. 

However, denitrification is only effective at low dissolved oxygen concentrations, as 

energy yields are lower than oxygen respiration. An external carbon source is also 

required for maximum kinetics, but processing is done at a rate reduced by "intrinsic 

respiration". The carbon atoms used include precipitated wastewater and carbohydrate 

waste, but methanol may be preferred for nitrogen removal as it is relatively inexpensive, 

readily available, and easier to control the process (S. P. Burghate1, 2014). 

 6𝑁𝑂3
− + 2𝐶𝐻3𝑂𝐻 → 6𝑁𝑂2

− +  2𝐶𝑂2 + 4𝐻2𝑂                 2.1 
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6𝑁𝑂2
− +  3𝐶𝐻3𝑂𝐻 → 3𝑁2 +  3𝐶𝑂2 + 3𝐻2𝑂 + 𝑂𝐻− 

2.2 

Overall energy reaction: 

6𝑁𝑂3
− +  5𝐶𝐻3𝑂𝐻 → 6𝑁2 +  5𝐶𝑂2 + 7𝐻2𝑂 + 𝑂𝐻− 

2.3 

On this technique, nitrate is converted to nitrogen gas through denitrifying bacteria in the 

absence of oxygen (NO3→NO2→NO→N2O→N2). with a view to fulfill the growth and 

energy necessities of the bacteria, methanol in extra of 25–35 % have to be introduced as a 

source of carbon. The elimination efficiency levels from 60 to 95 %. The most important 

advantage to anaerobic denitrification is that there are not any waste merchandise 

requiring disposal, produces a non-toxic by product (N2), appropriate for massive 

applications, can manage high concentrations, and destructive approach. The nitrate 

removal from wastewater by using the biological denitrification technology the usage of 

immobilized Pseudomonas Stutzeri bacteria in a fluidized bed bioreactor with different 

initial nitrate concentrations (150, 180 and 200 ppm). The result discovered that the 

nitrogen removal performance accomplished become maximum (96 %) with methanol as 

carbon source, followed through ethanol (seventy seven %) and methane (70 %) 

throughout the duration 6–8 hr. (Ranjan et al., 2016). 

2.5.2.3. Catalytic reduction 

Catalytic reduction is one of a suitable technology for removal of nitrate from water. The 

process uses H2 as reactant in the presence of bimetallic catalyst containing a noble metal 

from group VIII usually palladium, and transition metals such as copper as a catalytic 

promoter for conversion of NO3
- to N2. The advantages of NO3

- catalytic reduction 

includes no brine production, no biohazard risks, stability and ease of fine-tuning and start 

up. Most studies about 75% concluded that Pd is the most active phase to reduce NO2
- on 

catalytic reduction of NO3
-. Moreover, Pd is more preferable to produce N2 than Rh, Ru or 

Pt catalysts (Pizarro et al., 2018). Catalytic reduction of NO3
- appears as an interesting and 

economically sound for water polluted. To remove NO3
- the process carried out through 

heterogeneous catalytic hydrogenation to nitrogen. The main drawbacks of the process are 

the formation of nitrite as intermediate and ammonia (NH4
+) as by-product, which is 

undesirable in drinking water (Soares, 2020). 
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2.6. Adsorption  

Adsorption is a surface phenomenon in which it is characterized by chemical species 

(adsorbate) from its vapor or liquid solution phase onto or near the surface of solid 

(adsorbent). The presence of excess surface occurs when the attractive energy of a 

substance with the solid surface that is adhesive work is higher than that of cohesive 

energy of the substance (Chiou, 2003). Adsorption is the mass transfer operation of solute 

(adsorbate) exists in a fluid phase to the surface of solid phase (adsorbent) due to the 

existent of high molecular interaction between them. It is a process of the interface in 

which a film of adsorbates is created on the surface of the adsorbents of material. Thus, it 

is the result of surface energy (Machado et al., 2011). Adsorption is commonly employed 

as a polishing step to remove organic and inorganic contaminants in water and wastewater 

treatment. The surface area or active sites, the lack of selectivity, and the adsorption 

kinetics usually limit the efficiency of conventional adsorbents (Qu et al., 2013). 

Adsorption is a term used to describe the metal or organic substances in solution attached 

to a  solid adsorbent at low, medium, and high coverage(Al-anber, 2011). Adsorption as a 

separation process is widely applied in our manufacturing economy and daily life. The 

adsorption process takes advantage of the ability of a particular solid to preferentially 

concentrate a particular substance in a solution (gas or liquid) on the surface. Therefore, 

the required purpose of purification or separation can be achieved by contacting the fluid 

with such a solid. 

Adsorption can be categorized into physical adsorption (physisorption) and chemical 

adsorption (chemisorption) in nature. Physical adsorption has relatively weak 

intermolecular forces. It does not allow the sharing or transfer of electrons. Hence always 

maintains as individuality of interacting species.  Even though the process is slow due to 

the occurrence of diffusion of molecules, the interactions are fully reversible which 

enables desorption to occur at a similar temperature. Not only the adsorbed molecules are 

free to move and cover the entire surface, but also have low heat in the case of physical 

adsorption (Aly, 1987). 

The main characteristic of chemical adsorption is the large interaction potential, which 

leads to a high heat of adsorption close to the value of the chemical bond. This fact, 

combined with other spectroscopy, electron spin resonance, and susceptibility 

measurements, confirms that chemical adsorption involves the transfer of electrons and the 

formation of true chemical bonds between the adsorbate and the solid surface. Because 
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chemisorption involves chemical bonding, it often occurs at high temperatures and is 

generally, related to the activation energy. Furthermore, the adsorbed molecules are 

located in specific locations and therefore cannot freely migrate to the surface. Table 2.1 

Comparison of physical and chemical adsorption. Generally, adsorption can occur at any 

interface. That is either gas-solid interface or liquid-solid interface (Abdalla et al., 2020). 

 Table 2. 1: The difference between chemical and Physical Adsorption 

Parameters Chemical Adsorption Physical Adsorption 

Force of Attraction Strong attraction forces or 

chemical bond such as ionic 

bonds 

Weak inter particle bond as 

van der waal forces 

Temperature Higher heat of adsorption Low heat of adsorption 

Electron transfer electron transfer leading to 

bond formation between 

sorbate and surface 

Not involve electron 

transfer, although 

polarization of sorbate may 

occur. 

Adsorption layer Monolayer only Monolayer or multilayer 

 

Kinetics Adsorption Activated, may be slow and 

irreversible 

Rapid, non- activated and 

fully reversible 

 Adsorption sites Site specific, adsorbed 

molecule are fixed at 

specific sites 

Not site specific, the 

adsorbed molecules are free 

to cover the entire surface 

The most literature studies showed that adsorption process could considered an efficient 

treatment method for the removal of emerging compounds from water. It allows reaching 

good removal percentage. In addition, a process does not imply by-products formation, 

which could be more toxic than parent compounds. It is obvious that adsorption process 

encompassed in an integrated treatment system, which involves many factors, such as 

available space for the construction of treatment facilities, waste disposal constraints, 

desired finished water quality, and capital and operating costs. All these factors imply the 

achievement of the optimal operating conditions for low-cost high efficiencies (Grassi et 

al., 2012). 
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2.7. Mechanism of Adsorption 

The molecules diffuse into the bulk through the extreme planes of the laminar layer 

around the solid particles to the turbulent flow as result of the concentration gradient given 

by the four diffusion mechanisms that tends to be natural. The first is the diffusion of 

molecular-scale adsorbed water into the liquid film that surrounds the adsorbent molecules 

in bulk. The second film diffusion is the diffusion of adsorbed water on the surface sites of 

the adsorbent molecules in a liquid film. On the third, a pore diffusion of intraparticle 

diffusion of adsorbed water in the interstices of the adsorbent. Lastly, the adsorption of 

adsorbed water on the inner surface of the adsorbent (Kaushal, 2017). 

In the context of adsorption, the main challenge is to select the most promising types of 

adsorbents, mainly in terms of low cost, high capacity (often expressed as qmax values) 

high adsorption rates, high selectivity, and fast kinetic adsorption mechanisms, especially 

adsorbents/adsorbates interactions that occur at interfaces. This is an important topic 

because the adsorption mechanisms involved in the collection of contaminants are what 

dictate the design of desorption strategies (e.g., the recovery of certain contaminants, such 

as "precious" metal ions, is also an important parameter for the economics of the process 

(Crini et al., 2019). 

The basic principle of adsorption: The preferred concentration of seeds on the surface of 

the adsorbed solid operates in two different processes. That is, chromatography, and ion 

exchange. In fact, adsorption, ion exchange, and chromatography can often be grouped 

together in engineering textbooks. Chromatography, like most adsorption operations, 

operates in fixed layer mode. It is designed to intermittently feed the solution to  separate, 

and then pass through the eluate to separate the liquid mixture. The solid material used in 

ion exchange contains charged groups that interact with the charged ions present in the 

liquid solution. Looking at adsorption during an exchange process involving virtual seeds 

reveals the equivalence between adsorption and ion exchange. In fact, most of the 

information presented in this book is also applicable to ion exchange(“Chi Tei,” 2019). 
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Table 2. 2: Comparison of nitrate removal technologies 

Technologies  Advantages 

 

Drawbacks 

Adsorption 

 

 

- Requires saturation adsorbent 

disposal                                                             

- pH and temperature effects are 

important 

- Post-treatment is not commonly 

required  

- low cost, ease of operation and 

fantastic reusability performance 

- Requires high TDs disposal 

- Removal efficiency differs 

with various adsorbents 

 

 

Reverse Osmosis                                            

 

 

 

 

-   PH and temperature effects are not 

important 

-  > 95% efficiency can be achieved  

-  Post-treatment is required 

due to the corrosivity of 

product water 

- High operational cost 

 

Ion Exchange 

 

 

 

-  pH and temperature effect are not 

important. 

-  Approximate 90% of efficiency can 

be achieved. 

-  Medium operational cost 

- Requires waste brine 

disposal. 

-  Post treatment is required 

due to the corrosivity of 

product water 

Electro dialysis 

 

 

 

∙ Requires lesser acid dosages 

∙ Higher water recovery rates 

∙ Requires pre-treatment systems and 

close monitoring 

∙ High operational cost 

∙ Requires waste disposal 

 

Chemical 

denitrification 

 

∙ No waste disposal is required 

∙ pH and temperature effect are 

important 

∙ Maximum efficiency > 60~70% 

∙ Post-treatment is required 

due to the product of by- 

product 

∙ High operational cost 

Biological 

denitrification 
∙ > 99% efficiency can be achieved 

∙ Medium operational cost 

∙ Temperature effect is important 

(low limit of operation is 2- 6 ℃) 

 

∙ Requires biomass waste 

disposal 

∙ Post-treatment is required 

due to microorganisms 
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2.8. Calcium Silicate Hydrate (C-S-H) 

Calcium silicate can be present in a variety of forms with a variety of chemical 

compositions. The most commonly used forms are CaSiO3, Ca2SiO4, Ca3SiO5, etc. It 

occurs in a hydrated form with other proportions of water crystallization. Calcium silicate 

hydrate (CSH) has a surprising level of structural complexity at various Ca/ Si ratios. The 

CSH has more than 30 known crystalline phases(Y. J. Zhu & Sham, 2014). Calcium 

silicate hydrate (CaO. SiO2.nH2O, CSH) is a hydration product especially in cement-based 

materials processing which accounts for about 70%. It increases its early strength and 

shortens the concrete setting time (S. Zhu et al., 2019). The Ca/Si molar ratio of CSH gel 

which is free of both Ca(OH)2 and silica can vary between 0.66 to 1.5 (Wu et al., 2013). 

Today, calcium silicate hydrate is being used as an adsorbent, especially as a functional 

material in general for its high specific surface area and multiple structural sites of porous 

structures. Many studies have been tailored to the scavenging ability of natural and 

synthetic crystalline CSH against heavy metal ions (Zeng & Yang, 2015). Numerous 

studies have demonstrated that Calcium Silicate Hydrate (CSH) has excellent adsorption 

properties. However, most synthetic phosphorus removal adsorbents, including CSH are 

used as powders with a particle size of 100 μm or less. CSH can be lost to drainage due to 

its small particle size, the utilization efficiency of the adsorbent is reduced, and the 

environment is polluted. CSH, a common synthetic silicate adsorbent, has been widely 

used due to its large specific surface area and unique ability to release Ca2+ and OH-. CSH 

is synthesized using calcium oxide and silicon oxide materials (Ding et al., 2018). 

CSH is a porous gel with an unfixed composition (calcium to silicon ratio) ranging from 

0.6 to 2.0. This reveals an amorphous nanostructure with pores at the center of the 

particles. Because particles at 35 nm are randomly charged, the atoms are arranged in 

long-range disorder and short-range order. The calcium sheet attracts the defective silicate 

sheet and constitutes the backbone of the hierarchical CSH molecular structure, and free 

calcium ions and water molecules are charged in the middle layer region. Occurrence of 

multiple pores and defects in CSH nanostructures pure calcium silicate hydrate has a 

layered structure. Well-aligned calcium sheets attract silicate sheets, where silicate 

tetrahedral are linked together, aligned in chains, and form a skeleton. Between adjacent 

calcium silicate sheets, water molecules and calcium ions form a distributed middle-layer 

region. In light of different chemical environments, calcium ions can be classified into two 

categories: structural calcium ions and interlaminar calcium ions. The former simply 
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represents stuff on the backbone bound to the silicate tetrahedral chain, and it attracts 

oxygen atoms from silicate tetrahedron to and provides a specific coordination structure. 

The latter is located in the interlayer region and is distinguished from the housing of water 

molecules. Similarly, the calcium and oxygen atoms of water molecules are attracted by 

electrostatic forces (Y. Zhou et al., 2020). 

According to (Sato, 2016) have been studied, the C-S-H structure when the Ca/Si ratio 

varies from 0.6 to 1.5. With a low Ca/Si ratio C-S-H is a turbostratic nanocrystalline 

tobamoratolite, with Si chains free from defects in the precision of the method used. As 

the Ca/Si ratio increases, the main structural evolution is the gradual depolymerization of 

the Si chains by the gradual selection of Si cross-linked tetrahedral and the gradual 

incorporation of interlayer Ca to catch up on the resulting layer charge. With the highest 

Ca/Si ratio, interlayer Ca probably polymerizes in the interlayer space to form a structure 

with many structural similarities to Ca(OH)2. The formation of the Ca(OH)2 phase is 

supported by the fact that Ca is in excess in the structure. 

Based on the extraordinary structure and fabulous performance, CSH has appeared 

amazing potential within the safe transfer of low and intermediate-level waste. CSH 

comprises silica chains connected to CaO sheets and a number of Ca atoms that will be 

found within the interlayers between the Ca-silicate sheets. The preferences of this 

adsorbent are as follows: firstly, a high surface area containing surface hydroxyl groups 

and hydrated Ca2+ ions to which different chemical substances can be connected or used 

for ion-exchanged. On the second CSH may control the long-term discharge of 

radionuclides due to its long-term stability and high immobilization potential for cations. 

Finally, its low cost, accessibility, innocuity, and environment-friendly nature. Up to date, 

expanding interest has been focused on the advancement of mesoporous CSH due to its 

larger specific surface area and higher adsorption capacity. For illustration, the CSH 

spheres have a well-defined 3D arrange structure built up by nano- sheets, which show 

ultra-high medicate loading capacities(Zhang et al., 2015). Calcium silicate hydrate (CSH) 

has been broadly explored for crystallization due to its greatly moderate Ca2+ release, 

alkalinity supply capacity, special morphology, and great adsorption properties. In a 

seeded crystallization preparation process, appropriate seed materials with an isomorphic 

crystal plane initiate and advance the deposition of calcium phosphate (Ca-P) onto the 

surface of seeds at a low saturation record by removing the energy boundary. CSH could 

be a hydration item of physical and chemical binding between siliceous and calcareous 
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substrates, and it usually coexists with other crystal stages such as calcium hydroxide 

(Ca(OH)2) and unreacted phases(Peng et al., 2017). 

According to (Zhang et al., 2015) studied calcium silicate hydrate consists of silica chains 

related to CaO sheets and a number of Ca atoms that may be located inside the interlayers 

between the Ca-silicate sheets. The adsorbent includes not only a high surface area 

containing surface hydroxyl groups and hydrated Ca2+ ions to which numerous chemical 

entities can be attached or used for ion-exchanged, but also  CSH may also manage the 

lengthy-time period release of radionuclides due to its long-term stability and excessive 

immobilization capability for cations. In addition, its low cost, availability, and 

environmentally friendly nature. Currently, an increasing interest has been centered on the 

development of mesoporous CSH because of its large specific surface area and higher 

adsorption capability.  

2.8.1. Methods of Calcium Silicate Synthesis  

2.8.1.1. Sol gel method 

This technique revolves around hydroxylation and condensation of molecular precursors 

in solution. Acquired “sol” from nanometric particles is then dried or ‘‘gelled’’ both by 

way of solvent elimination or through a chemical reaction to gain a three-dimensional 

metallic oxide network. The solvent used is water, but the precursors may be hydrolyzed 

using an acid or a base. Basic catalysis yields a colloidal gel, while acid catalysis 

formulates a polymeric gel. The reaction is carried out at room temperature; but, heat 

treatment is required to achieve the final crystalline state (Zia et al., 2016). 

Sol-gel materials are metastable solids that form in kinetically controlled reactions in 

molecular precursors and constitute the building blocks of later materials. The direct result 

will have a decisive influence on all reaction parameters, including the properties of the 

precursor, the structure, and hence the properties of the sol material. Sol is a stable 

suspension of liquid colloidal particles (nanoparticles). The particles structure cannot only 

be categorized into amorphous or crystalline, but also dense, porous or polymeric 

substructure. The latter can be due to the aggregation of sub colloidal chemical units. The 

gel consists of a porous three-dimensional continuous solid network that surrounds and 

supports a continuous liquid phase (“wet gel”). In general, the formation of sol-gel 

systems for the synthesis of oxide materials, gelation (ie, gelation formation) is due to the 

creation of covalent bonds among a sol particle. Gel formation can be reversible if it 
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involves other bonds such as van der Waals forces or hydrogen bonds. The structure of the 

gel network is highly dependent on the size and shape of the sol particles (Zayat, 2005).  

The easy agglomeration or aggregation of particulates (sol particles) occurs due to 

attractive van der Waals forces, minimization of the total surface energy or interfacial 

energy of the system. To prevent agglomeration (i.e., to stabilize the sol), a repulsive force 

of equal magnitude is required that must be overcome during the gel. Stabilization can be 

achieved by adsorbing organic layers (“steric barriers”) or by generating electrostatic 

repulsion forces between particles. This demonstrates the large influence of organic 

additives, especially ionic species, on the gelation behavior to be discussed in more detail 

later. The stability of the sol and the coagulation sol chemistry are of paramount 

importance. Gelation can also be induced by rapid evaporation of solvents that are 

particularly important in the production of films or fibers. 

2.8.1.2. Hydrothermal method 

 Hydrothermal synthesis can be defined as a technique of synthesis of different materials 

in hot water under excessive pressure, generally in autoclaves at temperatures above 100 

°C and pressures above 1 atm. The benefits of hydrothermal synthesis encompass low-

temperature synthesis, easy reactions, cost-effectiveness, excessive purity of the products, 

and precise water solubility or water dispensability of the products (Li et al., 2014). The 

hydrothermal method is one of the most vital tools for advanced materials processing, 

especially owing to its benefits within the processing of nano-structural materials for a 

wide kind of technological applications including electronics, optoelectronics, catalysis, 

ceramics, magnetic information storage, biomedical, bio photonics, and many others. The 

hydrothermal method not only the best facilitates in the processing of mono-dispersed and 

incredibly homogeneous nanoparticles, but also acts as one of the most appealing 

techniques for processing nano-hybrid and nanocomposite materials. The term 

‘hydrothermal’ is only of geological origin. It became first utilized by the British 

geologist, Sir Roderick Murchison (1792–1871) to explain the action of water at increased 

temperature and pressure, in bringing about changes in the earth’s crust leading to the 

formation of numerous rocks and minerals (Ranjan et al., 2016). 

2.9. Magnetic Nano Particles (MNPs) 

Nowadays, the development witnessed within the nanotechnology area has contributed to 

the improvement and revolutionizing of various fields. The listing of advantages and 
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applications of nanotechnology is developing unexpectedly. Substances at the nanoscale, 

normally called “nanomaterials,” have usually grabbed the eye of researchers for hundreds 

of years. amongst those unique types of nanomaterials, magnetic nanomaterials have been 

the focal point of considerable interest over the past  many years as evidenced by an 

extraordinary increase in the wide variety of research papers focusing on these materials 

(Gul et al., 2019).  

Nanoparticles (NPs) are small particles that exist in an average size between 1 and 100 nm 

that distinguish them from their parental bulky materials and lead them to perfect for 

numerous applications. Among them, magnetic nanoparticles (MNPs), a nanoscale 

material, with unique magnetic properties were widely used in extraordinary fields 

inclusive of biomedical, energy, engineering, and environmental applications. The MNPs 

have become an area of intensive research inside the recent beyond due to their particular 

and outstanding properties which make their potential application in biomedicine, 

catalysis, agriculture, and the environment (Ali et al., 2021). 

Magnetic nanoparticles (MNPs) have appeared promising execution in toxin evacuation or 

poisonous quality relief (Mohammed et al., 2017). Many studies have been reported on 

newly developed magnetic adsorbents, such as magnetic zeolites for removing dyes and 

synthetic magnetite for removing radioactive elements. Not only can all magnetic 

adsorbents effectively remove adsorbed water, but also they easily separated from the 

solution under a magnetic field. Magnetic nanoparticle adsorbents are of great interest 

because they can be easily separated from water by an external magnetic field, can be used 

repeatedly, and are of great interest(Lai et al., 2016). 

According to (Jiang et al., 2017) report, Magnetic technology has been developed as an 

alternative to water treatment, especially for adsorption processes. After adsorption of 

contaminants by using magnetic adsorbent with two characteristics of magnetic 

adsorption, without using centrifugation and filtration, contaminants can be removed from 

solution by magnetic separation technology. To this end, Fe3O4 has been widely used as a 

magnetic carrier to prepare novel adsorbents according to its unique magnetic properties.  

In spite of the fact that there are numerous unadulterated phases of iron oxide in nature, 

the foremost prevalent MNPs are the nanoscale zero-valent iron (nZVI), Fe3O4 and γ-

Fe2O3. Among them, magnetite (Fe3O4), which could be a ferromagnetic black color iron 

oxide of both Fe(II) and Fe(III), has been the foremost broadly considered. Magnetite is 
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the favored sort since of the nearness of the Fe2+ state with the potential of acting as an 

electron giver. (Mohammed et al., 2017) 

Over the past decades, magnetic nanoparticles (MNPs, particularly magnetite (Fe3O4) have 

gotten considerable attention for their interesting nano-sized and morphology-dependent 

physicochemical properties, and for their biocompatibility, magnetic properties, and strong 

binding affinity and capacity. However, due to high surface free energy Fe3O4 MNPs with 

fewer functional groups are susceptible to air oxidation and undergoes leaching under 

acidic conditions and prone to aggregation in aqueous solution which reduce the ion 

removal capacities and restricts the ranges of applications (Peng et al., 2017). 

2.9.1. Synthesis of Magnetic Iron Oxide  

A large number of researchers studied the synthesis of magnetic iron oxide nanoparticles 

with versatile compositions and phases. Synthetic routes were selected to manipulate the 

shape, stability, and dispersion tendencies of iron oxide magnetic nanoparticles. Great 

quality iron oxide magnetic nanoparticles can be synthesized with the aid of adopting 

flexible synthetic techniques consisting of thermal decomposition, co-precipitation, 

micelle formation, hydrothermal, and laser pyrolysis techniques. It turned hard for us to 

bring together all this literature and we have been attempted to give every synthetic 

technique by giving a few examples in conjunction with the corresponding formation 

mechanism (Gul et al., 2019). 

2.9.1.1. Co-precipitation Methods 

Co-precipitation is perhaps a greater suitable approach to prepare magnetic iron oxide 

nanoparticles from an aqueous solution containing Fe (II) and Fe (III) by including a base 

under the anaerobic situations at ambient or high temperatures. However, there are certain 

factors just like the type of iron salts, Fe(II): Fe(III) ratio, the temperature of the reaction, 

pH of the medium, volume, and ionic strength of the solution that markedly have an effect 

on size, shape, and composition of the magnetic iron oxide nanoparticles. In the co-

precipitation method, once the synthetic situations are met high quality of the magnetic 

iron oxide nanoparticles are efficiently produced (Gul et al., 2019).   
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Figure 2. 2: Synthesis methods of Magnetic Nano particles 

2.9.1.2. Microemulsion Synthesis 

Water-in-oil Microemulsion includes Nano sized water droplets dispersed within the oil 

phase that might be stabilized with surfactant molecules. The process undergoes 

lemmatize particle growth, nucleation, as well as agglomeration. The sort of NPS because 

of surfactant, nature, physiological conditions, and plenty of others is the primary benefit 
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of this method. For the synthesis of magnetite NPs, nanoemulsions containing iron sources 

from salts and sodium hydroxide are blend together and at the end of the reaction washed 

with acetone to remove the surfactant, and washed with ethanol. Commonly, the colloidal 

NPs exhibit superparamagnetic behavior with excessive magnetization values (Zia et al., 

2016). While two immiscible solvents are mixed collectively, a thermodynamically strong 

isotropic dispersion is formed that is described as Microemulsion with the presence of an 

interfacial layer of surfactant's molecules. Surfactants molecules commonly bearing 

hydrophilic heads soluble in water and hydrophobic tails soluble in oil segment form a 

monolayer on the interface of the two immiscible liquids (water-oil). Surfactant is an 

amphiphilic molecule playing a position to decrease the water-oil interfacial anxiety to 

provide a transparent solution. The Microemulsion method has numerous benefits in 

comparison with other synthetic techniques. For instance, with the use of a simple device, 

an awesome kind of nanomaterials may be synthesized with exceptional manipulate over 

size, shape, and composition, favored crystalline structure and excessive unique surface 

area, simple synthetic situations at ambient/close to ambient temperatures, and pressures 

(Gul et al., 2019). 

2.9.1.3. Hydrothermal Route 

The hydrothermal or solvothermal path is one of the most successful methods to put 

together with magnetic nanoparticles and ultrafine powders. Hydrothermal synthesis 

accompanies higher temperatures (125–250°C) at very excessive pressures (0.3–4 MPa). 

Powdery iron oxide magnetic nanoparticles with 40 nm diameter had been reported the use 

of hydrothermal course (140°C) and a saturation magnetization of 85.8 emu. g−1, which is 

some distance lower than that of the bulk iron oxide(Gul et al., 2019). 

According to (Ali et al., 2021) reported, under the hydrothermal method, hydrolysis and 

oxidation reaction takes place to provide MNPs. The crystal formation relies upon the 

extent of the solubility of minerals within the water. Particles of numerous magnetic 

nanomaterials of uniform size are acquired through this technique. For example, Fe3O4 

NPs of length 15 nm and spherical shape were acquired. In addition, Chitosan-coated 

Fe3O4 NPs of 25 nm length were prepared, and carried out in enzyme immobilization. The 

morphology and crystallinity of synthesized MNPs depend upon the correct mixing of 

solvent, time, amount of pressure, and temperature. 
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2.10. Magnetic Calcium silicate Hydrate (Fe3O4 Loaded CSH Composite) 

CSH is usually a kind of superfine powder, which is simple to lose within the processes of 

adsorption and difficult to partitioned from aqueous systems after batch adsorption tests. 

Therefore, magnetical materials have attracted broad interest due to their fast and 

successful separation from the treated water. Among magnetic adsorbents, magnetic 

mesoporous nanostructures are great adsorption materials, since they are not only showed 

a high specific surface area owing to the plenteous intraparticle spaces or intraparticle 

pores but also too have superior attractive properties than powder adsorbents due to 

weaker Brownian movement(Zhang et al., 2015). 

Having fast kinetic, large surface area, a specific affinity for adsorbate, and giving 

minimal environmental impact metal-based CSH are advantageous both technologically as 

well as economically. In addition, metal oxides can be characterized by having short 

intraparticle diffusion distance, high adsorptivity, super magnetic, and easily regenerated. 

Nowadays, some of the metal oxides like ferric oxides and ferric magnetite used to 

eliminate the anions in water. These oxides have proven a high affinity towards nitrate 

ions where the sorption is specially controlled with the aid of complexation of hydroxide 

in solution, and subsequently acidic dissociation at the solid-solution interface that creates 

positively charged surface sites at the adsorbent, and as a result, adsorb the nitrate ions 

(Suzaimi et al., 2019). 

2.11. Adsorption equilibrium isotherms 

Isotherm refers to the relationship between the equilibrium adsorbate concentrations in the 

liquid-phase and the equilibrium adsorption amount on the solid-phase at a certain 

temperature. Sorption equilibria deliver fundamental physicochemical data for assessing 

the relevance of sorption processes as a unit operation. Sorption equilibrium is normally 

described by an isotherm equation whose parameters express the surface properties and 

affinity of the sorbent, at a constant temperature and pH. Therefore an accurate 

mathematical description of the equilibrium isotherm, preferably based on a correct 

sorption mechanism, is essential to the effective design of sorption systems (Ho et al., 

2002). We can model the equilibrium adsorption data by the isotherms, and investigate the 

adsorption information, such as the adsorption mechanisms, the maximum adsorption 

capacity, as well as the properties of adsorbents by the isotherms (J. Wang & Guo, 2020).  

According to the paper, studied by (Berkessa et al., 2019) adsorption isotherm can be 
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described as a curve that explains the phenomenon governing the retention (release) or 

mobility of a substance to a solid at constant temperature and pH in an aqueous porous 

medium or aquatic environment.  

Adsorption isotherm gives an idea about relation between the adsorbate and the extent of 

adsorbate adsorbed on the surface of adsorbent at fixed temperature (Mor et al., 2016). 

The adsorption equilibrium has continuously been clarified by the isotherm equations such 

that their parameters demonstrate the surface characteristics and affinity of the adsorbent 

toward the adsorbate(Ghadiri et al., 2017). The two popular isotherms are Langmuir and 

Freundlich isotherms which have been used to explain the equilibrium of an adsorption 

system (Nsami & Mbadcam, 2013). 

2.11.1. Langmuir isotherm 

Langmuir isotherm decides the adsorption of ions on the surface of the adsorbent on the 

monolayer and comparable destinations on the surface (Mor et al., 2016). According to  

Langmuir isotherm, assumptions can be taken based on adsorption that occurs at specific 

homogeneous sites within the adsorbent (Nsami & Mbadcam, 2013). 

2.11.2. The Freundlich adsorption Isotherm 

The Freundlich isotherm is an empirical equation employed to describe the heterogeneous 

system. This empirical model can be applied to non-uniform surface adsorption heat and 

non-uniform distribution of affinity and multi-layer adsorption. Historically, this was 

developed for the adsorption of animal charcoal, and indicates that the proportion of 

adsorbed water in the adsorbent in a given mass of solute is not constant at other solution 

concentrations. From these perspectives, the amount adsorbed is the sum of the 

adsorptions of all sites (with their respective binding energies) until the adsorption energy 

decreases exponentially when the adsorption process is complete, and the stronger binding 

sites are occupied first(Foo & Hameed, 2010). 

 At present, Freundlich isotherm is universally applied in varied systems especially for 

organic syntheses or considerably interactive species on triggered carbon and molecular 

sieves. The slope ranges between 0 and 1 is a measure of adsorption intensity or surface 

variousness, turning better heterogeneous as its value gets closer to zero. Whereas, a value 

below unity implies a chemisorption process where 1/ n above one is indicative of 

collaborative adsorption (Ho et al., 2002). 
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2.12. Adsorption Kinetics studies 

Adsorption kinetics reflects the evolution of the adsorption process as a function of time. 

This is an important parameter to consider when choosing an adsorbent. Fast adsorption is 

recommended for treatment methods that use adsorption as a purification process. Several 

models have been developed that describe the diffusion of solutes on the surface of 

particles and within pores (such as film distribution models, intra-particle diffusion 

models, out-of-particle diffusion models, and pore diffusion models). In the case of 

nitrates removal, simplified models such as pseudo-first-order kinetics and pseudo-

secondary kinetics were common (Battas et al., 2019).  

The adsorption dynamic is one of the foremost imperative issues for understanding both 

the mechanisms of adsorption and the evaluation of persuasive factors on the reaction rate.  

Kinetics explains solute take-up rates additionally characterize the residence time of the 

adsorbate at the solid-liquid interface. Kinetic modeling was used to investigate the 

adsorption mechanism and potential velocity control processes (Ghadiri et al., 2017). 

2.13. Adsorption Thermodynamics 

Another important factor characterizing adsorption is the enthalpy of adsorption. During 

adsorption, the residual forces on the surface always decrease. In other words, the surface 

energy, which appears as heat, is reduced. Therefore, adsorption is always an exothermic 

process. That is, the enthalpy of adsorption (ΔH) is always negative. When a gas or liquid 

is adsorbed, the freedom of movement of its molecules is limited. This corresponds to a 

reduce in entropy of the adsorbed molecule after adsorption. For the process to be 

spontaneous, the thermodynamic requirement is that ΔG, must be added at a constant 

temperature and pressure, i.e. the Gibbs energy decreases. According to the equation, ΔG 

= ΔH - TΔS, if ΔH has a sufficiently high negative value - ΔG can be negative because 

TΔS is positive. Therefore, the spontaneous adsorption process is a combination of these 

two factors is added ΔG. As adsorption proceeds, ΔH becomes increasingly negative, 

eventually ΔH becomes equal to TΔS, and ΔG becomes zero (Ibrahim & Bsharat, 2018). 

Generally, these parameters indicate whether the adsorption process is spontaneous as well 

as it also indicates whether it is exothermic or endothermic. The standard enthalpy 

changes (ΔHº) in the adsorption process are: (i) Positive values indicate that the process is 

endothermic in nature. (ii) Negative values indicate that the process is heat generating in 
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nature and that the amount of heat given when the metal ions on the adsorbent surface 

bind are released. This can be obtained with an adsorption rate (Cads) vs. temperature (T) 

plot. The adsorption rate increases as the temperature rises. This shows the endothermic 

process and the reverse phenomenon of fits. When the value of (ΔSº) becomes positive, it 

shows an increment of the degree of freedom (or disorder) of the adsorbed species (Al-

anber, 2011). 

2.14. Factors Affecting Adsorption 

2.14.1. pH of Solution 

The pH of the solution affects the degree of adsorption, as the distribution of the surface 

charge of the adsorbent is likely to change. This is due to the composition of the raw 

material and the activation technology, so the degree of adsorption is different depending 

on the functional group of the adsorbate.  (Berkessa et al., 2019) reported that the effect of 

initial solution pH on nitrate removal increased with pH increasing to 2-7 and decreased 

over pH 7. According to the studies above, the decrease in nitrate removal above pH 7 

may be due to stronger competition with hydroxide ions, and the low removal below pH 7 

may be due to the instability of SWR oxides at lower pH. The pH of the solution controls 

the electrostatic interactions between the adsorbent and the adsorbate. 

According to (Helard et al., 2018) investigated that the adsorption of nitrate on natural 

pumice is strongly pH-based. The removal efficiency and nitrate uptake were reduced with 

increasing pH and the most effective pH value for nitrate removal became four.  At lower 

pH values the quantity of H+ ions inside the answer are more than OH- ions. This brought 

about the reduction of the negative charge at the surface due to the extra protons within the 

solution and as a result, the number of positively charged sites increased. A positively 

charged surface site on the adsorbent favors the adsorption of the nitrate anions because of 

electrostatic attraction.  On the other side, a pointy decline in removal efficiency of nitrate 

happened at higher pH that may be because of electrostatic repulsion of anionic nitrate by 

way of the negatively charged adsorbent's surface. The decrease in sorption ability on the 

higher pH (pH > four) may be due to the competition for the active sites' anionic nitrate by 

means of the negatively charged surface of natural pumice. 
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2.14.2. Effect of adsorbent dose 

According to (Berkessa et al., 2019) reported that when the dose of adsorbent was changed 

between doses 4-32 g/L, the nitrate removal rate increased from 22.34 to 32.20% when the 

dose of adsorbent was increased. When the dose was changed from 4 and 32 g, the 

clearance increased from 24.3% to 32.2%. There is a slight increase in the removal rate of 

nitrate with increasing SWR dose, presumably because there is no appreciable increase in 

effective surface area due to the exchange particle conglomerates on the SWR surface. 

The adsorption effectiveness increments with the adsorbent dosage. Nevertheless, a 

dosage of nano-particle beyond the consistent state does not move forward adsorption due 

to covering of active sites. At lower measurement of adsorbents, there are deficiently 

active sites that the adsorbate can effectively possess(Temesgen Getahun, 2019). 

2.14.3. Effect of initial concentration 

Effect of adsorbate concentration on adsorption investigated by (Berkessa et al., 2019)  

with initial concentrations of nitrogen nitrate in the range of 3 to 19 mg/L. The results of 

this paper showed that the nitrate removal rate decreased from 26.33 to 6.53% with 

increasing nitrate-nitrogen concentration. A decrease in nitrate adsorption may suggest a 

lack of available space required for high initial concentrations of nitrate. The high 

congestion of low concentrations of nitrate is likely due to the availability of more space 

on the surface of the adsorbent for fewer adsorbent species. 

2.14.4. Contact Time or residence time 

The longer the residence time, the more complete the adsorption. Therefore, the contact 

time required to complete the settlement is important to provide insight into the settlement 

process. It also provides information on the minimum time required for significant 

adsorption to occur and the possible diffusion control mechanism of the adsorbent(Al-

anber, 2011). Contact time is considered to be an important factor influencing adsorption. 

Based on the literature review, removal efficiency is greater with longer contact times. 

This is due to the longer contact between the solid and the liquid, which enables better 

interaction between the medium and the adsorbate (Nabhan, 2019). 

By changing the contact time from 0 minutes to 120 minutes, and by stirring the mixture 

in a 250 ml plastic bottle, 100 ml of the test solution containing 5.14 mg/L NO3-N in a 

dose of 20 g SWR is adsorbed to determine the equilibrium time at 150 revolutions per 
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minute. The results showed that the nitrate removal rate increased over time and reached a 

maximum value (0.071 NO3-
 N mg/g) at 60 minutes and then stabilized (Berkessa et al., 

2019). 

 2.14.5. Effect of Particle size 

The smaller particle size reduces the restriction of internal diffusion and mass transfer and 

allows the adsorbate inside the adsorbent to penetrate (i.e., the equilibrium can be more 

easily achieved and almost full adsorption capacity can be achieved). According to  (Al-

anber, 2011) studied, the removal efficiency of Fe3+ ions by natural zeolites through three 

different particle sizes of (45, 125, and 250 µm). It is observed that the maximum 

adsorption efficiency is achieved with a particle size of 45 micrometers. This is because 

most of the inner surface of these particles can be used for adsorption. The smaller the 

particle size, the faster the adsorption rate, and the shorter the path for Fe3+ ions to move 

inside the zeolite pore structure with a smaller particle size. 

2.15. Adsorption of Nitrates Ions 

The efficiency of the adsorption process relies upon on the different adsorbents. The 

adsorbent should have excessive adsorption capability, a high rate of adsorption, low 

value, and easy regeneration (Hai & Bui, 2013). The adsorption of nitrate ions can be 

performed using different adsorbents. For instance, the sorption of nitrate ion on biochar 

made from several agricultural, and forest such as pinewood, bamboo, wheat straw, 

mustard straw, corn Stover, and sugarcane bagasse. The result of these adsorbents 

demonstrated that effective biochar-based sorbents for removal of nitrate ions from 

aqueous solutions (Zhao et al., 2018).  

According to the study reported by (Moaaz K. Seliem, 2013) there are many materials and 

technologies that have been developed for the removal of nitrate, including sepiolite, 

sepiolite activated by HCl, slag and powdered activated carbon, pulsing potential 

electrolysis, red mud, modified wheat residue, ammonium-functionalized MCM-48, bio-

electrochemical, Chitosan hydrogel beads, cross-linked Chitosan beads conditioned with 

sodium bisulfate, aquatic macrophytes, activated carbon prepared from sugar beet, Zn/Al 

chloride layered double hydroxide, and organic surfactants modified clay minerals. In 

addition, zero-valent iron and magnesium, nano bimetallic, and catalytic methods are also 

used for the removal of nitrates but have drawbacks of high cost and low yield (Halil 

Ibrahim Uzun, 2019).   
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                                    Different adsorbents used for nitrate removal 

 

Carbon based     Natural sorbents      Agricultural             Industrial waste         Biosorbents            

sorbents                                              wastes as sorbents     waste sorbents 

   

Commercial                  Clay                Sugarcane                                                    Bamboo 

Activated carbon        sorbents            bagasse                                Fly ash             Powder 

 

Iron oxide dispersed                              Rice hull                                                    Chitosan 

Activated carbon          Zeolites                                                      Red mud 

                                                             Wheat residue 

ZnCl2 treated                                            

Activated carbon                                    Sugar beet    

                                     Sepiolite             pulp                                      Slag 

Carbon nanotubes 

 

Figure 2. 3: List of different adsorbents used for the removal of nitrate from water 

Figure 2.3 summarizes several adsorbents, which have been used for nitrate removal. In 

addition, adsorption capacity, pH, adsorbent dose, contact time, and initial nitrate 

concentration of different adsorbents for nitrate removal from water has been presented in 

Table 2.3. 
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2.16. Adsorption Regeneration 

Regeneration is a very important aspect of adsorption from an economic and 

environmental point of view. The disposal of adsorbents is one of the problems associated 

with the adsorption methods. The regeneration can reduce the need for new adsorbents and 

additionally reduce the trouble of disposal of used adsorbents. Numerous regeneration 

methods were used with different degrees of success. The recovery of many solutes 

became viable with the aid of using solvent washing (Kulkarni & Kaware, 2014).  

Table 2. 3: Adsorption capacities and other parameters for the removal of nitrate by 

different sorbents. 

Adsorbents pH Initial NO3
- 

concentrati

on 

(mg/L) 

Contac

t time 

(min) 

Adsorbent 

dose 

qmax 

(mg/g) 

Reference 

Natural Pumice 4-8 15-90 15-70 0.3-30 

mg/L 

167.37 (Helard et 

al., 2018) 

Granular Ferric 

Hydroxide 

3.8-

7.8 

50-150 30-90 0.625-3.75 

g/50 mL 

- (Dehghani 

et al., 

2015) 

Local Clay 2-9 50-200 30-300 5-40 g/L 27.77 (Battas et 

al., 2019) 

Solid waste from 

factory 

2-12 13.29-84.17 10-120 4-32 g/L 0.065 (Berkessa 

et al., 

2019) 

Egg shell 

biowaste 

3.5-9 

 

50-1500 0.5-6 

days 

5-15 g/L 8.25 (El-ashgar, 

2020) 

Chitosan 2-10 

 

25-500 5-120 0.5-10 g/L - (Moghada

m et al., 

2018) 

Modified steel 

slag 

1-10 20-300 30-420 0.2-2 

g/100 mL 

16.39 (Yang et 

al., 2017) 

Zn-Al layered 

double 

hydroxide/Activat

ed Carbon 

2-12 100 mg per 

50 mL 

10-120 25-200 

mg 

73.74 (Karthikey

an & 

Meenakshi

, 2019) 

Zeolite supported 

zero-valent Iron 

nanoparticle 

2-10 30-200 10-500 2-10 g/L 22.94 (Sepehri et 

al., 2014) 

Modified rice 

husk 

 

3-11 50-300 20-120 0.1-0.4 

g/L 

55.55 (Katal et 

al., 2012) 
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CHAPTER THREE 

METHODOLOGY 

 3.1. Chemicals Reagents and Equipment’s 

The main raw material that was used to generate calcium silicate hydrate during the 

experimental work was Aluminium sulphate solid waste residue from Awash Melkassa 

chemical factory. SWR was reacted with NaOH to form sodium silicate solution. The 

produced product reacted with CaCl2 to produce CSH. The FeCl3.6H2O and FeCl2.4H2O 

were reacted to form Fe3O4 product. Anhydrous potassium dihydrogen phosphate 

(KH2PO4), KNO3, NaCl and Na2CO3 were dissolved in deionization water to form 

phosphates, nitrates, chloride and carbonate stock solutions in 1000 mg/L each, 

respectively. The diluted (0.1 M) of HCl and NaOH were used to adjust the pH of the 

solution. All chemicals reagents used were analytical grade. 

Equipment that were used for experimental work includes; electronic balance, magnetic 

stirrer, ball mill, Autoclave Reactor, conical flask, beaker, funnel, water dispenser, 

measuring cylinder, magnetic stirrer, beaker, oven, filter paper, vacuum filter, burette, 

various mesh size sieves.  NitraVer
 
® 5 Nitrate Reagent powder pillows, 10 mL, pk/100 

also used for nitrate concentration measurement using UV/VIS Spectrophotometer (Hach 

DR6000 TM LPV441.99.00002, USA),    

3.2. Methods 

3.2.1. Calcium silicate hydrate (CSH) Synthesis  

Calcium silicate hydrate (CSH) was synthesized using sol-gel method according to 

(Wakene et al., 2021) method as shown in figure 3.1. Fresh Aluminium sulphate solid 

waste residue from Awash Melkassa Chemical Factory was dried on oven at 105 oC 

overnight. Solid to liquid ratio of 1:10 was used. Based on this 100 g of powder dried 

Aluminium sulphate filter cake was mixed within 4 M NaOH (1000 ml) at 80 oC; stirred 

using heated magnetic stirrer and let reacted for 2 hr. followed by cooling. This solution 

was vacuum filtered to separate into the filter cake residue and the filtrate, which contains 

mainly sodium silicate (Na2SiO3). Balanced amount of calcium chloride (CaCl2) which 

was computed from the material balance at Ca/Si ratio 1.2 was added in a drop wise into 

the Na2SiO3 at room temperature. Subsequently, a white semi-rigid porous gel was 

developed and aged for 24 hr. at static condition in the Teflon bottle followed by filtration 
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to remove the solvent. The formed gel were gently mixed with deionized water for an hour 

to remove free Ca(OH)2; and  dried at 80 oC for 24 hr. to obtain CSH. The produced CSH 

meshed at 90 µm and stored in the glass bottle prior to be use for the adsorption.  

                                                                                                                           CaCl2 

4M NaOH                       

                      Reaction                                 Separation using                     Na2SiO3 at room  

                  t = 2 hr. T=80 OC                           Vacuum Filter                      temperature 

 SWR                                                                                                   

                                                                

                                                              Filter Cake Residue                                               

                                                                                                                                  

                                                                                                                                        

                               24 hr. Aging                                                                  Separation using 

                                                                              Porous Gel                       Vacuum pump 

 

                                                                                                                      Solvent 

                                 

                       Washing using deionized water 

 

 

                             

 

                                 Drying                                                Size Reduction         CSH 

                              T= 80 OC                                                   90 µm 

                              t = 24 hr.                        

Figure 3. 1: Experimental framework of calcium silicate hydrate (CSH) synthesis 

3.2.2. Fe3O4   Synthesis 

Magnetic particle of magnetite was synthesized using of method co-precipitation of ferric 

and ferrous salts.  According to (Wubishet et al., 2020) method 15.1 g  FeCl
3
∙6H

2
O   and 

5.55 g of FeCl2.4H2O were dissolved in 100 ml of 0.3 M HCl. Then the solution of 120 

mL of 3 M NaOH over a period of 2 hr. under vigorous stirring at 80 OC was added 

dropwise from separatory funnel. Precipitation was expected at pH between 8 and 14. 
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After the system cooled to room temperature, the precipitate separated by permanent 

magnet, and washed with distilled water until neutral pH. Finally Fe3O4 was washed with 

acetone and dried in oven at 65 oC overnight (Hariani et al., 2013). The relevant chemical 

reaction can be expressed as: 

𝐹𝑒2+ + 2𝐹𝑒3+ + 8𝑂𝐻−  → 𝐹𝑒3𝑂4 + 4𝐻2𝑂 3.1 

 

                                                                           FeCl2       

                    FeCl3                                     Mixing 

 

                               HCl                          Reaction                           NaOH 

                                2hr, 80 OC 

 

                 Deionized water                       washing                        Acetone 

 

                                                                   Drying 

                                                           T = 65 oC, Overnight             Fe3O4 

Figure 3. 2: Experimental framework of Fe3O4 synthesis by coprecipitation method 

3.2.3. Fe3O4 Loaded CSH Composite Synthesis 

The novel Fe3O4 loaded CSH  composite were synthesized according to (Peng et al., 2017) 

by a dynamic hydrothermal synthesis method. Accordingly, 10-40 wt. % of Fe3O4 was 

added to CSH and dissolved in 100 ml of deionized water. To obtain uniform mixture it 

was ultra-sonicated for 30 min at room temperature. The product was removed after the 

temperature and pressure were reduced to atmospheric conditions followed by the uniform 

mixture reacted in autoclave hydrothermally at 170 OC for 7 hr. The produced particles 

were washed several times with distilled water to remove excess ions, and the washed 

precipitates were finally dried at 70 ° C over night as shown in figure 3.3. 
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                          CSH                              Fe3O4 

  

 

 

                                   

                                  Mixing by Ultrasonicator               Deionized water 100 mL  

 

 

 

                                           Hydrothermal Reactor                                

                                             T=170 oC, t = 7hr.                                       

 

 

                                                    Cooling 

 

 

                                                  Washing 

 

 

                                               Oven drying 

                                              T= 70 oC, overnight 

Figure 3. 3: Experimental framework for Fe3O4 loaded CSH composite 

3.3. Material Characterization 

3.3.1. Absorption Spectroscopy 

To determine the chemical compositions of solid waste residue of Awash Melkassa 

chemical factory, Complete Silicate Analysis using analytical methods of Lithium 

Metaborate fusion (LiBO2 Fusion), HF attack, Gravimetric, Colorimetric and Atomic 

Absorption Spectroscopy (AAS) were conducted. The analysis performed at Addis Ababa 

Ethiopian Geological survey. 

                                                                                           



40 
 

3.3. 2. X-ray Diffraction (XRD) 

X-ray diffraction (XRD) is one of the most considerably used techniques for 

characterization. Commonly, XRD gives information regarding the crystalline structure, 

nature of the phase, lattice parameters, and crystalline grain size. In this study the analysis 

of SWR of Aluminium sulphate plant, CSH and Fe3O4 loaded CSH composite were 

subjected to XRD machine model shimadzu XRD-7000 x-ray diffractometer using cu-kα 

radiation. The measurement condition for each test includes voltage = 40.0 (kV), current = 

30.0 (mA) and scan range from 10.00 to 80.00 with 0.02 step size. 

The average particles size are calculated by using Scherrer equation (Abraha, 2015). 

  

𝐷 =  
𝐾. 𝜆

𝛽𝐶𝑜𝑠𝜃
                       3.2 

Where, D is crystalline size, K = (0.9) is a Scherrer constant, λ is the wavelength of  the  

x-ray, θ is Bragg angle of corresponding diffraction peak and β is  full width  at  half  

maximum  (FWHM) 

𝑛𝜆 =  2𝑑𝑠𝑖𝑛𝜃 
3.3 

Where n (an integer) is the "order" of reflection, λ is the wavelength of the incident X-

rays, d is the interplanar spacing of the crystal and θ is the angle of incidence. 

3.3.2. Fourier Transform Infrared Spectrometry (FTIR) 

The functional group of CSH, Fe3O4 loaded CSH and solid waste residue of aluminium 

sulphate plant were detected using JASCO FT/IR-6600 type A model with Serial number 

A013861790. The FTIR spectrum from 4000-400 cm-1 in resolution 4 cm-1 recorded. 

Sample for the FTIR analysis were prepared by weighting the amounts of sample, 1 gm, 

and Potassium Bromide (KBr) powder, 100 gm into an agate mortar. The FTIR pattern is 

plotted within the FTIR machine by generating the transmittance peaks (%) as the Y-axis 

versus wavenumber (cm-1) as the X-axis. 

3.3.3. Brunauer-Emmett-Teller (BET) 

The Brunauer-Emmett-Teller (BET) method is commonly applied to calculate the specific 

surface area based on nitrogen adsorption isotherm measurements at 77 K. In this study 

the specific surface area of the CSH and Fe3O4 loaded CSH were carried out using Horiba 
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Instruments, Inc SA-9600 Series surface area analyzer at 200 OC degassing temperature 

for 2 hr. in the presence of nitrogen gas. 

3.3.4. Thermal gravimetric analysis (TGA) 

Thermal gravimetric analysis (TGA) analysis was performed using (Beijing, HCT-1, 

TGA) analyzer. The Nitrogen gas used as carrier gas and the heating rate was set at 

20oC/min to determine the thermal stability of 10 mg of the solid waste residue of 

aluminium sulphate plant and Fe3O4 loaded CSH. The temperature was adjusted between 

20 ℃ to 800 ℃ and the decomposition of sample weight (%) against temperature (℃) was 

recorded. This analysis resulted two types of curve, TGA curve and derivative 

Thermogravimetric (DTG) curve. 

3.3.5. Scanning Electron microscope (SEM) 

A scanning electron microscope (SEM) is a type of electron microscope that produces 

images of a sample by scanning the surface with a focused beam of electrons. The 

electrons interact with atoms in the sample, producing various signals that contain 

information about the surface topography and composition of the sample. In this study, the 

morphology of CSH before and after adsorption of nitrate ion as well as Fe3O4 loaded 

CSH before and after adsorption of nitrate ion was conducted using SEM analyzer of 

model: JCM-6000PLUS Bench Top SEM, JEOL, Japan. The procedure of analysis 

includes, 30 mg specimen is mounted on a metal stub using a sticky carbon tape, which 

increases conductivity. The clip holds the sample securely and that the clip was not 

obscuring any area that you intend to image. The specimen must be electrically grounded 

to the sample holder to minimize specimen charging. Specimen exchange, evacuation, and 

automatic adjustment of image carried out to photographing and finally the image saved.  

3.4. Adsorption experiments 

The nitrate removal by Fe3O4 based CSH adsorbent was carried out in a series of batch 

experiments. The experimental procedure was as follows. The Nitrate solution was 

prepared by dissolving known mass of KNO3 (99.55% pure) in 1000ml deionized water. A 

number of parameters such as reaction time, the concentration of nitrate, adsorbent dose, 

and pH affecting the removal of nitrate ion were varied widely in order to optimize the 

removal process. The experiments were performed in several 500 mL plastic bottles, each 

including a different amount of nitrate solution. The solution pH was adjusted using the 

addition of 0.1 M HCl and NaOH. 
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3.5. Design of Experiment 

3.5.1. Response surface method (RSM) 

Response surface method (RSM) is used only when several a few factors are involved in 

the optimization process. Box and Wilson published it in 1951. The RSM determines the 

relation between different independent variables within one or more dependent variables 

(Response). The RSM, which is a special type of experimental design, can be described as 

a collection of both mathematical and statistical methods for designing, improving, 

optimizing, and formulating a product design, in which several variables can affect the 

characteristics of the product design. RSM is the most useful method for analyzing data, 

and is an effective statistical method for modeling optimization of several parameters 

affecting the response curve.  

3.5.2. Central Composite Design (CCD) 

CCD is an excellent design method for the process optimization and finding the best 

possible output from the experiments. It is an integral part of a response surface 

methodology. The biggest merit of this type of optimization model is its accurate and no 

need of 3 level factorial experiment for developing a quadratic model (Bhattacharya, 

2021). Moreover, it turns out to be the extension of 2 level factorial or fractional factorial 

design and estimate nonlinearity of responses in the given data set.  CCD is not the only 

used to estimate curvature in obtained continuous response, but also gives maximum 

information in a minimum experimental trial. Reduction in the number of trials required to 

estimate the squared terms in the second-order model. RSM based on CCD was adopted to 

study the interaction effect between five independent variables to optimize the 

bioremediation process of nitrate. The independent factor was coded at five levels: −α, −1, 

0, +1 and +α where,  α (minimum) 1 (low), 0 (center), +1 (height) and +α (maximum) 

obtained from a preliminary  experiment (M. E. E.-S. and S. S. Ibrahim, 2021).   
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                     Selecting Process Factors and levels 

                      Identifying α and face-centered values  

                                 Selecting Response 

                           Conducting Experiments 

                    

                           Selecting appropriate model  

                                        ANOVA      

 

   

 F-Test (significant)      Lack of fitness (significant)     Adjusted and Predicted     Adequate  

                                                                                         R2 values                          precision       

                                                                                            

                                   Yes                   Objective achieved     No      Find the reason to solve 

                                           

                                            The Actual and Predicted values comparison                                                                                   

                                                              Obtaining Model Equations                          

                                                            3D and 2D graph Analysis 

                                                         Optimization and Confirmation experiment                                                                                                                 

Figure 3. 4: Central Composite Design Analysis flow chart for optimization process 

To perform optimization in process the fundamental tasks are screening, identifying the 

significant and important factors. The variable range and level are given in Table 3.1 in 

coded units resulting from RSM studies. The design was composed of 2k factorial points 
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augmented by 2k axial points and a center point where k is the number of variables. Thus, 

30 experiments (2k +2k + 6 = 30) were performed. 

Table 3. 1: Experimental ranges and levels of the independent variables 

Independent 

Variables  

Units  - α -1 0 +1 + α 

pH  2 4 6 8 10 

Contact time min 30 60 90 120 150 

Initial nitrate 

Concentration 

mg/L 10 35 60 85 110 

Adsorbent Dose g 0.8 1.6 2.4 3.2 4 

 

The relation between the coded and actual values of a factor  

𝛼 = (2𝑘)1/4 3.4 

 

−𝛼 =  𝑋𝑚𝑖𝑛 𝑎𝑛𝑑 + 𝛼 = 𝑋𝑚𝑎𝑥 
3.5 

 

 Where, Xmin and Xmax represent the minimum and maximum level of factor. 

−1 =
(𝛼 − 1)Xmax +  (α +  1) Xmin

2𝛼
 3.6 

 

0 =
Xmax +  Xmin

2
 3.7 

 

 

+1 =
(𝛼 − 1)Xmin + (α +  1) Xmax

2𝛼
 3.8 

The nitrate removal efficiency (Re, %) the ratio of difference in nitrate concentration 

before and after adsorption calculated according the following formula given below: 

 𝑅𝑒 =
𝐶0 − 𝐶𝑒

C0
  𝑥 100% 3.9 

 

 𝑅𝑡 =
𝐶0 − 𝐶𝑡

C0
  𝑥 100% 3.10 
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Nitrate adsorption Capacity at equilibrium (𝑄𝑒) will calculated as: 

 𝑄𝑒 =
(C0 − Ce)V

𝑚
  3.11 

Where C0 is the initial nitrate concentration (mg/L), Ct   nitrate concentration at given time 

t and Ce is the equilibrium concentration of nitrate (mg/L). V is the volume of working 

solution (L), and m is the dosage in (g) 

The regression analysis was performed to estimate the response functions as a second 

order polynomial as shown below 

    y =  β0 + ∑ βi

4

𝑖=1

𝑥𝑖 + ∑ βii

4

𝑖=1

𝑥2 +  ∑ ∑ βij xij
4

𝑗=1+1

3

𝑖=1
+ 𝜀  

3.12 

Where y is percentage of Nitrate ion removed; Xi and Xj are the ith and jth coded 

independent variables; and β0, Bi, Bii, and Bij denote the intercept, linear, quadratic, and 

interaction effect regression coefficients, respectively. 

y = β0 + β1A + β2B + β3C + β4D + β11A2 + β22B2 + β33C2 + β44D2

+ β12AB + β13AC + β14AD + β23BC + β24BD + β34CD 

3.13 

A, B, C, D are linear effects, A2, B2, C2, D2 are squared effects, AB, AC, AD, BC,BD, CD 

are interaction effects and Y is the predicted response. β0 is constant coefficient, β1,β2,β3,β4 

are linear coefficients, β11,β22,β33,β44 are squared coefficients, and β12,β13,β14,β23,β24,β34 are 

interactive coefficients, respectively. 

Design expert version 11, was used for regression analysis of the data obtained as well as 

to estimate the coefficient of the regression equation. The equations were validated by the 

statistical test called ANOVA. The significance of each term in the equation is to estimate 

the goodness of fit in each case. Response surface used to determine the individual, square 

and interactive effects of test variable on percentage removal of nitrate ions. 

3.6. Adsorption Kinetics 

 3.6.1. Pseudo-first-order kinetics 

Lagergren presented a first-order rate equation to describe the kinetic process of liquid–

solid phase adsorption that is expressed (Yifru Waktole Berkessa, 2019): 



46 
 

 
𝑑𝑞𝑡

𝑑𝑡
= 𝑘1(𝑞𝑒 − 𝑞𝑡) 

3.14 

Where qe (mg/g) and qt (mg/g) are the amounts of nitrate adsorbed on the adsorbent at 

equilibrium and at any time t, respectively, and k1 (min−1) is the rate constant of the first-

order adsorption. After integration and applying boundary conditions qt= 0 at t=0 and qt=qt 

at time=t, the integrated form:  

 ln(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛𝑞𝑒 − 𝐾1𝑡          3.15 

The value of k1 and qe can be obtained from the slope and intercept of the linear plot of ln 

(qe − qt) versus t, respectively 

3.6.2. Pseudo-second-order kinetics 

The pseudo-second-order kinetic model can be expressed as the following equation 

    
𝑑𝑞𝑡

𝑑𝑡
= 𝐾2(𝑞𝑒 − 𝑞𝑡 )2         

3.16 

Where K2 (g/mg min) is the rate constant of the second-order equation; qe (mg/g) is the 

maximum adsorption capacity; and qt (mg/g) is the amount of adsorbate adsorbed at time t 

(min). After integration: 

 
𝑡

𝑞𝑡
=

1

𝑘2 𝑞e2
  +  

𝑡

𝑞𝑒
         

3.17 

The value of qe and k2 will be obtained from the slope and intercept of the linear plot of 

t/qt versus t, respectively. The value of qe and k2 can be obtained from the slope and 

intercept of the linear plot of t/qt versus t, respectively. 

3.6.3. Intraparticle diffusion 

According to the intra-particle diffusion model, the plot of qt versus the square root of 

time (t0.5) should be linear if the intra-particle diffusion is involved inside the adsorption 

process. Moreover,  if these lines pass through the origin when the intra-particle diffusion 

is the race-controlling step, and two or more slopes could occur in a multi-step adsorption 

process (Pan et al., 2017). Intraparticle diffusion model based on the theory proposed by 

Weber and Morris was used to determine whether particle diffusion was rate-limiting step 
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or not during adsorption of nitrate onto Fe3O4 loaded CSH. The mathematical equation for 

intraparticle diffusion model is given in Equation below 

   𝑞𝑡 = 𝐾𝑝𝑡0.5  +  C    3.18 

Where qt is the amount of nitrate adsorbed (mg/g) at a given time t (min) and kp (mg/g 

min1/2) is the intraparticle diffusion rate constant and C is intercept. The kp and C value 

were obtained from plotting of qt versus t0.5. 

3.7. Adsorption isotherm 

Adsorption isotherm is a curve describing the phenomenon governing the retention 

(release) or mobility of a substance from the aqueous porous media or aquatic 

environments to a solid phase at a constant temperature and pH (Yifru Waktole Berkessa, 

2019). 

3.7.1. Langmuir isotherm  

A Langmuir isotherm model was originally used to describe gas sorption on monolayer 

homogeneous solid surface.  The assumption for this model includes identical adsorption 

sites could be used to predict adsorbate–adsorbent interaction at liquid–solid interface. 

   𝑞𝑒 = 𝑞𝑚𝑎𝑥

𝐾𝐿𝐶𝑒

1 + 𝐾𝐿 𝐶𝑒
    

3.19 

  
𝐶𝑒

𝑞𝑒
=  

1

𝑞𝑚𝑎𝑥𝐾𝐿
+

𝐶𝑒

𝑞𝑚𝑎𝑥
      

3.20 

   
1

𝑞𝑒
=  

1

𝑞𝑚𝑎𝑥𝐾𝐿
.

1

𝐶𝑒
+

1

𝑞𝑚𝑎𝑥
      

3.21 

Where, qe is the amount adsorbed (mg/g), Ce is the equilibrium concentration of adsorbate 

(mg/L), while qmax and KL are constants related to adsorption capacity and energy of 

adsorption, respectively. In addition, a dimensionless constant, commonly known as 

separation factor (RL) defined by Webber and Chakkravorti, is presented in in equation 

below. 

     𝑅𝐿 =
1

𝐾𝐿 𝐶0
      3.22 

Where, KL (L/mg) refers to the Langmuir constant and C0 is the adsorbate initial 

concentration (mg/L). The computed RL value suggests the adsorption nature to be either 
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unfavorable (RL > 1), linear (RL = 1), favorable (0 < RL < 1) or irreversible (RL = 0) (Foo 

& Hameed, 2010). 

3.7.2 Freundlich isotherm  

The Freundlich isotherm is empirical equations, which use to describe non-ideal sorption 

on heterogeneous surfaces and multilayer sorption; Freundlich isotherm summarized 

according to equation 

   𝑞𝑒 = 𝑘𝑓  𝐶𝑒
1/𝑛

       3.23 

   𝑙𝑛𝑞𝑒 = 𝑙𝑛𝑘𝑓 + (
1

𝑛
) 𝑙𝑛𝐶𝑒         

3.24 

Where Ce is the equilibrium concentration (mg/L), kf, and n are Freundlich isotherm 

constants related to adsorption capacity and adsorption intensity, respectively. The 

magnitude of the exponent, 1/n, gives an indication of the favorability of adsorption. 

Values of n > 1 represent favorable adsorption condition. Values of Kf and n are calculated 

from the intercept and slope of the plot. 

3.7.3. Temkin Isotherm 

Temkin isotherm model can relate the effects of indirect adsorbate/adsorbate interactions 

on the adsorption process; it is also assumed that the heat of adsorption of all molecules in 

the layer decreases linearly as a result of increase surface coverage (Ayawei et al., 2017). 

This isotherm consists of an aspect that explicitly takes into consideration of adsorbent–

adsorbate interactions through ignoring the extremely low and huge value of 

concentrations, the model assumes that heat of adsorption (function of temperature) of all 

molecules within the layer would decrease linearly instead of logarithmic with coverage 

(Olalekan et al., 2012).  The linear form of Temkin isotherm model is given by the 

following equations. The adsorption parameters (AT and B) were determined from the 

slope and intercept of the qe versus ln Ce plot based on the linearized equation as 

presented in Error! Reference source not found. 

  qe =
RT

b
ln (ATCe)                   3.25 

 

   qe =  
RT

bT
ln AT +  

RT

bT
 lnCe         3.26 
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    qe =  
RT

bT
ln AT +  

RT

bT
 lnCe        3.27 

     qe = Bln  AT + BlnCe        
3.28 

   B =  
RT

bT
      3.29 

Where 𝐴𝑇 = Temkin isotherm equilibrium binding constant (L/g) 

𝑏𝑇 = Temkin isotherm constant 

R= Universal gas constant (8.314J/mol.k) 

T = Temperature 298 k 

B = Constant related to heat of sorption (J/mol)  

3.8. Adsorption Thermodynamics 

The thermodynamic reputation of the adsorption operation is important to study when the 

adsorption operation is favorable or unfavorable. This adsorption behavior can occur using 

thermodynamic factors involving the Gibbs free energy difference (ΔG), the enthalpy 

difference (ΔH), and the entropy change (ΔS). The units for ΔG and ΔH are joules, and the 

unit for ΔS is joules per kilogram. Gibbs free energy indicates the spontaneous character 

of the adsorption (ΔG< 0 for the spontaneous process), while enthalpy values determines 

the endothermic or exothermic nature of the process (ΔH< 0 is exothermic while ΔH> 0 is 

endothermic). Positive values of ΔS indicate increased randomness at solid-liquid 

interphase during the sorption processes, hence increased adsorption performance (Tsamo 

et al., 2019). The following equation is the main equation and that can be used to connect 

the between the adsorption factors. 

   ∆G =  ∆H − T∆S      
3.30 

T assigned to the absolute temperature in Kelvin. The difference in Gibbs free energy can 

be also determined by the equation: 

   ∆G =  −RTln𝐾𝑑      
3.31 

When; R assigned to the universal gas constant that equals 8.314 J/mol.K.   Kd assigned to 

the thermodynamic equilibrium constant that equals (qe/Ce) with a unit of mol or (L/g).   

The combination of the last two equations will give this equation:  



50 
 

  𝑙𝑛𝐾𝑑 =
∆S

R
−

∆H

RT
    3.32 

The plot of lnKd versus (1/T) will give a straight line with (-ΔH/R) as a slope and (ΔS/R) 

as an intercept. The resulting graph is known as Van’t Hoff plot. 

  𝐾𝑑 =  
𝑞𝑒

𝐶𝑒
   3.33 

These parameters can be obtained from experiments at various temperatures using the 

equations prior to the ΔHº and ΔSº values are determined from the slope and intercept of a 

linear plot of (ln Kd) versus (1/T).  

3.9. The effects of co-existing ions 

To study the co-existing of ions three different ions such as phosphate, chloride and 

carbonate were selected, which are commonly present in water, and competes with nitrate 

during the adsorption process (Loganathan et al., 2013). The sources of the ions includes 

anhydrous potassium dihydrogen phosphate (KH2PO4), Nacl and Na2CO3 respectively. For 

each ions, 20 mg/L of each initial concentration for optimum 85 mg/L of initial nitrate 

concentration conducted based on work (Berkessa et al., 2019). The adsorption of co-

existing ions were involved at optimum operating parameters. 

3.10. Desorption Experiments 

The nitrate ions allowed to the adsorption process by Fe3O4 loaded CSH composite 

adsorbent. After adsorption, the supernatant was analyzed for residual adsorbate after 

separating the adsorbate by magnetic separation. The Fe3O4 loaded CSH composite 

adsorbent was treated with 1M NaOH. The gently agitated solution washed by deionized 

water. The treated and separated adsorbent was subjected to oven dry for six hour at 60 oC. 

Then the adsorbent was ready for further adsorption and the adsorption-desorption was 

repeated for four cycles. 
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CHAPTER FOUR 

RESULT AND DISCUSSIONS 

 4.1. Characterization of Materials 

4.1.1. Atomic Absorption Spectroscopy 

The analyses as indicated in (Table 4.1) show that the mass ratio of SiO2/Al2O3 is 3.95. 

This high value suggests the presence of a large amount of free silica (Quartz). The solid 

waste residue showed 14.78 % of loss-on-ignition (LOI), and it may be due to the 

dehydroxylation of the sample and removal of its organic compounds. Loss on ignition 

(LOI) is a normally used technique to determine the organic matter content of clay by 

means of oxidation at an elevated temperature in a muffle furnace through measuring the 

weight loss. It is a check designed to measure the quantity of moisture or impurities lost 

while the sample is ignited under the situations targeted in the individual monograph 

(Battas et al., 2019). 

Table 4. 1:  Complete Silicate Analysis in (%) of elements determined for SWR 

Components % 

SiO2 65.44 

Al2O3 16.57 

Fe2O3 0.48 

CaO ˂ 0.01 

MgO ˂ 0.01 

Na2O ˂ 0.01 

K2O 1.60 

MnO ˂ 0.01 

P2O5 0.19 

TiO2 ˂ 0.01 

H2O 1.22 

LOI 14.73 

 

             Where, LOI indicates Loss on Ignition 
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4.1. 2. XRD Result Analysis 

Figure 4.1 demonstrates the X-ray diffraction spectra of Awash Melkassa chemical 

factory, CSH before and after Adsorption. As shown from the figure CSH showed the 

intense peak at 29.5 ° it has been observed that there only exists one broad peak with a 

range of 10°~ 37°, amplifying its amorphous feature. There were clear diffraction peaks at 

29.5°, 32.02° and 50.33° , which also confirmed within the result of that was done by 

(Kuwahara & Yamashita, 2017). The minor peaks at 18.05 and 34.1 degrees can be 

indexed to Ca(OH)2 as observed from the XRD result which was the byproduct produced 

during calcium silicate hydrate formation. After nitrate adsorption, the diffraction peaks at 

2θ values of 20.5o, 22.9o, and 35.8o appeared suggesting that nitrate ion was adsorbed 

successfully on the positive layer of Calcium Silicate Hydrates (CSH) (H. Zhou et al., 

2020). 

From the complete silicate analysis of solid waste residue of Awash Melkassa chemical 

Factory, the major 65.44% of the component was SiO2 and 16.57% of Al2O3 with other 

traces of minor oxides. As shown from figure 4.1 silica was found with the highest peak in 

a major constituent. As (Mor et al., 2016) studied, the sharp peak at 2θ from 20 - 40 

degrees indicates the presence of a crystalline phase of SiO2. The band at 2θ = 25o 

indicates the presence of crystal silica component in solid waste residue (Peng et al., 

2017). The well-defined diffraction at 2-Theta values of 12.4o and 62.5o corresponds to 

kaolinite. Moreover, the peaks corresponds to the 2θ values of 27.5 and 41.6 are typical 

characteristics of kaolinite. Components of quartz (SiO2) are located at 2θ angles (o) of 

26.5, 39.5, and 45.7 (Zewdie et al., 2021).  
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Figure 4. 1: The X-ray diffraction patterns of SWR, CSH Before and after adsorption 

The crystal phase of Fe3O4 loaded CSH composite are investigated using X-ray 

diffraction. As observed from figure 4.2, the crystal structure of Fe3O4 has not changed 

after reaction with calcium silicate hydrates. The broad peak shown at 2θ= 29.5o because 

of a unique crystal structure of Calcium Silicate Hydrates (CSH) (Zhang et al., 2015). 
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Figure 4. 2: The X-ray diffraction patterns of Fe3O4, CSH and Fe3O4 loaded CSH  
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Figure 4. 3: The X-ray diffraction (XRD) patterns of Fe3O4 

The XRD analysis was carried out to identify the crystal nature, phases, and average 

particle size of the dried powders of the magnetite. The pattern of XRD showed a number 

of Bragg’s reflections that may be indexed based on the face-centered cubic structure of 

magnetite. The magnetite (Fe3O4) showed the angles corresponding to the peaks at 2θ of 

18.3, 30.1, 35.5, 53.4, 57.1, 62.6, 71.1, and 74.4, which are represented the  crystalline 

phase of magnetite. The XRD spectrum exhibited peaks corresponding to their crystal 

plane in a crystal lattice of 220, 311, 400, 422, 511, 440, 620, and 622 respectively. The 

result obtained was the same as magnetite found by (Loh et al., 2008). In addition, the 

results of phase analysis for magnetite Fe3O4 particles have a consistent result within peaks 

that appear in the sample with the literature Joint Committee on Powder Diffraction 

Standards (JCPDS file, No. 19-0629) (Byong Yong Yu, 2010). The extreme broad peaks 

indicating the ultra-fine as well as small crystallite size of the particle. Therefore, the 

observed peak positions and their relative intensities indicates, the formation of high purity 

crystalline Fe3O4 product (Ghandoor et al., 2012). Based on Scherer’s equation the 

average crystallite size of 16.523 nm was obtained. 
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 Table 4. 2: The crystallite size and d- spacing for magnetite (Fe3O4) 

Peak position 

(2 Theta) 

Theta d-spacing FWHM Crystallite Size  

D (nm) 

D nm 

(average) 

18.3401 9.17005 4.833553 0.55861 14.40563857 16.52263349 

21.26605 10.63303 4.174663 0.29627 27.28282428  

30.21297 15.10649 2.955715 0.52725 15.60672386  

35.58364 17.79182 2.52095 0.56335 14.81019792  

43.23819 21.6191 2.090739 0.49296 17.33493148  

53.58884 26.79442 1.708776 0.67052 13.2730874  

57.20798 28.60399 1.608972 0.67921 13.32236598  

62.80013 31.40007 1.478473 0.61428 15.15163809  

74.30147 37.15074 1.275513 0.56902 17.51629381  

 

4.1. 3. FT-IR Result Analysis 

The spectra of Awash Melkassa Aluminium sulphate solid waste residue, CSH before and 

after adsorption are depicted in figure 4.4. The broad peak around 3438 cm-1 of Awash 

Melkassa Aluminium sulphate solid waste residue represents hydroxyl stretching vibration 

(Al-OH or Si-OH) (Aragaw & Angerasa, 2020). The broadband at 3530 cm-1 shown from 

the solid waste residue was as a result of –OH stretching that exists in the inner hydroxyl 

group between the tetrahedral and octahedral sheets (Sarma & Bhattacharyya, 2019). As 

(Balan et al., 2021) studied, the stretching frequencies of OH groups are mainly controlled 

by the strength of H bonding and by the nature of the neighboring cations. H2O stretching 

was also found at 1650 cm-1. The smaller peak around 574 cm-1 corresponds to Si-O-Al 

bending vibration that demonstrates the aluminium sulphate solid residue contains silicon 

dioxide and aluminium oxide. The peak around 986 cm-1 are corresponding to Si-O-Si 

stretching, which is the same result, which found by (Aragaw & Angerasa, 2020) and (M. 

S. Chen et al., 2004). On the other side, the sharp peak located at 457 cm-1 illustrates Si-O 

deformation.  

Form the CSH sample before adsorption FTIR spectrum around 963 cm-1 can be 

responsible for the coupling of the vibrations of Si-O-Si, Si-OH and Si (OSi)3 O-Ca 

groups. The absorption peak of CSH at 457 cm-1 could be assigned to the bending 

vibration of Si–O–Si. These two characteristic peaks demonstrated that the CSH had a Si-
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O tetrahedron structure (Fang et al., 2018). On both CSH before and after adsorption, the 

broad and sharp peak observed around 3642 cm-1 corresponding to O-H of coordinated 

water molecules. The obtained result was confirmed within the result that was done by 

(Guan, Ji, Chen, et al., 2013). The band at 682 cm-1 is a characteristic of silicon dioxide 

and is possessed by the symmetric stretching vibration of Si-O-Si. In addition, the peak 

showed at 1658 cm-1indicates the existence of hydroxyl groups (O-H stretch) that proofed 

the presence of water in the chemical structure of calcium silicate. The bands between 

1443 and 1462 cm-1 are responsible for Ca-O. There have been two linkage kinds of 

hydroxyl groups in CSH  such as Ca-OH with Si-OH linkages, and the Ca-OH linkage, 

which could react with nitrates accounted for the main proportion due to the low 

crystallinity of CSH (Fang et al., 2018). 

The CSH after adsorption showed the broadband and sharp peak at 1443 and 870 cm-1 can 

be attributed to the characteristic peak of  indicates the existence of a Ca-O (Guan, Ji, 

Cheng, et al., 2013). According to (Fang et al., 2018) reported CSH has the potential to 

release Ca2+ and OH− ions to form precipitates with nitrates in the solution. The broad 

peak at 686 cm-1 corresponds to the vibrations of nitrate groups (Gensh et al., 2011). 

Moreover, the sharp peak showed around 800 cm-1 corresponding to symmetric stretching 

of nitrate ion, as supported by the literature (Vicente-mart et al., 2021). The presence of 

shoulder in a CSH after adsorption illustrates the overlapping peaks of Si-O-Si and SiO 

molecules adsorbing irradiation with the same ranges.  
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Figure 4. 4: FTIR spectra of solid waste residue, CSH before and after adsorption 
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Figure 4. 5: FTIR Spectra of SWR, CSH and Fe3O4 loaded CSH composite 

FTIR spectroscopy was conducted to identify the surface functional groups of Fe3O4 

loaded CSH before and after the adsorption of nitrate ions from water. As figure 4.6 

illustrates before adsorption the band at 981 cm-1 corresponds to the Si–O–H stretching 

vibration. The strong asymmetric stretching vibration of Si-O-Si was observed at 1092 cm-

1. The broadband centered around 3540 cm-1 designates the stretching vibration of the 

water molecules and O-H of CSH. On the Fe3O4 loaded CSH composite spectrum the 

broad OH absorption peaks possibly happened as a result of stretching vibration of water 

molecules on silica or magnetite.   A large number of OH groups on the particle surface 

can contribute to the adsorption of nitrates. A similar results were reported by (Zhang et 

al., 2015). The band at approximately 1640 cm-1 indicated the bending vibration of water 

molecules, which point out the hydration of silicon dioxide and calcium oxide on the 

magnetite surface. The increase in the intensity of the OH stretching band could be due to 

the increase in the abundance of silanol (SiOH) as well as molecular water; the intensity 

increase of the H2O bending mode certainly indicates the amount of molecular water. The 

absorption peaks from 465-618 cm-1 confirm the presence of stretching vibration of the 

Fe-O bond. A similar result was obtained by (Asab et al., 2020). Figure 4.5. Illustrates the 

FTIR spectra of aluminium sulphate solid waste residue, CSH and Fe3O4 loaded CSH. The 

different peaks formed because of Fe-O attachment on the Fe3O4 loaded CSH composite. 

Again a sharp peak at 755 cm-1 attributed to Fe-O-H bending vibrations (Mehrabi et al., 

2015). From this FTIR result, it can be concluded that Fe3O4 loaded successfully to the 



58 
 

calcium silicate hydrates. The broadband at 1453 cm-1, and sharp peak at 870 can be 

associated to the characteristic peak of CaO (Guan, Ji, Cheng, et al., 2013). The band at 

667 is formed due to Fe-O-Si stretching (Azeddine et al., 2013). 

After the adsorption of nitrate by Fe3o4 loaded CSH, the maximum band located at 1384 

cm-1 can be assigned to the stretching vibration of NO3
− ions intercalated in the interlayer.  

(Abdolmohammad-zadeh et al., 2012) on his study found the same result. The smaller 

peak at 804 cm-1 corresponding to symmetric stretching of nitrate ion. The bending 

vibration of water shifted to 1636 cm-1 by 4 cm-1 units from Fe3O4 loaded CSH before 

adsorption which implied a larger constraint as the result of water molecule association 

into the host structure.  
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Figure 4. 6: FTIR spectra of Fe3O4 loaded CSH before and after adsorption 

4.1.4. BET Result Analysis 

The specific surface area of CSH and Fe3O4 loaded CSH were determined using the 

Brunauer–Emmett–Teller (BET). The specific surface area of Fe3O4 loaded CSH 

composite was found to be 163 m2/g, which was higher than CSH of 91 m2/g as observed 

from table 4.4. The increase of the specific surface area of Fe3O4 loaded CSH can be due 

to the presence of magnetic Iron oxide texture on the surface of CSH. The increased 

specific surface area provided a large number of active sites for the adsorption of the 

nitrate ion (S. Wang et al., 2021). In addition, materials with a higher surface area have 

excellent adsorption properties such as lack of internal diffusion, high surface binding 
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energy, and adsorption activity (Tyagi et al., 2018). The specific surface area result found 

by (Zhang et al., 2015) for magnetic calcium silicate hydrate was 196 m2/g. The smaller 

amount of the surface area of Fe3O4 loaded CSH could be because of the agglomeration of 

the composite adsorbent to each other.  

Table 4. 3: BET surface area result for CSH and Fe3O4 loaded CSH composite 

Sample Surface area(m2/g) 

Calcium silicate Hydrate 91 

Fe3O4 loaded CSH composite 163 

 

4.1. 5. Scanning Electron Microscope (SEM) Analysis 

Scanning Electron Microscope (SEM) investigated the morphology nature of CSH before 

and after adsorption. As seen in figure 4.7 the vacant pores of CSH was observed before 

adsorption. The surface of CSH shows a highly porous structure, which enables a suitable 

diffusion channel for nitrate adsorption. In addition, it consist of smaller particles which 

had larger enough surface area to uptake nitrate (Xiaowen Tong et al., 2017).  On the other 

side, as figure 4.7 depicted, CSH after adsorption appeared to have improved, smooth and 

homogenous surfaces. The porous structure of CSH loosed, and the irregular collective 

surface was observed after adsorption. After adsorption, the SEM images confirm that 

pores, and interstice were occupied by the solute molecules of nitrate ions. The external 

surface of CSH after adsorption is almost flat in the presence of agglomeration and 

cavities of the adsorbent observed. The nitrate molecule insert into the region of oxygen-

silicon tetra hedron chain or layers of CSH (Guan, Ji, Chen, et al., 2013). 

   a)           b) 

Figure 4. 7: SEM images of a) CSH before adsorption b) CSH after adsorption 
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The dispersion of Fe3O4 into the surface of CSH was further illustrated by analyzing the 

surface morphology of the composite using the Scanning electron microscope. The SEM 

images figure 4.8 indicated CSH had a larger particle size of the heterogeneous structure, 

which constitute a smaller tiny particle surrounded in the whole surface. The morphology 

of CSH particles seems to have a non-spherical and irregular shape (Kuwahara & 

Yamashita, 2017). However, the addition of Fe3O4 to the surface of CSH leads to a smaller 

surface area of composite within homogenous and smooth surface morphology. The 

particles of Fe3O4 homogenously intercalated through the surface of CSH as observed. The 

improvement in surface area and structural properties of the composites enhance the 

removal efficiency of nitrate ions from the wastewater. According to (Zhang et al., 2015) 

work the Fe3O4  particles could be embedded in the CSH.  

          

           (a)                                                                                              (b) 

Figure 4. 8: SEM images before adsorption for a) CSH b) Fe3O4 loaded CSH composite 

 The Fe3O4 loaded CSH before and after adsorption was illustrated by analyzing the 

surface morphology of the composite using the Scanning electron microscope. The typical 

SEM images presented in figure 4.9 shows Fe3O4 loaded CSH before adsorption with 

spherical agglomerated surfaces to each other (Peng et al., 2017). The SEM images 

indicated Fe3O4 loaded CSH after adsorption showed rougher, floc appeared and the 

number of pores increased. In addition, fine collective solute materials appeared after 

adsorption, which ensures the attachment of nitrate ions on the surface of Fe3O4 loaded 

CSH composite. The clear visible white color of uniform size distribution is located on the 

surface of the Fe3O4 loaded CSH composite. The nitrate-loaded composite adsorbent-
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exhibited rougher surface than fresh sample before adsorption, this implied that the surface 

layer changed because of the interaction between nitrate ion and the functional groups on 

the adsorbent surfaces.  

     

 

(a)                                                                                              (b) 

Figure 4. 9: SEM images of Fe3O4 loaded CSH a) before adsorption b) after adsorption  

4.1. 6. TGA analysis of Aluminium sulphate SWR of Awash Melkassa 

Chemical Factory 

The solid waste residue of the aluminum sulfate plant of Awash Melkassa chemical 

Factory was subjected to Thermogravimetric analysis (TGA-DTA) to get the weight loss 

against temperature profile. Figure 4.10 depicts Thermogravimetric Analysis of 

Aluminium sulfate Solid waste Residue. The SWR shows three-step weight loss over the 

temperature range of TG analysis. The first endothermic mass loss from 30-200 oC is due 

to moisture loss and evaporation of surface adsorbed water. The second loss ranges from 

200-500 oC corresponding to the decomposition of organic substances that exist in SWR. 

The stored solid waste residue over a long period may consist of different organic matters 

such as microorganisms like fungi, undecomposed plants, and stable organic matters 

(humus). The third weight loss in the range between 500-700 oC can be attributed to 

endothermic dehydroxylation (or alternatively, dehydration) to produce disordered 

metakaolin (Al2Si2O7). In addition, at this range structure loses its crystallographic order. 
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According to (H. Wang et al., 2011) studied, endothermic mass loss of the kaolin from 

450–600 oC was a result of metakaolin disordered and dehydroxylation continued up to 

900 oC. Moreover, a previous study by (Kheshti,  et al 2019) indicates that the 

decomposition of organic substances occurred at the range of  200-600 oC. 
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Figure 4. 10: Thermogravimetric Analysis of Aluminium sulphate Solid waste Residue 

4.1.7. Thermogravimetric analysis of Fe3O4 loaded CSH composite 

The stability of Fe3O4 loaded CSH composite adsorbent was determined by the 

Thermogravimetric analysis (TGA) and derivative Thermogravimetriy (DTG). The TGA 

curve Fe3O4 loaded CSH composite can be explained in figure 4.11, the TGA curve 

demonstrated that the major two regions of weight loss formed over the temperature range 

of TG analysis. The first region quick weight loss of up to 300 oC is occurred because of 

crystal and adsorbed water loss. The second region the major loss between 300-700 oC 

characterized by the weight loss due to dehydration of CSH and dehydroxylation of 

calcium hydroxide. Fe3O4 loaded CSH contains a large amount of water and hydroxyl 

groups in the structure is a result of its overall low crystallinity.  

According to (Begaye, 2014) studied the Weight loss below 180 oC is associated with the 

evaporation of surface adsorbed water. In addition, the weight loss above 550 oC is 

attributed to the release structure of water. The result found by (Zhang et al., 2015) proved 

that the weight loss between 200-600 oC as a result of CSH dehydration. The 
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dehydroxylation of calcium hydroxide occurred in the range of 400- 600 oC according to 

(Begaye, 2014) studied. The TGA result found by (Noval & Universitaria, 2019) 

demonstrated that an increment of temperatures higher than 567.6 oC leads to magnetite-

rich powder losing its magnetic properties and is not attracted by magnetic field 

effectively above this temperature. 
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Figure 4. 11: Thermal Stability of Fe3O4 loaded CSH composite 

4.2. Design of Experiment result Analysis 

Table 4. 4: Experimental Result of Nitrate removal from aqueous solution 

Run pH Contact 

time 

(min) 

Adsorbent 

Dose  

(g/250ml) 

 Co 

(mg/L) 

 Ce 

(mg/L) 

Re(%) 

Actual 

Re (%) 

Predicted 

Qe  

(mg/g) 

1 6 90 2.4 60 4.87 91.88 89.02 5.74 

2 4 120 3.2 85 8.86 89.58 89.19 5.95 

3 4 120 3.2 35 7.41 78.82 79.94 2.01 

4 6 30 2.4 60 5.22 91.30 92.44 5.71 

5 4 120 1.6 35 8.45 75.78 74.37 4.15 

6 6 90 2.4 60 6.65 89.67 89.02 5.56 

7 6 150 2.4 60 6.20 89.67 90.05 5.60 

8 2 90 2.4 60 14.62 75.63 75.72 4.72 
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9 6 90 2.4 60 6.20 89.67 89.02 5.60 

10 6 90 2.4 60 7.09 88.18 89.02 5.51 

11 6 90 2.4 10 2.78 72.20 72.72 0.75 

12 8 120 3.2 35 5.55 84.14 83.42 2.30 

13 6 90 4 60 3.10 94.83 95.31 3.56 

14 4 60 1.6 85 13.73 83.85 82.95 11.14 

15 8 60 3.2 85 10.19 88.01 87.80 5.84 

16 10 90 2.4 60 12.59 79.01 80.07 4.93 

17 6 90 2.4 60 7.62 87.30 89.02 5.45 

18 6 90 2.4 60 6.95 88.42 89.02 5.53 

19 8 120 1.6 85 10.19 88.01 87.67 11.69 

20 6 90 0.8 60 9.54 84.10 85.14 15.77 

21 8 60 3.2 35 3.99 88.60 88.49 2.42 

22 8 120 3.2 85 8.42 90.10 89.23 5.98 

23 8 60 1.6 85 13.43 84.20 83.19 11.18 

24 4 60 3.2 35 4.52 87.10 86.19 2.38 

25 4 120 1.6 85 12.40 85.41 85.62 11.34 

26 8 60 1.6 35 5.91 83.12 81.88 4.54 

27 8 120 1.6 35 7.09 79.74 79.86 4.36 

28 4 60 1.6 35 7.97 77.23 78.20 4.22 

29 4 60 3.2 85 8.86 89.58 89.56 5.95 

30 6 90 2.4 110 19.49 82.28 83.28 9.43 

 

Where, Co= initial nitrate concentration, Ce = equilibrium concentration of nitrate after 

adsorption, Re = Removal efficiency of nitrate, and Qe = Adsorption capacity 

 The adsorption performed by using CSH as an adsorbent of different factors: Time, pH, 

initial nitrate Concentration and adsorbent dose with constant particle size 90 µm, stirring 

speed of 200 rpm and 298k temperature. 

 Table 4. 5: Analysis of variance influence of the factors studied on NO3
- Removal 

Source Sum of 

Squares 

Degree of 

Freedom 

Mean 

Square 

F-

Value 

P-Value 

Prob > F 

 

Model 866.04 14 61.86 36.92 ˂ 0.0001 significant 
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A 26.73 1 26.73 15.96 0.0012  

B 7.45 1 7.45 4.45 0.0522   

C 172.65  1 172.65 103.05 < 0.0001  

D 150.25 1 150.25 89.68 < 0.0001  

AB 2.43  1  2.43 1.45 0.2475  

AC 13.63 1 13.63 8.14 0.0121  

AD 3.09 1 3.09 1.84 0.1949  

BC 39.16 1 39.16 23.37 0.0002   

BD 7.83 1 7.83 4.67 0.00472

  
 

CD 3.05 1 3.05 1.82 0.1970  

A² 216.27  1 216.27 129.09 < 0.0001  

B² 6.40 1 6.40 3.82 0.0694  

C² 219.37 1 219.37 130.94 < 0.0001  

D² 1.43 1 1.43 0.8528 0.3704  

Residual 25.13 15 1.68    

Lack of Fit 12.25 10 1.22 0.4754 0.8516 not 

significant 

Pure Error

  

12.88 5 2.58     

Cor Total

  

891.17 29     

 A = pH, B = Contact Time, C = Initial Nitrate Concentration, D = Adsorbent Dose 

 From the ANOVA (Analysis of Variance) Table, 4.2 results the higher F-Value and the 

lower P-value (˂0.0001) indicates significance for the regression model. As the result 

demonstrates the model, the F-value of 36.92 implies it is significant. There is only a 

0.01% chance that an F-value this large could happen due to noise. The p-value less than 

0.05 implies that the model is statistically significant. They are extremely indispensable to 

understand the interaction among the independent variables. The result showed that 

Adsorbent dose (Factor D), initial nitrate concentration (Factor C), and pH (Factor A) are 

the major important variables in the adsorption process with P-value < 0.0001, < 0.0001, 

and 0.0012 respectively. Based on the value both the adsorbent dose and initial nitrate 

concentration are the best important factor. From the second polynomial model, A2 and C2 

are significant models with P-values for both models < 0.0001. In the case of interaction 

effects, AC (pH and initial nitrate concentration), BC (contact time and initial nitrate 

concentration), and BD (Contact time and Adsorbent dose) are significant model terms for 

nitrate removal. Where there p-values are 0.0121, 0.0002 and 0.00472 respectively. The 

Lack of Fit of the F-value 0.48 implies the Lack of Fit is not significant relative to the pure 
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error. There is about 85.16% chance that a Lack of Fit F-value large could occur due to 

noise. 

 As shown from the ANOVA result, contact time indicates insignificant when compared 

with the other factors. This result confirmed that its contribution to nitrate removal 

adsorption was the lowest. In addition, the interaction effects of pH and contact time (AB), 

pH and Adsorbent Dose (AD), and initial nitrate concentration and Adsorbent Dose (CD) 

did not influence the adsorption process due to their highest P-value. Their P- values were 

0.2475, 0.1949, and 0.1970 respectively that is greater than 0.1, which indicates the model 

terms are not significant. In the same way, quadratic terms B2 and D2 were insignificant 

factors within p values 0.0694 and 0.3704 that did not affect the adsorption process. 

The model equations from the ANOVA result can be used to relatively comparing the 

removal efficiency of nitrates within factors and levels. The equation in terms of coded 

factors can be used to make predictions about the nitrate removal efficiency for the given 

levels of each factor. The coded equation is useful for identifying the relative impact of the 

factors by comparing the factor coefficients. The highest coefficients from the equation 

indicates the most influence factor that affect the adsorption process of nitrate removal. In 

other side, the equation in terms of actual factors can be used to make predictions about 

the Removal efficiency of Nitrate removal for given levels of each factors. The levels 

should be specified in the original units for each factor. This equation should not be used 

to determine the relative impact of each factor because the coefficients are scaled to 

accommodate the units of each factor and the intercept is not at the center of the design 

space. 

The Final Coded Equations for nitrate removal from ANOVA result: 

Removal Efficiency = 89.19 + 1.055* A - 0.56*B + 2.68*C + 2.50* D + 0.39*AB - 

0.92*AC -0.44 *AD + 1.56*BC- 0.699375*BD - 0.44*CD - 2.81 *A² + 0.48 *B² - 2.83 

*C² + 0.23 *D² 

 Final Equation of Actual Factors 

Removal Efficiency = +33.31708 + 10.13452PH - 0.209365 Contact Time + 0.625738 

Initial Nitrate Concentration + 6.99682Adsorbent Dose + 0.006490pH * Contact Time - 

0.018463 pH * Initial Nitrate Concentration - 0.274609pH * Adsorbent Dose + 0.002086 

Contact Time * Initial Nitrate Concentration -0.029141Contact Time * Adsorbent Dose - 

0.021844 Initial Nitrate Concentration * Adsorbent Dose -0.702005 pH² + 
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0.000537Contact Time² - 0.004525 Initial Nitrate Concentration² + 0.356608 Adsorbent 

Dose² 

4.2.1 Model Adequacy 

 The regression model was found to be significant with the correlation coefficients of 

determination of R-Squared, adjusted R-Squared, and predicted R-Squared having a value 

0.9718, 0.9455, and 0.9000 respectively as shown from table 4.3. The goodness fitness of 

the model was measured by a coefficient of determination R2, which measured how well 

the real experimental data points have been approximated together with the regression 

model. As the result in a table, 4.3 expressed the value of R2 = 0.9718 indicates the better 

fit of experimental data to that of predicted one. The value of larger Regression coefficient 

(R2) approach to 1 illustrates, the validity of model in which it implies an acceptable 

agreement among the actual and predicted data. It implies 97.18% of the experimental 

variable studied attributed for the removal of nitrate. The Predicted R² of 0.9000 is in 

reasonable agreement with the Adjusted R² of 0.9455; i.e. the difference is less than 0.2. 

Therefore, this demonstrates that the measured data very well fitted with a quadratic 

model of the predicted value. Adeq Precision measures the signal-to-noise ratio. A ratio 

greater than 4 is desirable. Your ratio of 24.686 indicates an adequate signal. This model 

can be used to navigate the design space. 

Table 4. 6: The model adequacy measures 

Stad. Dev. 1.29 R² 0.9718 
 

mean 85.25 Adjusted R²  0.9455 

C.V% 1.52 Predicted R²  0.9000 

Press 89.10 Adeq Precision 24.6858  

 

Generally, the smaller the value of Predicted residual sum of squares (PRESS) static 

obtained 89.1 indicates, better the experimental data points fits to the model. Moreover, 

the high R2 value and p -value as well as not significant of fit indicating the best predicting 

of the experiment solution. Therefore, the result in both table 4.2 and 4.3 proved that, the 

best performance of the fitness of the model equations. 

The figure 4.3 indicates the relationship of Actual and predicted value, which can be 

introduced from the regression model equations of a Design Expert chart based on 
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predicted and actual percent nitrate removal. The straight line shows the predicted values 

and the small rectangles represent the actual experimental values. The straight line is very 

close to the actual values and has a correlation coefficient R2 equal to 0.9718, which 

confirms the accuracy of the model. The result confirmed that all the actual and predicted 

values are close to the line of perfect fit. Both of them showed the good agreement 

between them. 

 

Figure 4. 12: Predicted vs Actual value nitrate removal adsorption plot 

4.2.2. Optimization of the Response 

In order to find the optimum value of each independent variables, four statistical metrics 

such as the larger regression coefficient (R2), smaller lack of fit F-value, lower p-value and 

higher sum squares have been used. The response optimization was used to identify the 

combination of independent variables particularly, Contact time, PH, initial nitrate 

concentration, and adsorbent dose within the response of Nitrate removal efficiency. The 

goal of the process was to obtain high nitrate removal percentage. Therefore it has been set 

as maximum while the process parameters such as initial concentration, time and pH have 

been set as “within the range”, while adsorbent dose target at 2.4 g then response surface 
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method was used to optimize the process versus process parameters. According to the 

result obtained from optimizer Design-Expert version 11 software the maximum optimum 

removal efficiency of nitrate was achieved 93.06% by using 6.32 pH, 150 min contact 

time, 85 mg/L of initial nitrate concentration, and 2.4 g adsorbent dose.  

4.2.3 Response Surface plots of Interaction Effects 

The effect of the interactions between the four independent input and output variables and 

their interactions on the dependent variables can be seen using three-dimensional (3D) 

response surface plots. As observed from Figure 4.13- 4.18 it indicates the Plots of three-

dimensional response surfaces of function of two variables with response and the 

remaining variables at the central level of the other variables. At lower pH values that 

indicates as acidic medium, the hydration surface of CSH underwent a protonation 

reaction. The dissolved nitrate ion was embedded in the adsorbent surface to obtain 

positive charge. However, an increase in PH of solution leads to OH- concentration in the 

solution increased and as result deprotonation reaction takes place on the hydrated surface 

of the adsorbent to obtain a negative charge.   

 

Figure 4. 13: 3D interaction effect of pH and time on nitrate removal efficiency. 

Figure 4.13 shows the pH of aqueous solution is one of the important factor that affects the 

adsorptive removal of species at the adsorbent solution interfaces. In addition, the pH of 

the solution could influence the surface charges and degree of ionization of the adsorbate. 

As observed from the figure 4. 13 at the lower pH value the initial concentration increase 
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as the removal efficiency of nitrate decrease. In the other case, at lower initial nitrate 

concentration as pH was increased the removal efficiency also increased until pH reached 

6.3. After that, the removal efficiency slightly decreases.  As (Berkessa et al., 2019) 

reported decrease in nitrate removal after certain pH could be due to stronger competition 

of hydroxide ions. The influence of pH on anion exchange reaction was occurred because 

of the competition among the hydroxyl ions and anions. When pH increases, the 

negatively charged surface takes place and the adsorption capacities for nitrates decreases. 

This is due to negatively charged surfaces sites on the adsorbent could not favor the nitrate 

ion in the electrostatic repulsion. The protonated variable of the CSH surface, which 

commonly affect the electrical properties of the adsorbent and therefore pH of solution, 

had a basic influence on the adsorption of nitrate ion. The result also demonstrate that as 

the time increases the nitrate removal efficiency also increases. After two and half hour, 

the time reaches maximum value for adsorption process. After that, the percentage of 

nitrate removal decreases due to saturation of free adsorbents sites as well as because of an 

adsorbate releases from the adsorbent. Initially the faster rate may be due to availability of 

uncovered surface area of the adsorbents. However, as passage of time, the portion of the 

active sites of the adsorbents may be blocked and the rates becomes slower and reaches 

equilibrium when the surface becomes almost saturated. 
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Figure 4. 14: RSM plot of 3D interaction effect of pH and initial nitrate   

The figure 4.14 indicates the 3D interaction of pH and initial nitrate concentration on 

Nitrate removal efficiency at constant adsorbent dose and contact time. As the graph 

demonstrated, as both the initial nitrate concentration and pH increases the nitrate removal 

efficiency also increases. The rises of initial nitrate concentration leads to increments in 

the removal of nitrate ion from the solution due to the occurrences of large vacant places 

in the adsorbents. At the initial nitrate concentration of 85 mg/L, the removal efficiency 

reached maximum value of 93%. After that, the removal efficiency of the nitrate ions 

starting declined because of the vacant sites occupied by the nitrate ions. In the other case, 

the pH increases until 6.3 and the nitrate ion in the presence of anions can be adsorbed by 

the mechanism of electrostatic attraction through the positively charged surfaces.  

 

Figure 4. 15: 3D interaction effect of pH and dose on Nitrate removal efficiency  

Figure 4.15 explained the 3D interaction effects of Adsorbent dose and pH on nitrate 

removal efficiency while both time and initial nitrate concentration remains constant. The 

sorption process was carried out on the molecules and surfaces of the CSH adsorbents. 

Therefore, the adsorbent amount had a meaningful effect on the nitrate removal efficiency. 

The adsorbent dose has a direct and indirect effect on the process and costs like the other 

parameters. As it can be observed from the graph as adsorbent dose of CSH increases, the 

nitrate removal efficiency also increases in the model. It is commonly understood that the 
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presence of larger surface area and exist of more active sites of the CSH adsorbent 

increase as larger adsorbent dose used in the sorption process. However, at higher 

concentrations of sorbate, the equilibrium uptake did not increase considerably with the 

rise within the CSH adsorbent. One more reason is also the particle interaction like 

aggregation, which ends from a high adsorbent dose. Such aggregation would cause a 

decrease within the total surface area of the adsorbent and a rise in diffusional path length. 

 

Figure 4. 16: 3D interaction effect of contact time and initial nitrate concentration   

Figure 4.16 depicts the interaction effects of contact time and initial nitrate concentration 

on nitrate removal at fixed adsorbent dose and PH of solution. Initially as time increase, 

the removal efficiency of nitrate also increases. As the contact time increase after one 

hour, the removal efficiency nitrate decreases. In the other case the initial nitrate 

concentration increases leads to increase in removal efficiency and reached maximum 

93.06 at 85 mg/L. 

Figure 4.17 illustrates 3D interaction effect of Adsorbent dose and contact time on Nitrate 

removal efficiency at constant pH and initial nitrate concentration. As the adsorbent dose 

increases, there was an increment of nitrate removal efficiency. However,  the  percentage  

of  nitrate  removal  did  not  increase  with   increasing contact  time at any initial nitrate 

concentration.  The adsorbent has reached the maximum adsorption capacity within or 

before one hour. In the other words, the surface coverage of  the  adsorbent  was  already  

saturated  with  nitrate  in  less  than  one  hour.  Therefore, it can be concluded that the 
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percentage of nitrate removal was highly dependent on the initial nitrate concentration, pH 

and weight of adsorbent but independent on contact time. 

 

 

Figure 4. 17: 3D interaction effect of Adsorbent dose and time on Nitrate removal   

The figure 4.18 showed the interaction between initial nitrate concentration and adsorbent 

dose. As it demonstrated increasing initial nitrate concentration, the percentage removal of 

nitrate removal increased in proportional manner. The process happened due to higher 

concentration gradient that performed as driving force to conquer the mass transfer 

between the bulk solution of nitrate ion and adsorbent surfaces of CSH. The adsorbent 

dose have no more effect on nitrate removal at lower value of initial nitrate concentration. 

As the initial nitrate concentration increased, the percentage of nitrate removal also 

increased as result of adsorbent dose increased. Therefore, adsorbent dose was the main 

independent variable that affects the adsorption of nitrates from the solution. The presence 

of high amount adsorbent dose in the adsorption process leads to increase in total available 

surface area, and site of adsorption (Loon & Fong, 2016).  
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Figure 4. 18: 3D interaction effect of adsorbent dose and initial nitrate concentration   

4.3. Fe3O4 loaded CSH Composite synthesis 

The Fe3O4 Based CSH composite was synthesized at five different percent weight of 

Fe3O4 loaded to the prepared calcium silicate hydrate. The adsorption carried out at the 

optimum parameters obtained from optimization model such as 6.3 pH, 150 min contact 

time, 85 mg/L of initial nitrate concentration, and 2.4 g/250mL adsorbent dose. As Table 

4. 7 indicated 25%, wt. of Fe3O4 loaded CSH composite was the best composite that 

resulted maximum nitrate removal efficiency as well as adsorption capacity of 92.71% and 

8.21mg/g respectively. As percentage weight of Fe3O4 exceeds 25, the removal efficiency 

of nitrate decrease due to Fe3O4 have high surface free energy, and few functional groups 

subject to air oxidation. As result, aggregation formed in aqueous solution, which reduce 

the nitrate removal capacity (Peng et al., 2017). In addition, as percentage of Fe3O4 

increases in the reaction, reduction in Ca/Si ratio occurred in Fe3O4 loaded Calcium 

Silicate Hydrate composite product. Consequently, active adsorption sites of Calcium 

silicate Hydrate reduced, which leads to decline in nitrate removal efficiency (Zhang et al., 

2015). Therefore, for further adsorption isotherm, kinetics, thermodynamics, co-existing 

ions and regeneration studies 25% weight of Fe3O4 loaded CSH composite were used. 
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Table 4. 7: The effects of Fe3O4 loading on CSH for nitrate removal 

% wt. of Fe3O4 

loaded  to CSH 

Final Concentration of 

Nitrate ions 

 Ce (mg/L) 

Removal Efficiency 

of Nitrate ion (%)  

Adsorption 

capacity  

Qe (mg/g) 

0 8.86 89.6 7.93 

10 8.42 90.1 7.98 

20 7.53 91.14 8.07 

25 6.2 92.71 8.21 

30 11.52 86.45 7.65 

40 14.176 83.32 7.34 

 

4.4. Equilibrium Isotherm 

Adsorption system can be designed with the aid of adsorption isotherms typically referred 

to as equilibrium isotherms, which constitute the amount of solute adsorbed per unit 

weight of sorbent. These isotherms use equilibrium concentration of sorbent at a fixed 

temperature. To remove the nitrates ions from the wastewater, a particular design is 

optimized in order to generate proper correlations for experimental data, which is referred 

to as adsorption isotherm (Batool et al., 2018). 

4.4.1. Adsorption Isotherm 

The interaction of adsorbate with adsorbent can be identified by studying isotherm, which 

is a critical to optimizing and designing the desired adsorption system (Zhang et al., 2015). 

The equilibrium concentration of nitrate ion at constant optimized parameters of 150 min, 

2.4 g/250 mL of Fe3O4 loaded CSH dose and, 6.3 pH at a room temperature were carried 

out. The adsorption of isotherm data for No3
- ion was analyzed by applying three 

commonly used isotherms, Langmuir, Freundlich and Temkin Isotherms. Their correlation 

coefficients and constant parameters of sorption of NO3
- by Fe3O4 loaded CSH were 

obtained from the slop and intercept of the graph for each equations of the isotherms. 

4.4.1.1. Langmuir Isotherm  

The adsorption isotherm determines the difference between the amounts of sorption and 

the solute concentration at equilibrium. The adsorption isotherm of nitrate ion using Fe3O4 

loaded CSH composite was investigated. The concentration of nitrate ions in their 
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respective equilibrium phase at room temperature was studied to obtained maximum 

adsorption capacity of Fe3O4 loaded CSH for nitrate ion removal. The result obtained from 

Langmuir model indicates that the value of separation factor (RL) for all initial nitrate 

concentrations were greater than 0 and less than 1, which implies that the Langmuir 

isotherm is favorable. The values of RL for initial nitrate concentration of 40, 55, 70, 85 

and 100 mg/L were listed as 0.462, 0.385, 0.329, 0.288, and 0.256 respectively. The 

maximum adsorption capacity (qmax) can be determined from the intercept of Langmuir 

plots of 1/Ce vs 1/qe. The maximum adsorption capacity (qmax) and energy of adsorption 

(KL) from Langmuir isotherm model were to be determined 27.933 mg/g and 0.0291 L/mg 

respectively. The values of correlation factor (R2) gained for Langmuir isotherm equals to 

0.99287. 

Table 4. 8: Isotherm data for the removal of nitrate by Fe3O4 loaded CSH composite 

Co(mg/L) Ce(mg/L) ln (Ce) 1/Ce qe (mg/g) 1/qe Ln(qe) Ce/qe 

40 3.544 1.265 0.282 3.798 0.263 1.334 0.933 

55 5.316 1.671 0.188 5.175 0.193 1.644 1.027 

70 7.088 1.958 0.141 6.553 0.153 1.880 1.082 

85 8.417 2.130 0.119 7.977 0.125 2.077 1.055 

100 11.518 2.444 0.087 9.217 0.108 2.221 1.250 

 

Table 4. 9: Isotherm parameters for the removal of nitrate by Fe3O4 loaded CSH 

Isotherm parameters Value 

Langmuir qmax (mg/g) 27.933 

KL (L/mg) 0.0291 

R2 0.993 

Freundlich n 1.282 

1/n 0.78 

kf (mg/g)(1/mg)1/n 2.262 
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R2 0.985 

Temkin B (J/mole) -2.464 

bT -1005.345 

AT (L/mg) 0.145  

R2 0.976 

 

Table 4. 10: The values of RL at various initial nitrate concentrations 

Co (mg/L) RL 

40 0.462 

55 0.385 

70 0.329 

85 0.288 

100 0.256 
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Figure 4. 19: Langmuir isotherm for nitrate adsorption by Fe3O4 loaded CSH 

4.4.1.2. Freundlich Isotherm for nitrate adsorption by Fe3O4 loaded CSH composite  

Freundlich isotherm is an empirical equation that can be employed to describe the 

heterogeneous systems. The linear form of the Freundlich isotherm model from Equation 

3.24 was used to investigate the multi-layer adsorption of nitrate on the surface of the 
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adsorbents. The magnitude of the exponent 1/n indicates the favorability of the adsorption. 

1/n is a heterogeneous factor, which is related to adsorption intensity or surface 

heterogeneity. The value of 1/n ˂ 1 which equals to 0.78 indicates normal adsorption 

(Keshav et al., 2019). In order to reach a favorable adsorption process, the value of n 

should be in the range of 1 to 10. Table 4.9 depicts the value of n was 1.282, which 

confirmed favorable adsorption. From the Freundlich isotherm model the values of 

constant parameters such as Kf and n were determined by linear regression plot of log (qe) 

and log (Ce). from the Freundlich isotherm model analyzed showed the equilibrium 

isotherm data fit to the experimental data which implies that adsorbed nitrate forms a 

monolayer surface coverage on the Fe3O4 loaded CSH composite and the chemisorption 

adsorption mechanism takes place. The values of correlation factor (R2) gained for 

Freundlich isotherm equals to 0.9853. 

 As (Pan et al., 2017) studied in his research, The Langmuir and Freundlich adsorption 

isotherms relative parameters were calculated from their respective slope and intercept of 

the linear plots. High correlation coefficients (R2 > 0.9205) indicated that both the 

Langmuir and Freundlich models were acceptably fit the experimental data in this study. 

The result obtained from adsorption equilibrium isotherm confirmed that the fitting the 

equilibrium data to both Langmuir and Freundlich isotherm models suggest that the 

presence of heterogeneous and homogenous adsorption surfaces on the adsorbent involved 

during the adsorption of nitrate ions. By comparing the values of correlation factor (R2), 

the Langmuir models better suitable fits to with the equilibrium sorption which gives a 

larger R2  equals to 0.993 and maximum adsorption capacity of 27.933 mg/g for nitrate ion 

adsorption.  

4.4.1.3. Temkin Isotherm 

Equilibrium constant of binding AT provides information about binding energy, and β 

expresses heat of adsorption for a particular adsorption experiment. The correlation 

coefficient (R2) obtained from this model was 0.9756. The result showed that the 

experimental data fitted to the model. However, when comparing with Langmuir and 

Freundlich the result found by Temkin model was the smallest correlation coefficient. The 

negative value of B (-2.464 J/mol) indicates the adsorption process was endothermic. 

According to previous study by (Keshav et al., 2019)  for Temkin isotherm the following 

is predicted: a positive B (heat) value would indicate that nitrate ion binds to Fe3O4 loaded 
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CSH in an exothermic process, whereas a negative value would indicate an endothermic 

process. 
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Figure 4. 20: Freundlich Isotherm for nitrate adsorption by Fe3O4 loaded CSH 
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Figure 4. 21: Temkin isotherm model for nitrate sorption 

4.5. Adsorption Kinetics 

Kinetic experiment were investigated to examine the rate of nitrate adsorption on Fe3O4 

loaded CSH adsorbent and the time required to reach equilibrium. The  purpose of 

studying equilibrium kinetic is to identify the adsorbent retention time and provide 
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information about the specified time to reach the maximum capacity of adsorption and the 

controlling mechanism in the process that includes mass transfer or chemical reactions 

(Tohfegar et al., 2019). In this study Pseudo-first-order, Pseudo-second-order and 

Intraparticle diffusion kinetic models were analyzed to obtain the best kinetic models for 

nitrate removal. The kinetics study time dependence of nitrate were investigated from 30 

to 210 min at constant room temperature, 85 mg/L initial nitrate concentration, pH =6.3, 

adsorbent dose = 2.4 g/250 mL. 

Comparing the correlation coefficients of three kinetic models, it definitely revealed that 

the pseudo-second-order model best fit the adsorption kinetic of nitrate onto Fe3O4 loaded 

CSH and the adsorption processes were chemisorption. As shown in the figure 4.23 the 

Pseudo-second-order rate model show the best agreement with the experimental results, 

which implies that the whole process was controlled by chemical adsorption is the rate 

limiting steps of the process. Pseudo-second-order kinetic model predicts that adsorption 

behavior involves valance forces through sharing of electrons among nitrate ions and the 

Fe3O4 loaded CSH. In addition, the experimental adsorption capacity was in agreement 

with that of calculated adsorption capacity, which proved the model adopted is reasonable. 

The value of kinetic parameters were summarized in table 4.11. 

Table 4. 11:  Kinetics model parameters for Pseudo-first-order, Pseudo-second-order, and 

Intraparticle Diffusion 

Kinetics parameters Value 

 

Pseudo-First Order 

qe (mg/g) 0.777 

K1 (min-1) -0.013 

R2 0.93 

 

Pseudo-Second Order 

qe calc(mg/g) 8.24 

qe exp(mg/g) 8.12 

qe
2 67.88                            

K2  (g/mg.min) 0.036  

R2 0.999 

 

Intraparticle Diffusion 

Kp  (mg/g.min1/2) 0.0558 

R2 0.98 
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Table 4. 12: Pseudo first and second order kinetics and constant values 

Time 

(min) 

Co (mg/L) Ce(mg/L) 

NO3
- 

qt (mg/g) qe (mg/g) ln(qe-qt) t/qt 

(g.min/mg) 

0 0 0 0 0 0 0 

30 85 11.518 7.654 8.116 -0.773 3.919 

60 85 10.632 7.747 8.116 -0.997 7.745 

90 85 9.746 7.839 8.116 -1.284 11.481 

120 85 8.86 7.931 8.116 -1.690 15.130 

150 85 7.974 8.024 8.116 -2.383 18.695 

180 85 7.088 8.116 8.116 - 22.179 

210 85 7.088 8.116 8.116 - 25.875 

 

Pseudo first order kinetics  

ln(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛𝑞𝑒 − 𝑘1𝑡 

Intercept  slope (k1) qe cal (mg/g) K1 R2 

-0.252 -0.013 0.777 -0.013 0.93 

 

Pseudo second order kinetics  

                   
 

Intercept slope qe cal (mg/g) qe
2 K2 R2 

0.439 0.121 8.24 67.886 0.033 0.999 

 

 

𝑡

𝑞𝑡
 = 

1

𝐾2𝑞𝑒
2 + 

𝑡

𝑞𝑒
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Figure 4. 22: Pseudo first order for sorption of nitrate ions 
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Figure 4. 23: Pseudo second order for sorption of nitrate ions 

The intraparticle diffusion model can be describe the rate of adsorption process depends 

on the speed at which adsorbate diffuses towards adsorbent. The result analyzed from the 

adsorption equilibrium data of intraparticle diffusion model the graph t0.5 versus qt was 

linear which demonstrates that the intra-particle diffusion was involved inside the 

adsorption process. In the other case, the model expresses that intraparticle diffusion is not 

the only rate-determining step due to the graph t0.5 versus qt did not pass through the origin 

as observed from figure 4.24. This shows that intraparticle diffusion became not the only 



83 
 

rate-limiting step within the adsorption of nitrate. Consequently, other mass transfer 

processes like film diffusion and bulk diffusion could be there in determining the mass 

transfer mechanism of nitrate ions from the bulk solution to the Fe3O4 loaded CSH 

composite adsorbent surface. The diffusion process may affect the nitrate ion adsorption 

process on Fe3O4 loaded CSH composite as result of  the porous structure of the adsorbent 

and the attractive effect of nitrate ions. 
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Figure 4. 24:  Intraparticle diffusion model for nitrate sorption by Fe3O4 loaded CSH  

4.6. Thermodynamics study 

The thermodynamics parameters determined for nitrate adsorption on Fe3O4 loaded CSH 

at various three temperature of 298 K, 303 K and 313 K respectively. As it summarized in 

table 4.13, the values of Gibbs free change energy (ΔGo) are found to be negative for 

adsorption of nitrate on Fe3O4 loaded CSH. The particular values ΔGo to be found includes 

-0.015, -0.341 and -0.535 which confirms that the spontaneous and feasibility of 

adsorption process as result of negative values of Gibbs free energy changes at all 

temperatures.  

As temperature increases, the magnitude of ΔGo also more negative for nitrate adsorption, 

which implies that more spontaneity of the adsorption takes place at higher temperature. 

Higher temperature makes the adsorption easier due to higher driving force of adsorption. 

Similar results were found by  (Singh et al., 2015). The positive value of change in 
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enthalpy ΔHo (8.289 KJ/mol) confirms the endothermic nature of sorption process and 

indicates the adsorption of nitrate become more favorable at higher temperature. In the 

other case the positive values of ΔSo (28.316 J/mol K) demonstrates that the process is 

entropy driven and the randomness between solid-solution interface increases throughout 

adsorption process. The report studied by (Ogata et al., 2015) found similar result. 

Increase in randomness of nitrate ion on Fe3O4 loaded CSH was as result of number of 

desorbed water molecules is larger than that of adsorbed nitrate ion and the adsorption of 

nitrate controlled by positive entropy change(Zhang et al., 2015). In addition, the presence 

of disorder state in the adsorption process is due to the combination of nitrate with a 

particle sites to form stable structures (Zhang et al., 2015). 

0.00320 0.00325 0.00330 0.00335 0.00340
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Figure 4. 25: Adsorption thermodynamics of nitrate on Fe3O4 loaded CSH composite 

Table 4. 13: Thermodynamic parameters of nitrates adsorption on Fe3O4 loaded CSH 

Adsorbent qe 

(mg/g) 

Temperature 

(K) 

KL ΔGo  

(KJ mol-1) 

ΔHo  

(KJ  

mol -1) 

ΔSo  

(J mol-1 K-1) 

R2 

Fe3O4 

loaded 

CSH 

8.02 298 1.0062   -0.015  8.289  28.316 0.943  

8.12 303 1.145  -0.341 

8.16 313 1.228  -0.535 

 



85 
 

4.7. The Effect of Co-existing Ions 

Normally, the common inorganic anions which include PO4
3-,  Cl– and CO3

– frequently 

coexist with NO3
– in natural water sources, that can act as competing ions and strongly 

interfere with the sorption process of NO3
–, resulting in inefficiency. Due to this reason, it 

is necessary to evaluate the effect of the competing anions. Increasing the coexisting anion 

would cause an obvious decrease in nitrate sorption capacity, which would result from the 

competitive effect of anions for available sorption sites of adsorbent. Therefore, the effects 

of these competitive anions were investigated in this study.  As Figure 4.26 demonstrates 

the effect of three co-existing ion such as Phosphates, Chlorides and Carbonates of 20 

mg/L of each on nitrate removal at optimum parameters were investigated. The results 

indicated that the anions have substantial effect on nitrate removal. The effect of carbonate 

was not prominent as compared to phosphates and chlorides. The presence of phosphate 

ion within nitrates reduce the percentages of nitrate removal from 92.71% to 73.94%. In 

addition, chloride were another influential ion, which reduce the nitrate removal efficiency 

to 79.15%. Therefore, Phosphate was the greatest competitor for nitrate followed by 

chlorides and carbonates.  (Alighardashi, 2018) confirmed that phosphate ions were the 

most influential ions which compete with nitrate.  These is as result of high concentration 

of phosphates leads to lack of available surface area on Fe3O4 loaded CSH adsorbent sites. 

The basic characteristics of anions to be considered for the selective adsorptions includes 

the solubility, ionic radius, hydration energy and bulk coefficient (Rafiee, 2014). The 

competing anions reduce the removal efficiency of nitrate in the order of carbonates > 

chloride > phosphate. The effect of chloride ion can be obtained from greater tendency of 

chloride to undergo ion exchange reaction. 
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Figure 4. 26: Effects of Co-existing ions in nitrate removal by Fe3O4 loaded CSH 

4.8. Regeneration Study 

To assess the durability of this adsorbent, regeneration, and reuse studies were carried out 

for the adsorption of nitrate over four consecutive adsorption-desorption cycles. A solution 

of 1M of NaOH was chosen as the eluent in the desorption process. High reusability of 

adsorbent is very indispensable for any adsorbent, which significantly increase the 

economic value of the adsorption process. To study regeneration study 2.4 g of adsorbent 

dose, 6.3 of pH, 85 mg/L of initial nitrate concentration at 2:30 hr. with removal efficiency 

of 97.21% were used to regenerate Fe3O4 loaded CSH. As shown in bar graph figure 4.27, 

the removal efficiency of the first cycle was 86.44% while the second cycle resulted 

82.8%. At the third and fourth cycle, the removal efficiency of nitrate ion were 74.98 and 

68.73% respectively. This value ensures that the prepared adsorbent could be reused 

different times without any loss of adsorption ability. Therefore, Fe3O4 loaded CSH is a 

promising adsorbent for removal of nitrate ion from contaminant water.  

After the adsorption-desorption process, the adsorbed nitrate ion was concentrated in a 

caustic solution. To recover the adsorbed nitrate from the solution, calcium based 

chemicals such as CaCl2, Ca(OH)2 should added to the alkaline solution to produce 

calcium nitrate fertilizer for agricultural use. 
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Figure 4. 27: Reusability performance of Fe3O4 loaded CSH composite  

4.9. Removal of Nitrate from Real Waste water 

In order to apply the laboratory experimental result in to the practical real world 

application, the investigation carried out by taking the real wastewater, which have highest 

amount of total Nitrogen from Adama Science and Technology University wastewater 

treatment plant. There is huge amount of total nitrogen contains wastewater from different 

sources flow in to the treatment plant. For experimental work, the wastewater at inlet of 

ASTU treatment plant selected for adsorption process. Average lab results from ASTU 

treatment plant indicates the influent contains total nitrogen of 125 mg/L and 75 mg/L of 

total phosphorus. Total Nitrogen is the addition of nitrate-nitrogen (NO3-N), nitrite-

nitrogen (NO2-N), ammonia-nitrogen (NH3-N) and organically bonded nitrogen. For the 

sorption of real wastewater contains NO3
- -N the optimum parameter from batch 

adsorption of synthetic wastewater were used.  
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The optimum parameter includes, pH = 6.3, contact time =150 min, Fe3O4 loaded CSH 

dose = 2.4 g/300 mL. The initial NO3
- -N obtained from ASTU treatment plant from total 

nitrogen result, which was 52.5 mg/L.  

   Table 4. 14: The adsorption results of real wastewater of ASTU wastewater treatment  

Initial  

Nitrate-

Nitrogen 

(NO3-N) 

(mg/L) 

Final Nitrate-Nitrogen 

Concentration 

(NO3-N) ( mg/L) 

Average Removal 

Efficiency  

Re (%) 

Adsorption 

Capacity (mg/g) 

 

 

52.5 

15.0 15.8 69.9 4.59 

16.6 

 

The removal efficiency of nitrate-nitrogen on the Fe3O4 loaded CSH adsorbent was found 

69.9%. This result was much slower than that of removal efficiency of synthetic 

wastewater containing nitrate-nitrogen. The reason behind this result could be the presence 

of a large amount of total phosphates, Nitrite-Nitrogen, ammonia-nitrogen and organic 

nitrogen. Those ions compete in the adsorption process, which leads decrement in the 

removal efficiency of nitrate-nitrogen. These huge decreases in nitrate-nitrogen removal 

may be due to the organic content and high electrical conductivity that might have halted 

the adsorption process through blocking and competition for the adsorbent sites, 

respectively. The maximum adsorption capacity and higher nitrate removal efficiency 

would be obtained by separating those ions at the influent of the plant.  

4.10. Comparison study of Nitrate by different adsorbents 

The synthesized Fe3O4 loaded CSH composite adsorbent was compared with different 

adsorbents reported in related works for nitrate removal from water. As Table 4.15 

indicated, the optimum pH, isotherm model, kinetics models, and qmax were compared for 

nitrate removal. 
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Table 4. 15: Adsorption capacities and other parameters for removal of nitrate by different 

adsorbent 

Adsorbent Optimum  

pH 

Isotherm kinetics qmax 

(mg/g) 

Reference 

Modified pumice 5 Langmuir Pseudo-first 

order 

27.66 (Rasuli et 

al., 2020) 

Bio char from 

agricultural 

residue 

3 Langmuir Pseudo-

second order 

14.46 (Zhao et al., 

2018) 

Water glass-based 

silica Aerogel 

6.7 Langmuir Pseudo-

second order 

104.17 (Tohfegar et 

al., 2019) 

Magnetic Mg/Fe 

hydrotalcite 

6.3 Langmuir Pseudo-first 

order 

14.24 (J. Chen et 

al., 2021) 

ZnCl-modified 

Coconut granular 

Activated Carbon 

4.4 Langmuir Pseudo-

second order 

14.01 (Khan et al., 

2011) 

Solid waste from 

Factory 

7 Freundlich Pseudo-

second order 

o.o65 (Berkessa et 

al., 2019) 

Modified rice 

husk 

7 Freundlich Pseudo-

second order 

55.55 (Katal et al., 

2012) 

Fe3O4 loaded 

CSH 

6.3 Langmuir Pseudo- 

second order 

27.93 This study 
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CHAPTER FIVE 

CONCLUSIONS AND RECOMMENDATIONS 

 5.1. Conclusions 

This research work focus on the synthesis and characterization of Fe3O4 loaded CSH 

composite adsorbent from Aluminum Sulphate solid waste residue of Awash Melkassa 

Chemical Factory as a raw material as silicate source to remove the nitrate ions from 

wastewater. The XRD, FTIR and SEM result analysis confirmed that nitrate ion was 

successfully adsorbed by Fe3O4 loaded CSH composite. The absorption peak from 465-

618 cm-1 indicates the stretching vibration of Fe-O, which well-confirmed successful 

attachment of Fe3O4 to the Calcium silicate hydrate. In addition, the peak at 1384 cm-1 

after adsorption was responsible for nitrate ion, which shows nitrate adsorption by Fe3O4 

loaded CSH composite. Moreover, the diffraction peak at 2θ of 20.5o and 35.8o illustrated 

the adsorption of nitrate on the surface of Calcium Silicate Hydrate. The specific surface 

area of Fe3O4 loaded CSH obtained from BET analysis was 162 m2/g. 

The Response Surface Method (RSM) adopted to explore the model equation for nitrate 

removal efficiency. The central composite design was selected to study the effect of 

variation in pH, initial nitrate concentration, contact time, and adsorbent dose. The 

validation of the model using ANOVA analysis verified that the quadratic model selected 

is accurate, and statistically significant with a p-value less than 0.05. The optimum 

removal efficiency of 93.06% was obtained at pH= 6.3, Co = 85 mg/L, t = 150 min, and 

dose = 2.4 g. The result shows the interaction effect of those parameters had a significant 

effect on the adsorption process.  

The Langmuir isotherm model was in better agreement with the experimental data with 

maximum adsorption capacity and correlation coefficient (R2) of 27.933 mg/g, and 0.993 

respectively. This suggests that the adsorption process followed monolayer adsorption 

onto the surface of a finite number of identical adsorption sites. Nitrate adsorption kinetics 

was explained properly through the pseudo-second-order kinetics model (R2 = 0.999), 

which indicated that the chemical adsorption became the controlling mechanism of the 

adsorption process. In addition, the thermodynamics parameters recommended that the 

nitrate removal is spontaneous and endothermic in nature. 
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The batch experimental studies for real wastewater by selecting Adama Science and 

Technology University treatment plant as nitrate-nitrogen source. The result investigated 

showed that 69.9% of NO3-N was removed from wastewater. The reduction in removal 

efficiency from that of synthetic wastewater was due to large amount of total phosphates, 

nitrite-nitrogen, ammonia-nitrogen, and organic nitrogen were present in wastewater, 

which competes within nitrate ions during the adsorption process. 

The effects of competing ion on nitrate adsorption by Fe3O4 loaded CSH composite was 

found to follow this order CO3
2- ˂ Cl- ˂ PO4

3-. Adsorption regeneration study of Fe3O4 

loaded CSH composite was investigated using 1M of NaOH as an eluent, which is the 

most prominent desorption agent. The adsorption- desorption of four cycle carried out 

successfully. According to this study, the result found indicates that the adsorbent is 

determined to be the best promising and effective for removal of nitrates ion from aqueous 

solution and wastewater. 

5.2. Recommendation 

For the future work, the following recommendations suggested based on the result 

obtained from this study. 

 It is recommended that study the effects of adsorption parameters such as particle 

size, temperature and agitation speed. 

 In this work batch equilibrium isotherm, kinetics and thermodynamics were 

conducted. However, the data obtained are not sufficient and feasible convert this 

batch experimental result in to the real wastewater. In order to get accurate 

adsorption result for industrial scale a continuous column adsorption study should 

be considered. 

 The point of zero charge should be studied to obtain the possible attraction and 

repulsion between the adsorbent and adsorbate. Moreover, to identify information 

regarding ionization of functional groups and contact of ions with the adsorbent in 

the solution. 

 The regeneration of the adsorbent was investigated by using NaOH as eluent agent. 

The determination of the most preferable regenerating solution is a very essential. 

Therefore, further studies on effectiveness of other regenerating solutions such as 

H2SO4, HCl, NaNO3, NH4Cl, HNO3 and CaCl2 should be investigated. 

Grant Number: ASTU/SM-R/341/21 
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APPENDICES 

Appendix A: BET specific surface area analysis of CSH and magnetic CSH (Fe3O4 

loaded CSH) 
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Appendix B: complete silicate analysis of aluminium sulphate solid waste residue 
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Appendix C: CSH Synthesis methods 
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        NaOH and SWR reaction       Separation of Na2SiO3 and Filter cake by Vacuum pump                                     
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Appendix D: Fe3O4 synthesis methods 
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Appendix E: Fe3O4 loaded CSH composite synthesis method 

Fe3O4 and CSH                           Ultrasonicator                 Autoclave reactor 

 

                                                                                                             

Fe3O4 loaded CSH 

Product 

                                     

 

 

                                                                                       

                                                                                       

 

 

  

    Fe3O4, Fe3O4 loaded CSH and CSH              Adsorption process using CSH and  

   From left to right respectively.                        Fe3O4 loaded CSH with different magnetite         

                                                                              loading. 
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Appendix F: Band assignments of FTIR spectra of CSH and Fe3O4 loaded CSH 

Functional Group Peak Position (cm-1) Characteristics 

Ca-O 1402-1546, 870 Stretching vibration 

Si-O-Si 760-850 Stretching or bending 

 475 Asymmetric stretching 

vibration 

900-1180 Stretching vibration 

Si-OH 3200-3390 Condensation of OH 

stretching vibration 

830-910 stretching vibration 

H-O-H 1500-1680 Bending of water 

3000-400 Stretching vibration of water 

Si(OSi)3O-Ca 890-965 Stretching vibration 

Si-O 1000-1250 Stretching of Si-O-Si cross-

linked 

Fe-O-H 795-900 Bending Vibration 

NO3
- 1340-1410 asymmetric stretching 

800-860 symmetric stretching 

Fe-O 465-700 Stretching vibration 

Al-O-Si 430-537 Skeletal vibration 

Al-O 913 Bending Vibration 

Fe-O-Si 667 Stretching vibration 

Al-O-H 3620-3696 Stretching vibration 
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Appendix G: Solid waste Residue of Aluminium sulfate plant in Awash Melkassa 

Chemical Factory 

 

 

 

 

 

 


